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Preface

Mathematical analysis and numerical solutions of problems with unknown shapes is
a challenging and rich research field in the modern theory of calculus of variations,
partial differential equations, differential geometry as well as in numerical analysis.
In this book, the topological derivative method is introduced. This new concept
in shape optimization has applications in many different fields such as topology
optimization, inverse problems, imaging processing, multi-scale material design,
and mechanical modeling including damage and fracture evolution phenomena.

The present work is complementary to the book by A.A. Novotny and J.
Sokotowski, Topological Derivatives in Shape Optimization, Interaction of Mechan-
ics and Mathematics Series, Springer-Verlag, Berlin, Heidelberg, 2013. In fact,
the concept of topological derivative is presented through some selected examples
in a simpler and more pedagogical manner by using a direct approach based on
calculus of variations combined with compound asymptotic analysis. In addition,
the topological derivative is used in numerical method of shape optimization,
including applications in the context of compliance structural topology optimization
and topology design of compliant mechanisms. Finally, in order to fix the ideas,
some exercises are proposed at the end of each chapter. Therefore, this monograph
can be adopted as a textbook in graduate and introductory courses on the subject.
In particular, it is oriented to researchers and students in applied mathematics and
computational mechanics interested in the mathematical aspects of the topological
asymptotic analysis as well as in applications of the topological derivative method
in computational mechanics.

This book is a result of more than 10 years of scientific collaboration between
André Novotny and Jan Sokotowski, which has been supported by IECN in France
and by CNPq, CAPES, FAPERJ, and LNCC in Brazil.

Petrépolis, Brazil Antonio André Novotny
Vandoeuvre-Les-Nancy, France Jan Sokotowski
Warsaw, Poland

Jodo Pessoa, Brazil
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Chapter 1 ®
Introduction Check for

The topological derivative is defined as the first term of the asymptotic expansion of
a given shape functional with respect to a small parameter that measures the size of
singular domain perturbations, such as holes, inclusions, source-terms, and cracks
[75]. This relatively new concept has applications in many different fields such as
shape and topology optimization, inverse problems, imaging processing, multi-scale
material design, and mechanical modeling including damage and fracture evolution
phenomena. For an account on the theoretical development and applications of
the topological derivative method, see the series of review papers [79-81] and
references therein.

The topological derivative method has been specifically designed to deal with
topology optimization. It has been introduced by Sokotowski and Zochowski in
1999 through the fundamental paper [88] to fill a gap in the existing literature at that
time. Actually, the idea was to give a precise (mathematical) answer to the following
important question: What happens when a hole is nucleated? The answer to this
question is not trivial at all, since singularities may appear once a hole is nucleated.
Therefore, in order to deal with this problem, asymptotic analysis in singularly
perturbed geometrical domains is needed. In this book, the topological derivative
method is presented through some selected examples in a simple and pedagogical
manner by using a direct approach based on calculus of variations combined with
matched [54] and compound [67] asymptotic analysis of solution to boundary value
problems. In addition, the topological derivative is used in numerical method of
shape optimization including applications in the context of compliance structural
topology optimization and topology design of compliant mechanisms. Finally, some
exercises are proposed at the end of each chapter for the readers’ convenience.

This chapter is organized as follows. In Sect. 1.1 the topological derivative
concept is introduced and five simple examples are presented in order to fix the
ideas. In Sect. 1.2 the adjoint sensitivity method is presented through the Lagrangian
formalism and an example in the context of control theory with PDE constraint

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2020 1
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2 1 Introduction

is fully developed. Finally, the content of the book is described in detail through
Sect. 1.3.

1.1 The Topological Derivative Concept

Let us consider an open and bounded domain 2 C RY, with d > 2, which is
subject to a non-smooth perturbation confined in a small region w,(X) = X + ew
of size ¢, such that @; C §2, where X is an arbitrary point of £2 and w represents a
fixed domain in R¥. See sketch in Fig. 1.1. We introduce a characteristic function
X x(x),x € RY, associated with the unperturbed domain, namely x = 1p,
such that

1£2] =/ X (1.1)
R4

where |£2] is the Lebesgue measure of §2. Then, we define a characteristic function
associated with the topologically perturbed domain of the form x — x. (X x),
x € R?. In the case of a perforation, for example, x.(x) := 1o — 1, @ and the
perturbed domain is obtained as £2, = §2 \ @;. Finally, we assume that a given shape
functional v ()¢ (X)), associated with the topologically perturbed domain, admits a
topological asymptotic expansion of the form

V(X () =¥ (x) + f(&) T (X) + Z(e), (1.2)

where ¥ (x) is the shape functional associated with the reference (unperturbed)
domain, f(¢e) is a positive first order correction function, which decreases mono-
tonically such that f(¢) — 0 with ¢ — 0, and Z(¢) is the remainder term, that
is, Z(¢)/f(¢) — 0 with ¢ — 0. The function X +— 7 (X) is recognized as the
topological derivative of v at X. Therefore, the product f (g).7 (X) represents a first
order correction over ¥ () to approximate ¥ (x.(X)). In addition, after rearranging
(1.2), we have

E2E m

Fig. 1.1 The topological derivative concept
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V@) =¥ 00 _ pe , #E) (1.3)

1) f(e)

The limit passage ¢ — 0 in the above expression leads to the general definition for
the topological derivative, namely

e (e () =¥ ()
T X)) = lim @ ) (1.4)

Assuming that the functional v (x. (X)) admits the topological asymptotic expan-
sion (1.2), the applicability of this expansion depends on the procedure of evaluation
of the unknown function X + .7 (X). In particular, we are looking for an appropriate
form for the topological derivative which can be used in numerical method of
shape/topology optimization, for instance. Therefore, we need some properties of
the shape functional and its asymptotic expansion in order to apply a simple method
for evaluation of the topological derivative, which are:

1. The shape functional & — j(g) := ¥ (xe(X)) is continuous with respect to a
topological perturbation at 0T, i.e., lim,_, g+ f(¢) = 0.
2. The limit passage lim,_, o+ Z(¢)/f (¢) = 0 holds true.

Note that since we are dealing with singular domain perturbations, in general the
limit in (1.4) cannot be trivially evaluated. It is the case of topological perturbations
consisting of nucleation of holes, for instance, where the shape functionals ¥ (x)
and v (x. (X)) are associated with topologically different domains (see Remark 1.2
below). Therefore, we need to develop ¥ (x. (X)) asymptotically with respect to the
small parameter ¢ and collect the leading terms of the resulting expansion. How to
construct a topological asymptotic expansion of the form (1.4) is, in fact, the main
concern of this monograph.

Remark 1.1 The notion of topological derivative extends the conventional defi-
nition of derivative [34, 35], allowing to deal with functionals depending on a
geometrical domain subjected to singular topology changes. According to (1.4),
the analogy between the topological derivative and the corresponding expressions
for a conventional derivative is to be noted.

Remark 1.2 'We say topological derivative because we are dealing with topological
changes in a geometrical domain given by, e.g., nucleation of holes. In fact, the
Euler-Poincaré characteristic of any oriented surface £2 is given by the quantity

C(2)=V —E+F, (1.5)

where V, E, and F are respectively the numbers of vertices, edges, and faces of
a given polyhedron produced by an arbitrary triangularization of £2. In particular,
if two distinct surfaces §2; and 2, have the same Euler-Poincaré characteristic,
namely C(£21) = C(£22), then they are topologically equivalents. Let us now
suppose that we remove one single triangle from £2,, then £2; and £2; have the
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Fig. 1.2 An example of the
Euler-Poincaré characteristic

0 Q)

same numbers of vertices and edges, but £2; has one face less than £2;, so that
C(£2;) = C(£21) — 1. See sketch in Fig. 1.2. Therefore, according to the Euler-
Poincaré characteristic, after creating a hole in £2, by removing a triangle, its
topology actually changes.

In order to fix these ideas let us present five (very) simple examples. The
first one concerns the topological derivative of the volume of a given geometrical
domain. The second and third examples deal with singular and regular domain
perturbations, respectively. The fourth example shows that the topological derivative
obeys the basic rules of differential calculus. Finally, the last example deals with the
topological derivative of the energy shape functional associated with a second order
ordinary differential equation into one spatial dimension.

Example 1.1 Let us consider a very simple functional given by the area of the
domain £ C RZ?, that is

v(x) = 18| =/ L, (1.6)
2

with £2 subject to the class of topological perturbations produced by the nucleation
of circular holes, namely w, = B.(X) := {x € 2 : |x —X|| < &}, forX € 2. The
expansion with respect to ¢ can be trivially obtained as follows:

W(xa(f))=|98(3c‘)|=/gl—/3 1=y (x) —me’. (1.7)

Therefore, function f(¢) and the topological derivative .7 (X) are immediately
identified as

fe)=ne> and TE@) =-1 VXeLf. (1.8)

In this particular case .7 (X) is independent of X, and the rightmost term of the
topological asymptotic expansion is equal to zero.
Example 1.2 We consider a shape functional of the form

Y (Xe (X)) = / g(x), (1.9)

2:(%)

where x.(¥) = 1 — 1p, %) and £2,(x) = 2 \ B:(x), with B, (X) used to denote a
ball of radius & and center at X € £2. The function g : R* > R is assumed to be
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Lipschitz continuous in B, (%), i.e., |g(x) — g(X)| < C|lx —X|| Vx € B.(X), where
C > 0 is the Lipschitz constant. In the context of problems governed by partial
differential equations, this property comes out from the interior elliptic regularity

of solutions. Note that this is the case regarding singular domain perturbation (see
Remark 1.2). Since |B;| — 0 with ¢ — 0, we have

¥ (x) :=/ g(x). (1.10)
2

We are looking for an asymptotic expansion of the form (1.2), namely

w%@»=/gm+égm—ﬁgm

*QS
=/gm—/gm+fg®— ¢
2 c B Be
=Y (x) —we?g® + E(e). (1.11)

The remainder & (¢) is defined as
&)=~ [ (gkx)—gX®), (1.12)
Be
which can be bounded as follows:

|&(e)| = ‘/B (g(x) — g(x))

s/|mn—g@nsa/1w—fwaia
B B

since function g is assumed to be locally Lipschitz continuous. From a polar
coordinate system (r, 6) centered at the point x € £2, there is

2 &
f x — %] =/ (/ (r) rdr) do = 2—”83, (1.14)
B. 0 0 3

where we have used the fact that ||x — X|| = r. Finally, by combining the last two
results, the following estimate for the remainder & (¢) holds true:

1E(e)| < Ca6”, (1.15)
with constant C; independent of the small parameter ¢. Therefore, the term —g(x)
is identified as the topological derivative of the shape functional ¥ evaluated at the
point X € £2, namely

TE) =—g® Vie®. (1.16)

In addition, function f(g) = el Finally, the remainder & (¢) is of order 0(&3).
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Example 1.3 Now, let us consider a shape functional defined as follows:

Y (Xe(®) = /Qgs(X), (1.17)
where x.(x¥) = 1o — (1 — y)1p,5). The function g, = x.g is defined as

g(x)if x € 2\ B: (),

ye) if x € Be (%), (1.18)

ge(x) == {

where y € R is the contrast and B, (X) is a ball of radius ¢ and center at X € £2.
In addition, function g : R? > R is assumed to be Lipschitz continuous in B, (see
Example 1.2). Observe that this case corresponds to regular domain perturbation
where the shape functional depends on characteristic function of small sets. Since
|Be| — 0 with e — 0, there is

¥ (x) :=/ g(x). (1.19)
2

We are looking for an asymptotic expansion of the form (1.2), that is

lﬁ(xe(f)):/ 7g(X)+/ yg(x)
2\B;

&

zf 7g(X)+/ yg(X)i/ gx)
2\B; B, B

=f gx)—A=py) | goxd-—yp) [ g®
2 B:

Be
=Y (0 — 7’ (1 = Y)g®) +o(e?), (1.20)
where we have used the notation 0 = £(-) = (-) — (-). From the above expansion,

we can identify the term —(1 — y)g(X) as the topological derivative of the shape
functional ¢ evaluated at the point X € £2, namely

T® =—-(1-y)g® Vies, (1.21)

with f(¢) = me?. Note that the limit passage y — 0 leads to 7 (%) = —g(%). It
means that the former example can be seen as the singular limit of this one.

Example 1.4 We consider two functions g and g assumed to be Lipschitz con-
tinuous in B,. Let us return to the case regarding singularly perturbed geometrical
domains of the form 2, (x) = £2 \ B¢(x). According to Example 1.2, we have

%(X):Z/ gix) = Ji(®=-gx), for i=12 (1.22)
2
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Then, the topological derivative of the product between 1 (x) and ¥ (x), namely

V() :=v100v2(%), (1.23)
is given by
T X)) = T V2(x0) + @ v1(x)

= —gl(f)/ gz(X)—gz(f)/ g1(x). (1.24)
2 2

Finally, the topological derivative of the quotient between ¥ (x) and ¥, (), that is

Yi(x)
= 1.25
¥ (x) 00 (1.25)

can be written as

@Y (x) = @Y1 (0)

9 =
® V2 (x)?
82(56\)/ gl(x)—gl(?)/ g2(x)
= = R— (1.26)
Y2 (x)

Example 1.5 In this last example we consider that the problem is governed by a
second order ordinary differential equation. The associated energy shape functional
is defined as

1
(X)) = /0 Velul|*. (1.27)

Note that in this case £2 = (0, 1), x:(X) = Lo —(1—y) 14, %), with v (X) = (0, €),
and y; := x.. It means that y,(x) =y forO < x <eand y.(x) =1fore <x < 1,
where y € Rt, ie., 0 < y < 00, is the contrast on the material property. In
addition, u; is the solution of the following boundary value problem

(Ve (0u(x)) =0, 0<x<l, (1.28)
endowed with boundary conditions of the form
u(0) =0 and u,(l) =1, (1.29)

and transmission conditions arising naturally from the variational formulation of
problem (1.28), that is

ug(et) =ug(e”) and  ul(eh) = yul(e). (1.30)
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The above boundary value problem admits an explicit solution of the form

ug(x) =%, O<x<e,
=7y . (1.31)
ug (x) =x+87y, e <x <1
Since |B;| — 0 with ¢ — 0, there is
1
¥ (%) :=/O lu'|?, (1.32)

where u is the solution to the above boundary value problem for ¢ = 0, that is
u(x) = x. (1.33)

We are looking for an asymptotic expansion of the form (1.2), namely

-~ ¢ /2 ! 72 1 — Y 1 - 14
¥ (xs(x)) = A yliugl®+ | lugl"=1+e¢ =y(x) +e . (1.34)
&
Therefore, the associated topological derivative is given by
~ 1=y
Tx)=— Vxe(0,1), (1.35)
14

with f(¢) = &. Note that in the limit case y — o0, 7 (X) = —1 Vx € (0, 1). On
the other hand, for y — 0 the topological derivative is not defined. This is in fact
an intrinsic property of one-dimensional problems, which in general do not admit
singular domain perturbations [18].

1.2 Evaluation of the Topological Derivative

Before concluding this chapter, let us present a last example concerning the simplest
case of topological perturbation with PDEs constraints. It is given by a perturbation
on the right-hand side of a boundary value problem, which can be seen as a simple
variant of the case associated with singularly perturbed geometrical domains. We
start by introducing the adjoint sensitivity method. Then we state an auxiliary result
which will be used here, in this section, and later in the book. Finally, we present a
simple example in the context of optimal control problem.
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1.2.1 Adjoint Sensitivity Method

Let us introduce the adjoint sensitivity method through the augmented Lagrangian
formalism. We consider the following minimization problem:

Minimi L
1r}212}(126 F W), (1.36)

where X represents the set of admissible geometrical domains and ¢ : % — R
is the shape functional to be minimized with respect to the design variable domain
2 c R4, d = 2, 3. In addition, function u is the solution of the abstract variational
problem of the form

uew :alu,n)=4Lmn) Vnev, (1.37)

where % € U is the set of admissible functions and ¥ € V is the space
of admissible variations, with U and V used to denote linear Hilbert subspaces,
respectively. Finally, a : U x V +— R is a bilinear formand £ : V > R is a
linear functional. From these elements, we can introduce the associated augmented
Lagrangian, which consists in imposing the constraint of the minimization problem
(1.36), given by the state equation (1.37), through Lagrangian multiplier, namely

Lwu,v)=_F W) +au,v)—Lw) Yu,v)e% x7V. (1.38)

Let us evaluate the Fréchet derivative of the Lagrangian function .Z(u, v) with
respect to v € ¥ in the direction n € ¥, thus

(DyZ(u, v),n) = a(u,n) —£m). (1.39)

After applying the first order optimality condition in the above result we obtain
uew :au,n)=4Lmn) Vnev, (1.40)
which is actually the state equation (1.37). On the other hand, the Fréchet derivative

of the Lagrangian function .Z (u, v) with respect to u € %/ in the direction ¢ € ¥
can be written as

(DyZ(u,v), ¢) = (Dy g (), ¢) +alp,v). (1.41)

Let us apply again the first order optimality condition, leading to the associated
adjoint equation, namely

ve? :alp,v)=—(D, Zu),¢) YoeV. (1.42)
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Note that, from (1.42), the adjoint state v always lives in the space ¥ and appears
on the second argument of the bilinear form. Finally, from the above discussion,
the adjoint variable v can also be interpreted as the Lagrangian multiplier used to
impose the state equation (1.37) as a constraint in the optimization problem (1.36).

1.2.2 Auxiliary Result

Now, let us state an auxiliary result which will be used in the next section in
particular and in the whole book in general.

Lemma 1.1 Let §2 be an open and bounded domain in R? and let B be a ball of
radius &, such that By C §2. Then, for a function ¢ € H'(82), the following estimate
holds true

lell 2, < Celely ) (1.43)

with 0 < § < 1 and the constant C independent of the small parameter ¢.

Proof From the Hélder inequality, we have

1 1
10125, < [(/ (|¢|2)P)” (/ 1‘1”
B, B,
_ 12,1/ (/ |(p|2p>2”
B

1/2q .1
=724 )¢l 20p,)

1
2

A

IA

Ce' gl 2 () (1.44)
for all p,q € (1,+o0) satisfying 1/p + 1/g = 1. By choosing ¢ > 1 and
p accordingly, the Sobolev embedding theorem [33, Ch. IV, §8, Sec. 1.2, p. 139]
implies H 1(£2) ¢ L*P(£2) with a continuous embedding. Therefore, we have

lellz2s,) < Ce ol g q) (1.45)

which leads to the result by setting § = 1/gq. O
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1.2.3 A Simple Example

Let us consider the tracking type shape functional, which is useful in many practical
applications including optimal control problem and imaging processing, namely

1
VOO = F ) = 5/ =zl (1.46)
2

where 2 C R? and Z4 1s the target function, assumed to be smooth. The scalar field
u is the solution of the following variation problem:

ueH&(Q):/ w.vnzf by ¥n e Hy(2), (1.47)
2 2

where the source-term b is assumed to be locally Lipschitz continuous (see Exam-
ple 1.2). According to Sect. 1.2.1, the associated augmented Lagrangian functional
is given by

L(u, v):%/ﬂ|u—zd|2+/gvu-W—/gbv, (1.48)

and the adjoint equation reads
ve Hy(R2): fg V- Vv =—(Dy, 7 (u),n)
=— /Q(u —za)n Yne€ HOI(.Q). (1.49)

Note that by symmetry of the above bilinear form, in this particular case the left-
hand sides of (1.47) and (1.49) are precisely the same but for the appropriate test
functions only. The only difference is their right-hand sides. This property simplifies
enormously the numerics.

Now, we introduce a topological perturbation on the source term of the form
be = xeb, with x.(¥) = 1 — (1 — ¥)15, (5). Therefore, the perturbed source term
b, can be written as

b(x)if x € 2\ B.(3),

yb(x) if x € B.(®). (1.50)

be(x) := {

with ¥ € R used to denote the contrast in the source term. From these elements, the
shape functional associated with the perturbed problem is defined as

1
U (xe) = L) = 5/ lue — zal*. (1.51)
2
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The scalar function u, is the solution of the following variation problem
%e%myfw,w=/mnwe%my (1.52)
Q2 2

From the definition of the source term given by (1.50), we have b, = b in 2\ B,
and b, = yb in B,. Therefore, the state equation (1.52) can be rewritten as

ugeH()l(Q):/Vue-VrJ:/ 7b17+y/ bn:l:/ bn
2 2\ B;¢ e &

=/mha—m by Vne Hy(2). (1.53)
2 B
Now, let us subtract (1.47) from (1.53) to obtain
/ Vues —u)-Vnp=—(1— y)/ bn Vne H& (£2). (1.54)
2 Be

Thus, the existence of the topological derivative of the problem we are dealing with
is ensured by the following result:

Lemma 1.2 Let u and u, be the solutions of (1.47) and (1.52), respectively. Then
the following estimate holds true

lue — 14||Hl(_(2) = C81+8, (1.55)

with constant C independent of the small parameter € and 0 < 6 < 1.

Proof By taking n = u, — u as test function in (1.54), we obtain the following
equality:

/ IV (e —w)|I* = —(1 — V)f b(ug —u). (1.56)
Q B.
From the Cauchy-Schwarz inequality, we have

2
/;2 V(e —w)ll” < Cillblli 2,y lue — ull2p,)
< Coe"u, — ull g2y,
where we have used Lemma 1.1 and the continuity of function b at the point x € £2.

Finally, from the coercivity of the bilinear form on the left-hand side of the above
inequality, namely

cllue = ullfp g < /Q IV (e — w1, (1.57)
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we conclude that
cllug — u”Hl(_Q) = C281+8, (1.58)

which leads to the result with C = Cy/cand 0 < § < 1. O

The variation of the shape functional can be obtained by subtracting (1.46) from
(1.51), that is

Helug) — J(u) = /Q(” — za)(us — u) + &1(¢), (1.59)

with the remainder &7 (¢) bounded as

1
é1(e) = 5/ lue — ul®,
2

61()| < Cllus = ull2 g,
< Cllue — ullfp g, = 0, (1.60)

where we have used Lemma 1.2. Now, let us set = u, — u as test function in the
adjoint Eq. (1.49) and n = v as test function in (1.54) to obtain

/ Vv-V(ug —u) = —/ (u — zg)(ug — u), (1.61)
2 2

/ Vo Ve —u)=—0—y) [ bu. (1.62)
2 Be

From the above results we conclude that

/ u—za)ug —u)=>0-1y) bv. (1.63)
2

B

Therefore, the variation (1.59) can be rewritten as an integral concentrated in the
ball B,, namely

Helug) = J(u) = (1— )/)/B bv + &1 (¢)
= (1 — )’ b@v ) + &i(e) + &a(e). (1.64)

The remainder &> () can be bounded as follows:

&) = (1 y)fB bv — bEVE),
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&)l < C1 | llx =R < Cae® = 0(e?), (1.65)
B:

where we have used the interior elliptic regularity of function u. See Example 1.2.
Finally, the topological asymptotic expansion of the shape functional is given by

Felwe) = J W) + (1 = y)bE@v(X) + o(e?). (1.66)
From the above expansion, we can identify function f(g) = me® and the final

formula for the topological derivative, namely
T =1 =-y)bEvQE) VXe, (1.67)

where u and v are the solutions of the direct (1.47) and adjoint (1.49) problems,
respectively, both defined in the original (unperturbed) domain 2.

Remark 1.3 This kind of topological perturbation, that is, on the right-hand side of
the governing boundary value problem, can be treated by using simple arguments
from the analysis. Actually, we have just used the fact that the boundary value
problems are well posed. Therefore, in this context, it is possible to consider certain
classes of nonlinear problems. However, this book is dedicated to the case of
topological perturbations on the main part of the differential operator, such as the
ones produced by the nucleation of holes. The mathematical analysis of this class
of topological perturbations is much more involved, which is deeply discussed in
Chap. 4 and also in [75], for instance.

1.3 Organization of the Book

In this chapter the topological derivative concept has been introduced, together with
some selected examples. Note that the small parameter governing the asymptotic
analysis represents the size of the topological domain perturbation, allowing for the
nucleation of small inclusions or voids in a numerical procedure of optimization
regarding shape/topology changes on the material properties distribution or in
the geometrical domain itself, respectively. Therefore, this new concept in shape
optimization has applications in many different fields such as topology optimization,
inverse problems, imaging processing, multi-scale material design, and mechanical
modeling including damage and fracture evolution phenomena. The central idea of
this work is to introduce the topological derivative method from both theoretical
and practical point of views, so that it is oriented to the readers interested in
the mathematical aspects of the topological asymptotic analysis as well as in the
applications of the topological derivative method in computational mechanics. In
particular, this book is presented as follows:
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» The topological asymptotic analysis of the energy shape functional associated
with the Poisson’s equation, with respect to singular domain perturbations,
is formally developed through Chap.2. In particular, we consider singular
perturbations produced by the nucleation of small circular holes endowed with
homogeneous Neumann, Dirichlet, or Robin boundary conditions.

e Chapter 3 deals with the topological derivative of the so-called compliance shape
functional associated with a modified Helmholtz problem, with respect to the
nucleation of a small circular inclusion with different material property from the
background. By taking into account the boundary value problem we are dealing
with, three different cases are considered: (1) perturbation on its right-hand side,
(2) perturbation on the lower order term, and (3) perturbation on the higher order
term. The existence of the associated topological derivatives is ensured by using
simple arguments from the analysis. Then, we derive their explicit forms which
are useful for numerical methods in shape/topology optimization. Finally, a priori
estimates for the remainders left in the topological asymptotic expansions are
rigorously obtained, which are used to justify the obtained results.

e The domain decomposition technique combined with the Steklov—Poincaré
pseudo-differential boundary operator is presented in Chap. 4. The main idea is
introduced in the context of coupled elliptic boundary value problems. Then, the
same framework is used for deriving the topological asymptotic expansion of
a tracking-type shape functional with respect to singular domain perturbations
produced by the nucleation of small circular holes endowed with homogeneous
Neumann boundary condition. The resulting asymptotic method allows for
obtaining sharp a priori estimates for the remainders, so that it can be seen as
a rigorous mathematical justification for the derivations presented in the former
chapters.

e In Chap. 5 a topology optimization algorithm based on the topological derivative
concept combined with a level-set domain representation method is presented.
The model problem is governed by the elasticity system into two spatial
dimensions. The topological asymptotic expansion of a tracking-type shape
functional, associated with the nucleation of a small circular inclusion endowed
with different material property from the background, is rigorously derived.
Finally, the obtained theoretical result is used as a steepest-descent direction in
the optimization process, which is applied in the context of compliance structural
topology optimization and topology design of compliant mechanisms.

* Some useful basic results of tensor calculus are included in Appendix A for the
readers’ convenience. In particular, inner, vector, and tensor products are defined.
In addition, gradient, divergence, and curl formulae, together with some integral
theorems, are presented. Finally, some useful decompositions in curvilinear,
polar, and spherical coordinate systems are provided.
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1.4 Exercises

1. Repeat Example 1.2 by considering g : R? — R.
2. Let us consider one more term in the topological asymptotic expansion of the
form

Y(xe@®) = V00 + f©) T @) + fo(e) T>®) + o f2(e)),
where f>(¢) is such that

im 2 _ g
e=0 f(¢)

Then, quantities .7 (¥) and .7 2(X) represent the first and second order topologi-
cal derivatives of r, respectively. Assume that function g(x) in Example 1.3 is of
class C2(£2), with its second order gradient Lipschitz continuous in B, namely
3C>0:|VVgkx)—VVg®)| < Cllx —X|| Vx € B, where B, (%) is used to
denote a ball of radius & and center at ¥ € £2 C R?. Show that the topological
asymptotic expansion of the functional ¥ (x, (X)) is given by

-y

YOEE) =900 — (1= y)ne’g®@ — et Ag(®) + o(eh).

3. From the definition for the topological asymptotic expansion given by (1.2), show
the results presented in Example 1.4.

4. Repeat Example 1.5 by considering the following conditions:

—u"(x)=1 for 0<x<1 and u(0)=u'(1)=0.

5. By taking into account the example presented in Sect. 1.2.3:

(a) Replace the shape functional (1.46) by the total potential energy associated
with the variational problem (1.47), namely

1
VOO = Fw) = 5/ ||vu||2_f bt
2 2

Then compute its topological derivative by repeating the same derivations as
presented in Sect. 1.2.3.

(b) Take the total potential energy defined in a disk Bj of unit radius and center
at the origin. By setting b = 1 as source term, consider as topological
perturbation the particular case given by (1.50), namely b.(x) = 1 if
x € B \B_g and b.(x) = y if x € B,, where B, is a disk of radius
¢ and center at the origin. From these elements, develop the topologically
perturbed counter part of the total potential energy given by ¥ (x.) in power
of ¢ around the origin. Finally, compare the obtained result with the one
previously derived.



Chapter 2 ®
Singular Domain Perturbation Qe

In this chapter, the topological derivative of the total potential energy associated with
the Poisson’s problem is formally evaluated by considering homogeneous Neumann
and Dirichlet conditions on the boundary of the hole dB.;. The mathematical
justification for the derived results can be found in Chap. 4 and also in the book by
Novotny and Sokolowski [75], for instance. In this case, the geometrical domain
is topologically perturbed by the nucleation of a small circular hole, as shown
in Fig.2.1. Since £2 C R? is the original (unperturbed) domain, then £2.(x) =
2\ B.(x) is the topologically perturbed domain, where B, (X), with B, C £, is
used to denote a ball of radius ¢, 0 < ¢ < dist(X, 952), and center at X € 2.

2.1 Problem Formulation

The shape functional associated with the unperturbed domain £2 is defined as

1
v (x) = Fow) = Efg ||w||2—/ﬂbu, 2.1)

where the scalar function u : £2 — R is the solution of the following variational
problem

ueHol(Q):/QVan:/an Vi € Hy (£2). (2.2)

In the above equation, b is a source term considered constant everywhere. The
strong form associated with the variational problem (2.2) is given by the following
boundary value problem governed by the Poisson’s equation: Find u, such that

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2020 17
A. A. Novotny, J. Sokotowski, An Introduction to the Topological

Derivative Method, SpringerBriefs in Mathematics,
https://doi.org/10.1007/978-3-030-36915-6_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36915-6_2&domain=pdf
https://doi.org/10.1007/978-3-030-36915-6_2

18 2 Singular Domain Perturbation

Fig. 2.1 Topologically
perturbed domain by the
nucleation of a small circular

hole \~

{—Au =bin £2, 2.3)

u=0onds2.

Let us consider the same problem but now defined in the topologically perturbed
domain £2,, so that the associated total potential energy is given by

1
Vo) = S, ) = 5 / Vel = / bus, 2.4)
2

€ &€

where the scalar function u, : §£2, — R is the solution of the following variational
problem

uge%:/ VugoVnzf by Vne ;. (2.5)
2

&

The space ¥; is defined according to the boundary condition on 9 B,, namely
Vo={p € H'(2:) : ¢),p =0, Bojy,, = O}, (2.6)

with 8 € {0, 1}. This notation has to be understood as follows:

e For B = 1, we have homogeneous Dirichlet condition on the boundary of the
ball d B, since in this case u, = 0 and n = 0 on 9 B;.

e For B = 0, u, and n are free on the boundary of the hole 9B, leading to
homogeneous Neumann boundary condition on 9 B;.

Finally, the strong form associated with the variational problem (2.5) can be
stated as: Find u,, such that

—Augs =b in £2;,
us =0on 052, 2.7
Bus + (1 — B)dyues = 0 on 9B;.
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2.2 Variation of the Energy Shape Functional

Through a simple calculation, it is possible to show that the variation of the total
potential energy leads to integrals concentrated in the ball B, as well as on its
boundary dB;. In fact, by taking n = u in (2.2) and n = u, in (2.5), we obtain
respectively the following equalities:

1 , 1 1 , 1
| vur== bu and = | Vue)®== | bu., (2.8)
2 /g 2Ja 2 Jq. 2 Jq,

which allow for rewriting _#o (1) and £, (u) as

jg(u):—l/ bu—l/ bu and /QS(M5)=—1/ bug, (2.9)
2 Jo. 2 /B, 2

&

where 2, = 2\ B.. Therefore, the variation of the total potential reads

1 1
Fo e — Faw) = 5/ bu — 5/ ble — 1), (2.10)
B 2.

&

On the other hand, after rewriting (2.2) as follows:

fVu~V77+f Vu-Vn:/ bn+/ bn, (2.11)
82 By 2 B,

the divergence theorem yields (see Appendix A, identity (A.42))

/ Vu-Vn— | (Au+b)n— / Opun = [ bn, (2.12)
Q2 B. 0B, £2¢

where #n is the unit normal vector field on d B, pointing toward to the center of the
hole, as shown in Fig. 2.1. Since u is the solution of (2.3), namely Au + b = 0, we

have
/ Vu-Vn— / opun = / bn, (2.13)
$2¢ 0B; £2¢

which allows us to set = u, as test function in the above equation, leading to the
following equality:

/ Vu-Vug:/ bua—i—[ UgOplt. 2.14)
2 2 9B,



20 2 Singular Domain Perturbation

By applying again the divergence theorem, we obtain

/ Vug -Vu = —/ Ausu+/ uanus+/ Uy Uy
fo JdB,

2 952
=[ bu+/ Wit 2.15)
2 9B,

where we have used the fact that u, is the solution of (2.7), that is, —Au, = b, and
that u = 0 on 9§2. After comparing these last two results, we observe that

f bl —u) = | (udyite — updyu). (2.16)
2 9B,

Thus, the variation of the total potential energy can be, in fact, written in the form
of integrals concentrated in B, and on its boundary 9 B, namely

o) — Faw) = —1/ (udaits —usa,,u)+1/ bu. 2.17)
2 JaB, 2 Jp,

From the interior elliptic regularity of the solution u, the last term of (2.17) can
be trivially expanded in power of ¢ as follows (see Chap. 1, Example 1.2)

f bu = w&*bu(®) + o(e?), (2.18)

&

which leads to

S = Jaw =3 [ @i —udu)+ 37 4o, 219
9

&

2.3 Topological Derivative Evaluation

The variation of the total potential energy is given by integrals concentrated in
B¢ and on its boundary 9 B,. Thus, in order to obtain the associated topological
asymptotic expansion in the form (1.2), we have to know the asymptotic behavior
of the solution u, with respect to ¢ in the neighborhood of the hole B;. In particular,
once this behavior is known explicitly, it is possible to identify the function f(g) and
then evaluate the limit passage ¢ — 0 in (1.4) in order to obtain the final formula
for the topological derivative 7 of the shape functional . However, in general it
is not an easy task. Actually, we have to perform an asymptotic analysis of u, with
respect to the small parameter ¢ governing the singular domain perturbation.
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In this section, we present a formal asymptotic expansion of the solution u,
regarding both homogenous Neumann and Dirichlet boundary conditions on 9 B;. A
rigorous mathematical justification for the results to be derived can be found in the
book by Kozlov et al. [58], for instance. The reader interested in the general theory
of asymptotic analysis of solutions in singularly perturbed geometrical domains may
refer to the book by Mazja et al. [68].

Now, we consider the two cases under analysis separately, namely Neumann
and Dirichlet boundary conditions on the hole. We will see that the asymptotic
behavior of the solution and, consequently, of the shape functional depends
strongly on these boundary conditions, leading to completely different asymptotic
expansions.

2.3.1 Neumann Boundary Condition on the Hole

By setting 8 = 0 in (2.7), there is homogeneous Neumann boundary condition on
0B, that is, d,ug|, B = 0. In this case, the variation of the total potential energy
given by (2.19) results in

S )~ Jow =+ / et + SE2bu®) + 0(c?). (2.20)
2 JsB, 2

Now, let us propose an ansatz for the expansion of u, in the following form
[58, 68]:

e (x) = u(x) + ew(e™ ' x) + i (x)
1 ~
=u(®) + Vu@) - (x =%) + EVVu(y)()C —%) - (x=X)
+ew(e™ x) + e (x), (2.21)
where y is an intermediate point between x and X. Since on the boundary of the hole
0B there is 0,uc|,; = 0, the normal derivative of the above expansion, evaluated
on 0 B, leads to
Vu@) -n—eVVu(y)n-n+ eanw(e_lx) + 0,ue(x) = 0. (2.22)
Let us choose w such that

gdw(e 'x) = —Vu(®) -n on 9B,. (2.23)
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In the fast variable & = ¢~ x, which implies Vew(§) = eVw(e~'x), the following
exterior problem is formally defined for ¢ — 0: Find w, such that

Asw = 0 in R\ By,
w— 0 at oo, (2.24)
Vew-n = —Vu(X) -non 3Bj.

The above boundary value problem admits an explicit solution, namely

w(ex) = ﬁw@ Cx—7). (2.25)
X —X

The general solution for the Laplace equation into two spatial dimensions written
in terms of Fourier series can be found in Appendix A, Eq. (A.74). Now, we have
to construct u, is such a way that it compensates for the discrepancies left by the
higher order terms in ¢ as well as by the boundary layer w on the exterior boundary
95£2. That is, the remainder i, has to be the solution of the following boundary value
problem: Find u;, such that

Al =0 in Q.
Uy = —€Ww on 952, (2.26)
Optle = eVVu(y)n -n on 0B;.

Under suitable regularity conditions, the estimate 7, ~ O(g?) holds true in an
appropriate norm [58, 68]. Therefore, the expansion for u, can be written as

2

e (x) = u(x) + VU@ - (x = %) + 0(e?). (2.27)

&
lx =Xl

Let us introduce the above ansatz into the first term of (2.20) to obtain
/ Ug Ot =/ udyu +g/ w(e ' x)0u + o(e?). (2.28)
dB; 0B; 9B,

After applying the divergence theorem (see Appendix A, identity (A.42)), and from
the interior elliptic regularity of the solution u#, we have

/ Uogu = — ||Vu||2—/ uAu:—/ ||w||2+/ bu
9B B Be B Be

—7&?||[Vu@ ||> + 7e?bu®@) + o(e?), (2.29)

where the normal n points toward the center of the hole. On the other hand, the
normal derivative of u evaluated on 9B, can be expanded in Taylor series as
follows:
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dpu(x)|yp, = Vu®) -n—eVVu(y)n-n
=Vu) -n+ 0(s), (2.30)
where y is an intermediate point between x and x. Moreover, function w(e1x)

written in its explicit form through (2.25) can also be evaluated on the boundary of
the hole 9 B,, which results in

w(e '), = —Vu®) -n, (2.31)
since ||x — X]| = ¢ and x — X = —é&n on 9 B;. Thus,

e/ w(e ' x)du = —e/ (Vu(®) - n)(Vu®@) - n) + o(e?)
dB; 0B;

— —e(Vu® ® Vu(®) - / n@n +o(e?)
0B,

= —7&>(Vu@) @ Vu®@)) - 1 + 0(&?)
= —m&*(Vu(®) - Vu(®@)) + 0(s%)
= —7&2|[Vu@®|*> + 0(s?). (2.32)

From the above results, the first term in (2.20) can be expanded in power of ¢ as
follows:

f Updpu = =272 |Vu@)|1> + 7ebu(®) + o(e%). (2.33)
9B,

This last result together with expansion (2.20) allows for writing the variation of the
total potential energy in the following form:

Ja.we) = Fa@ = - (IVu@®I? = bu®) + o(e?). (2.34)
Now, in order to identify the leading term in the above expansion, we take
fle) =me?, (2.35)
leading to the final formula for the topological derivative [76, 88]
T@®) = —||[Vu@®|? + bu(®) VIef. (2.36)

From this procedure, the fopological asymptotic expansion of the energy shape
function can be written as

Y (X @) = ¥ (x) — 72 (IVu@II*> — bu®@)) + o(e?). (2.37)
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The complete mathematical justification for the above expansion can be found in
Chap. 4, as well as in the book by Novotny and Sokolowski [75, Ch. 10], for
instance. In order to fix the ideas, we present a simple example with explicit solution
borrowed from [75, Ch. 4, Sec. 4.1.5, p. 106].

Example 2.1 We consider the Laplace problem defined in aring B, \ B., where B 0
is a ball of radius p > ¢. By taking b = 0 and d,u, = cos6 on 9B, the boundary
value problem defined in the topologically perturbed geometrical domain £2, can be
stated as: Find u,, such that

Aug =0  in B, )\ B,
Opue = cosf on 9B, (2.38)
opue =0 on 0B;.

The associated explicit solution written in a polar coordinate system (r, ) with
center at the ring is given, up to an arbitrary additive constant, by

2 2 2
e (r, 0) = pT <%> cos . (2.39)

Thus, the energy shape function can be evaluated explicitly, namely

2 /.24 .2
T p-+e
Y (xe) = - (m) , (2.40)
which can be expanded in power of ¢ as follows:
1, 2 4
V(Xe) = —5mp” —me”+ 0. (2.41)

On the other hand, according to (2.37) and by considering u(r, #) = r cos6, the
topological asymptotic expansion of the energy shape function can be written as

Y (xe) = ¥(x) — we | Vull? + o(e?)

1
= —571,02 — 18?4 0(?), (2.42)

since ||Vu||2 = 1, which corroborates with the above expansion in power of ¢. In
particular, by setting p = 1, we can define the following quantity:

_ Y-y _ &
- f(e) B 1—g2’

Sy (e): (2.43)
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Fig. 2.2 Variation of the R
energy shape functional 1 I
evaluated explicitly in the
ring for the Neumann case

— dY(e)
—————— Asymptote
1/e ]
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This result is represented in the graph §y(¢) x 1/¢ of Fig.2.2, where we observe
that the horizontal asymptote (dashed line) corresponds to the topological derivative
evaluated at the center of the disk, whose value is —1.

2.3.2 Dirichlet Boundary Condition on the Hole

By taking 8 = 1 in (2.7), we have homogeneous Dirichlet boundary condition on
0B, that is ug|,, = 0 = 0rue|,, = 0, where T is the unit tangent vector field on
d B;. In this case, the variation of the total potential energy given by (2.19) reduces
itself to

Fo.(ue) — Io) = —% / udnue + %nszbu@) +o(e?). (2.44)
0B

£

Let us consider the following ansatz for an expansion of u. [58, 68]
e () = u(x) + v (x) + ewe (67 x) + 17, (x)
= 4+ VU@ (x— D+ SV D) - (= D)
0 (0) + ewe (e 0) + 1T (1), (2.45)

where y is used to denote an intermediate point between x and X. Moreover, function
v is defined as

Ve (x) = a(e)u(®)G(x), (2.46)
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where G is the solution of the following boundary value problem: Find G, such that

{ —AG =4(x —X) in £, (2.47)

G=0 on 052,

with §(x — X) used to denote the Dirac mass concentrated at the point X € £2. From
the fundamental solution for the Laplacian, function G admits a representation in
the neighborhood of the point X € £2 in the form

1
G(x) =— (2— log ||lx — x| + g(x)) , with |lx =%] >0, (2.48)
T

where g is harmonic in §2 and has to compensate for the discrepancy left by the
above representation on d§2. That is, function g is the solution of the following
auxiliary boundary value problem: Find g, such that

{Ag:O 1 _ in 2, (2.49)
g = —5; log|lx —X]| on 952.
Therefore, in the neighborhood of the hole, function v, can be written as
~ (1 ~
Ve () = —a(e)u(x) 7 log [lx — x|l +g(x) |- (2.50)

On the boundary of the hole 3 B we have ug|,, = 0, so that the expansion for u,
evaluated on 9 B, yields

u®@) — eVu@) -n+2Vvu(y)n -n
—a(e)u(x) (} loge + g(¥) — eVg(®) -n +&°VVg(2)n n)
T

Few, (5_1x) () =0, 2.51)

where z is an intermediate point between x and x. Now, we can construct iz, in such
a way that it compensates for the discrepancies left by the higher order terms in ¢,
namely

Ue(x) = X (a(e)u®)VVg()n — VVu(y)n) -n on dB,. (2.52)

In the fast variable & = ¢~ !x, function w; is the solution of the following exterior
problem: Find w,, such that

Asw, = 0 in R*\ By,
we — 0 at oo, (2.53)
we = (Vu(¥) —a(e)u(x)Vg(x)) -non 3By,
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which has an explicit solution of the form

we(e™x) = —————(Vu®) — a(©)u@ V@) - (x — 3. (2.54)
Ix — %12

Thus, the previous expansion given by (2.51) reduces itself to

1

U@ — aE@u (zﬁ

loge + g(55)> =0 on 4B, (2.55)

which can be solved in terms of «(¢), leading to

21

A o~ (2.56)
loge +2mg(x)

a(e) =

Finally, the remainder u is constructed in order to compensate for the discrepancies
previously introduced in the expansion of u.. Thus, it has to be the solution of the
following boundary value problem: Find #,, such that

Al =0 in Q.
Uy = —EW; on 952, (2.57)
e = e2(a(e)u(x)VVg(z)n — VVu(y)n) - n on d By,

where y and z are intermediate points between x and X. Under appropriate regularity
conditions, the estimate i, =~ O (¢2) holds true in a suitable norm, since w, ~ O (&)
on the exterior boundary d§2. Therefore, the expansion for u, can be written as

1

ug(x) = u(x) — a(e)u(x) (271

82

———— (Vu®) — a(eu@Vg®) - (x = %) + 0(e?),  (2.58)

llx — 5112

log [lx — %11 + g(X))

with «(¢g) given by (2.56).
Let us introduce the above ansatz into the first term of (2.44) to obtain

f uanung uanu—i—/ uanvg—i—e/ uanwg(s_lx)—i—o(ez), (2.59)
3B, 9B, 3B, 0B,

where, as before, the first term of the above equation admits the following expansion
in power of ¢

/ udgu = —me? | Vu@®)||* + we?bu(®) + o(e?). (2.60)
JB,
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Furthermore, function u, evaluated on dB,, can be expanded in Taylor series as
follows

Ux)yp, = ux) —eVu(x) -n+ 2VVu(y)n - n
=u®) —eVu®) -n+ 0(e?), (2.61)

where y is an intermediate point between x and X. On the other hand, the normal
derivative of function v, given by (2.50), evaluated on 9 B, can be written as

1
Ve (X) 5, = a(e)u(X) <% —Vg(x)-n+eVVg(2)n n)

2me

=a(e)ux) (L —Vg) n) + o(e), (2.62)

with z used to denote an intermediate point between x and X. Finally, the normal
derivative of function w, (¢ ~1x) given by (2.54), evaluated on d B, can be written
as

Bwe (e~ x)|,, = é (Vu(® — a(e)u@Vg®) - n. (2.63)

By taking into account these derived results, we observe that

/ Udyve = a(e)u@/ @) — eVu®) -n) (i —~Vg(® n) +o(e?).
3B: 9B, 2re

(2.64)
After evaluating each one of these integrals by hand, we have
1 ~
— u(@) = u(x), (2.65)
2me 9B,
1 ~

— Vux)-n=0, (2.66)

27 9B,
u(x) Vg(x)-n=0, (2.67)

3B
e[ (Vu® (Vg -n) = 0(?), (2.68)

3B,

which results in

/ udyve = a(e)|u@|* + o(e?), (2.69)
JdB,
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since a(g) x 0(82) = 0(82). In the same way,
e[ e = [ @ - VU n) (VU - a@u@®Ve@) - n
9B, 0B,

+o(e?), (2.70)

where, by evaluating again each one of these integrals by hand, we have

u(f)/ Vu®)-n=0, (2.71)
9B,
e[ (Vu@®) -n) (Vu@®) -n) = e | Vu@|>, (2.72)
JdB.
a@@)|u@®|? / Vg(®)-n =0, (2.73)
0B,
80{(8)14(55)/ (Vu@) -n)(Vu®@) -n) = o(&?), (2.74)
0B,

where we have used the fact that e2a(e) = o(&2). Therefore,
e / udpwe (67 'x) = =72 | Vu@|? + o(?). (2.75)
3B

After collecting the main results derived here, we conclude that the first term in
(2.44) can be expanded in power of ¢ as follows:

/ Uty = a(e)|u@|> = 27 &?|Vu@®)|> + 7&’bu(x) + o(e?). (2.76)
JB,

Thus, the above result combined with expansion (2.44) allows for writing the
variation of the total potential energy in the following form:

Fo. () — Fou) = @1 + 7| Vu@ | + o(e?)

i1
_10g8+27tg(f)
T 2 2
B o0 . 2.77
10g5+27rg(f)|u(f)| + 0(&) (2.77)

Now, in order to identify the leading term in the above expansion, we chose

T

1= Tioge i 2mgt

(2.78)
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which leads to the final formula for the topological derivative, namely [31, 76]
TX®) =u@* Vien. (2.79)

Finally, the topological asymptotic expansion of the energy shape function can be
written as

— . 2 2
V(x:(X) =¥ (x) 10g8+2ﬂg@)|u(f)l + 0(&). (2.80)

The complete mathematical justification for the above expansion can be found in
the book by Novotny and Sokolowski [75, Ch. 10], for instance.

Remark 2.1 It is important to observe that the approximation given by
f(e) = —m/loge (2.81)

can frequently be found in the literature, leading to the following simplified
expansion (see, for instance, [50])

T

Y (X () =¥ (x) —

lu@®* + o0 <_—1) , (2.82)

loge loge

which introduces a discrepancy on the resulting topological asymptotic expansion.

In addition, we can go further in the expansion. In fact, let us consider one more
term is the topological asymptotic expansion of the form

Y(xe@®) =00 + [T X + (&) T>®) + o(fa(e)), (2.83)

where f>(¢) is a second order correction function which decays monotonically such
that f>(¢) — 0 with ¢ — 0. Furthermore,

im 26 _ (2.84)
e=0 f(€)
Thus, .7 and .72 are identified as the first and second order topological derivatives
of the shape functional i, respectively. After dividing (2.83) by f>(¢), the limit
passage ¢ — 0 allows for defining the second order topological as follows:

72®) = lim Y (xe () — v (x) — f(8)9(f).

2.85
-0 f2(e) (2.85)

From these elements, it is possible to evaluate the second order topological
derivative of the energy shape functional from the obtained expansion. In fact, by
combining (2.77), first line, with (2.78) and (2.79), we have
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V@) = Y00 — f(© T @) =’ |Vu@|? + o(e?). (2.86)
In order to identify the leading term of the above expansion, we choose
fo(e) = me?, (2.87)

which leads to the final formula for the second order topological derivative [83],
namely

T*X®) = |[Vu@|?> Vien. (2.88)

Finally, the fopological asymptotic expansion of the energy shape functional takes
the form

(X (@) =¥ (x) — @) 4 7| Vu@ | + o(e?).  (2.89)

T
loge + 2w g(x)

In order to fix the ideas, let us present a simple example with explicit solution
borrowed from [75, Ch. 4, Sec. 4.1.5, p. 107].

Example 2.2 Let us consider again the Laplace problem defined in a ring B, \ B,
where B, is a ball of radius p > ¢. By taking b = 0 and u; = a + cosf on dB,,
the boundary value problem associated with the topologically perturbed domain £2,
reads: Find u,, such that

Aug =0 in B, \ B,
ug =a+cosf on 9B, (2.90)
u, =0 on 0B,

whose explicit solution, written in a polar coordinate system (r, 6) with center at the
ring, is given by

_ log(r/e) p r? —¢?
ug(r,0) —am—i—; (p2_82>0059. 2.91)

Thus, the shape functional can be evaluated explicitly as follows:

) TP

=— . 2.92
I//(X‘E‘) ]Og(p/g)a 2 ,02 _ 82 ( )
After expanding it in power of ¢, we obtain
V(xe) = z+—az+mzi+0(e4) (2.93)
T2 loglp/e) p> ' '
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On the other hand, since u(r,8) = a + (r/p)cos@, the topological asymptotic
expansion (2.80) reads

T 2 2 2 2
Y(Xe) =Y (X)) — ————ul" + 7| Vull” + o(e”)
loge +2mg
T T 5 51 5
=4+ —— g’ +met—= +o(e?), (2.94)
2 log(p/e) p?

which corroborates with the above expansion in power of &, provided that || Vu|? =
1/ ,02, where g is the solution of (2.49), that is

{Ag:O in B,

1

1
= g(X) = ——logp. (2.95)
g = —5-logpondB, 2w

By choosing p = a = 1, we can introduce the following quantities:

R ACO R A0 N &

5¢1(€) = T =1 1_—8210g8, (296)
_ V) Y00 - fOTE) &2

Syna(e) = o =1+ (2.97)

These two results are represented in the graphs §y1(e) x 1/¢ (blue line) and
8y (e) x 1 /¢ (red line) of Fig. 2.3. We observe that the horizontal asymptote (dashed
line) associated with 81 (¢) and 82 (¢) corresponds to the first and second order
topological derivatives, respectively, evaluated at the center of the disk, whose value
is 41 for both cases.

Fig. 2.3 Variation of the FT1 3
energy shape functional [ : 1
evaluated explicitly in the — dn(e)

ring for the Dirichlet case I — 51/)2 (5 ) i
—————— Asymptote
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2.4 Summary of the Results

In this chapter we have evaluated the topological derivatives for the energy shape
functional associated with the Poisson’s equation into two-spatial dimensions, by
taking into account homogeneous Neumann or Dirichlet conditions on the boundary
of the hole.

For the sake of completeness, let us also consider Robin condition on the
boundary of the hole. In this case, we have to add one more term to the total potential
energy (2.4), namely

1 1
Vixe) = jgxus):—f ||Vus||2+—/ |u8|2—/ bue, (298
2 2 2 0B, £2¢

where u, is the solution to the following boundary value problem endowed with
Robin condition on the boundary of the hole: Find u,, such that

—Au, = b in £2,,
u, =0on 942, (2.99)
Opte +us = 0 on 0B;.

The solution to the above boundary value problem admits the following expansion
e (X) = u(x) + e (x), (2.100)
where U, is the remainder. Therefore, the variation of the energy shape functional

given by (2.19), taking into account the new term regarding Robin boundary
condition on the hole, can be written as

1
o) — Fou) = E/ (e 0pu — udpue) + o(e)
9B,

1 1
== (Oqu + u)us + o(e) = E/ u.u +o(e), (2.101)
JB,

2 Jy,
since d,u; = —u, on dB,. After replacing (2.100) in the above expansion, we can
evaluate the resulting integral on the boundary of hole d B, explicitly, namely
S ) = Faw) =me u@P +o(e). (2.102)

Now, in order to identify the leading term of the above expansion, we choose
f(e) =me, (2.103)
which leads to the final formula for the topological derivative, namely [76]

TX®) =u@*> Vien. (2.104)
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Table 2.1 Topological derivatives of the total potential energy associated with the Poisson’s
problem into two spatial dimensions, taking into account homogeneous Neumann, Dirichlet, or
Robin boundary conditions on the hole

Boundary condition f( T (%)
Neumann we? —IVu@ 1> + bu(®)
T
Dirichlet - 2
1richlel loge + an(f) |14(5€\)|
Robin e lu(@)|?

Finally, the topological asymptotic expansion of the energy shape functional takes
the form

Y (xe(®) = Y () +7e [u@®I* + o(e). (2.105)

Let us now summarize the results for fopological derivatives obtained in this
chapter, which are reported in Table 2.1. Recalling that u is the solution to (2.3) and
g is the solution to (2.49), both defined in the unperturbed domain §2.

2.5 Exercises

1. From (2.4), derive (2.5) and (2.7).

2. By using separation of variables, find the explicit solutions to the boundary value
problems (2.24) and (2.53).

3. Consider the problem defined in a ring of internal radius equal to ¢ and external
radius equal to one: Find u,, such that

Aug =0 in B\ B,
ug =a-+cosé on 0JBy,
Ug + pue =0 on 0JB;.

By taking into account a shape functional of the form

1 , 1 )
Y(xe) = = I Vuell”+ = lugl”,
2 JB\B; 2 JyB,

develop ¥ (x.) in power of & around the origin to obtain
4
V) = 5 +ms a’ + o(e),

and compare it with the topological asymptotic expansion (2.105).



Chapter 3 )
Regular Domain Perturbation Qe

In this chapter we deal with the topological derivative of the so-called compliance
shape functional associated with a modified Helmholtz problem, with respect to the
nucleation of a small inclusion represented by B. Similar analysis can be found
in the paper by Amstutz [9], for instance. In particular, the topologically perturbed
domain is obtained after nucleating a circular hole B, (X) within £2 C R2, where
B:.(x) C $£2 denotes a ball of radius ¢ and center at x € 2. Then, the hole
produced by B, (%) is filled by an inclusion with different material property from
the background, as shown in Fig. 3.1. The material properties are characterized by a
piecewise constant function y,, assuming the value 1 in £2 \ B, and y in B, where
y is the contrast.

3.1 Problem Formulation

The compliance shape functional associated with the unperturbed domain is defined
as

Y(x) = /(”):/Qb‘" 3.1

where b is a given source term assumed to be smooth enough and the scalar function
u : 2 — R is the solution of the following variational problem:

ue Hy(2) : / Vu-Vn+/un=/bn Vi € H(R2) . (3.2)
2 2 2

The strong equation associated with the variational problem (3.2) is given by: Find
u, such that
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1 ifzeQ)\B.
'y itre B,

Fig. 3.1 Topologically perturbed domain by the nucleation of a small circular inclusion

—Au+u=>bin 2
’ 33
{ u=0o0nas . 3-3)
Now, let us consider the following piecewise constant functions:
we(x) = | X € 2AB (3.4)
o ifx € B,
1ifx e 2\ B,
= , 3.5
Be(x) Bifx € By, (3.5)
1ifx € 2\ B,
= , 3.6
Ve (x) v ifx € B, (3.6)

where o, 8 € R* and y € R are the contrasts into the material properties.
From these elements we can introduce the topologically perturbed counterpart of
the problem. In particular, the compliance shape functional associated with the
perturbed domain is given by

Y(Xe) = /&(us) = /g Ve bue 3.7

where the scalar function u, : £2 — R is the solution of the following variational
problem:

ue € HH (2) - /Qagwg-vmfgﬁgugn:fgyebn Vne HJ(2). (3.8)

The strong equation associated with the variational problem (3.8) can be written as:
Find u,, such that
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—div (@ Vug) + Bete = yeb in 2,
us =0 onds2,

u5|g\§ - u5|B£ =

(3.9)

0} on 0B, .
Bnug‘g\st — Qdptg)y, =0

The transmission condition on the boundary of the inclusion 9B, are obtained
naturally from the variational formulation (3.8).

3.2 Existence of the Topological Derivative

The existence of the associated topological derivative is ensured by the following
lemma:

Lemma 3.1 Let u and u. be the solutions of the original (3.2) and perturbed (3.8)
problems, respectively. Then, the following estimate holds true:

lue — U”Hl(_rz) <Ceg, (3.10)

where C is a constant independent of the small parameter ¢.

Proof From the definition of the contrasts given by (3.4)—(3.6), we have

/Vu~Vr]=/ Vu~Vr)+/ Vron:I:/. aVu - Vn
Q 2\B, Be B

:/ a:Vu -Vn+ (1 —a) Vu-Vn, 3.11)
2 Be

fun=/7un+/ uni/ ﬁun=/ﬂsun+(1—ﬂ) un, (3.12)
2 2\B; B; B: 2 B.

/bn:/ 7bn+/ bn:I:/ ybnzfysbrl-l-(l—)/) by (3.13)
2 2\B; B; B. 2 Be

Therefore, Eq. (3.2) can be rewritten as

/ othan—i—/ Bs un
2 Q

=/J/ebn—(1—a)/ Vu~Vn—(1—/3)/ un+(1—y)/ by .
2 B: B B
(3.14)
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After subtraction the above result from (3.8), we obtain
/ o V(ug —u)-Vn +/ Be (e —u)n
2 Q

=(-a) | Vu-Vnp+A-=8)| un—=~0-=y) | bn. (3.15)
B, B, B,

Now, by taking n = u, — u as test function we obtain the following equality:

/aeuwg—u)u%f B lute — ul?
2 2

=(l-a) VM-V(us—u)+(1—ﬂ)/ u(us—u)—(l—y)/ b(ue —u) .
B, B Be
(3.16)

From the Cauchy-Schwarz inequality there is

f e |V (s — )| +[ Be lue — ul* < CillVull2g ) IV(ue — )l 125,)
2 2
+ Collull 2, lue — ull 2,y + C3llbll 2,y lue — ull28,)- (3.17)

By taking into account the interior elliptic regularity of function u, it follows that

/asnvwg—u)n%f Be lue — ul?
2 2

< Cael|V(ue — “)”LZ(BE) + Csellug — u||L2(B£)
< C4e||V(ue — M)HLZ(.Q) + Csellus — M”LZ(_Q)

Finally, from the coercivity of the bilinear form on the left-hand side of the above
inequality, namely

c||us—u||§,l(ms/ agnvwg—u)n%/ Be lus —ul® (3.19)
2 2
we obtain

lue = ullfyi o) < Cellus — ull (g (3.20)

which leads to the result with constant C = Cg/c. O
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3.3 Variation of the Compliance Shape Functional

Since the energy-norm is equivalent to the H!-norm, Lemma 3.1 ensures the
existence of the topological derivative of the compliance shape functional in
particular and any energy-based shape functional in general. Now, we have to
evaluate the variation of the compliance shape functional, namely

Felue) — 7 () = / Ve buts — / bu . (3.21)
22 2

From a simple manipulation we can write the above variation in terms of integrals
concentrated in the ball B;. In fact, we start by using the definition for the contrast
given by (3.6) to obtain

/e(ua—/(u):/ 7bu€+/ ybugﬂ:/ bug—/ bu
Q\BE £ & Q

= / b(ug —u)— (1 —vy) bu, . (3.22)
2

B

Following the same steps as before, we have

/agVug Vn_/ Vug - Vn—(l—a)/ Vu, - Vn, (3.23)

fﬂsusn—/ usn—(l—ﬂ)/ uen | (3.24)

/VstZ/ bn—A—-y) | bn, (3.25)
Q Q B

where we have used again the contrasts (3.4)—(3.6). Therefore, Eq. (3.8) can be
rewritten as

/Vu€~Vn+/ uﬂ]:/ bn
2 Q Q

+0-a) | Vu-Vp+A-=8)[ un—>_A—-y) | bn. (3.26)
B. B, B

Now, let us set = u as test function in the above equation, then

/Vus-Vu+/ usuzf bu
2 2 22

+ (1 —a) Vue,-Vu+ (1 - B) usu — (1 —1y) bu .
B B B,
(3.27)
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By setting n = u, as test functions in (3.2), there is

f Vu-Vu, +/ Ul =/ bu, . (3.28)
2 2 2

After comparing both the equalities, we observe that

/ b(ug—u) = (1—a) Vu, - Vu + (1—,3)/ usu — (1—y) bu. (3.29)
Q Be Be Be

Therefore, as expected, the variation of the compliance shape function (3.22)
leads to integrals concentrated in the ball B,, namely

Helug) — ) = (1—a) Vue - Vu

By

+ (1 - ﬂ)/ ugu — (1 — )/)/ b(ug +u). (3.30)
Be B

3.4 Topological Derivative Evaluation

The variation of the compliance shape functional is exclusively given in terms of
integrals concentrated in the inclusion represented by B.. Therefore, in order to
obtain a topological asymptotic expansion of the form (1.2), we have to know the
asymptotic behavior of the solution u, with respect to the small parameter ¢ in
the neighborhood of the ball B,. In particular, once such an asymptotic behavior is
known explicitly, it is possible to identify function f (g), which allows for evaluating
the limit ¢ — 0 in (1.4), leading to the final formula of the topological derivative .7
associated with the shape functional 1. For the sake of presentation, we divide the
analysis into three different cases according to the choice of the contrasts «, 8, and
y in (3.4), (3.5), and (3.6), respectively. First, the contrasts « and S are freezing,
that is, we set them as « = B = 1, allowing for performing the analysis by taking
into account only the contrast y # 1. Then, we set « = y = 1 and do the analysis
for 8 # 1. Finally, we take 8 = y = 1 and focus the attention to the case o # 1,
which is much more involved, since « is associated with a topological perturbation
in the principal part of the operator.

3.4.1 Perturbation on the Right-Hand Side

By setting « = = 1 in the variation of the compliance shape function (3.30), we
have
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Helue) = Ju)=—0—y) | blus+u). (3.31)

B

Now, let us sum and subtract the term

—(d=y) [ bu, (3.32)
Be

which allows for rewriting (3.31) in the following way:
St = fw==21-y) [ bt (3.33)
The remainder &7 (¢) is defined as
@ == [ b . (334)

Thanks to the Cauchy-Schwarz inequality and Lemma 1.1, the remainder &} (¢) can
be bounded as follows:

1€1(&)] < Cullbll 2, llue — ull2(p,)
< Coellug —ullz2p,)
< C3e"Pue —ull i (g

< C4e?t8 = 0(e?), (3.35)

since 0 < § < 1, where we have also used Lemma 3.1. Let us come back to
expansion (3.33), which can be rewritten as

2
Selue) = F () = =21 (1 = )bE@u®) + Y &) . (3.36)

i=1

The remainder &> (¢) is defined as
620 =20 = 1) [ Gu=b@u@). (337)

which is trivially bounded as follows:

|& ()] < Ce® = 0(e¥) (3.38)
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where we have used the Cauchy-Schwarz inequality and the interior elliptic
regularity of function . Finally, from the expansion (3.36) we can identify f, (¢) :=
f(e) = me? and the topological derivative as

T,(X) = -2(1 —y)b(@ux) Vxes, (3.39)

provided that the remainders &7 (¢) and &>(¢) are of order 0(g?), as shown through
the estimates (3.35) and (3.38), respectively.

3.4.2 Perturbation on the Lower Order Term

Now, let us set « = y = 1 in the variation of the compliance shape function (3.30),
so that

Felue) — Fw) = (1~ ) / et . (3.40)
B
After summing and subtracting the term
A=B) | |ul*, (3.41)
Be
the above expression, i.e., (3.40), can be rearranged as follows:
Fe(ug) — 7 u) =(1— ,3)/ ul* + & (e) . (3.42)
Be
The remainder &3(¢) is defined as

&3(e) =1 - B) - (ue —uu . (3.43)

From the Cauchy-Schwarz inequality and Lemma 1.1, the remainder £3(¢) can be
bounded as follows:

163(e)| < Cillullz2p,) lue — ullp2p,)
< Coellue —ullz2p,)
< C3e"lu, — ull g2y

< C46710 = 0(&?), (3.44)
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with 0 < 6 < 1, where we have also used Lemma 3.1 together with the interior
elliptic regularity of function u. Therefore, expansion (3.42) can be rewritten as

4
Selue) = J @) =m?(1 = Plu@ 1+ )Y &) . (3.45)
i=3

The remainder &4 (¢) is defined as
Ea(e) = (1 —ﬂ)/E (ul® = [u@P?) , (3.46)

which can be trivially bounded as follows:

|64(e)| < Ce® = 0(&Y) (3.47)
where we have used again the Cauchy-Schwarz inequality and the interior elliptic
regularity of function u. According to the estimates (3.44) and (3.47), the remainders

&(e) and &4 (e) are of order o(g2). Therefore, from the expansion (3.45) we
promptly identify the topological derivative as

Tp® =1 -Plu@®P V¥e, (3.48)

where we have chosen fg(e) := f(e) = e,

3.4.3 Perturbation on the Higher Order Term

Finally, we set § = y = 1. In this case, the variation of the compliance shape
function (3.30) is given by

He(ug) — fw)=(1—a) Vue - Vu . (3.49)
Be

By using the same strategy as before, we sum and subtract the term
(-a) [ Ivul?, (350)
B
allowing to rewrite (3.49) as follows:

Helue) = F () =(1— 06)/3 IVul* + .7 (e) . (3.51)
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The term ¥ (¢) is defined as

JE)=(1—-0w) V(ug —u)-Vu , (3.52)
B

which can be bounded as follows:
|7 ()] = CillVullp2g) IV e — w2,
< Caellue — ullyi (o) < C3¢* = 0(e?) (3.53)

where we have used Lemma 3.1, together with the interior elliptic regularity of
function u. Since the above estimate cannot be improved, then there is a nontrivial
term of order O (¢2) hidden in (3.52). On the other hand, according to Lemma 3.1, a
leading term of order O (82) is expected. Therefore, in order to extract this term, we
need to develop u, asymptotically with respect to the small parameter ¢. The basic
idea consists in postulating an ansatz for u, in the form [58]

e (x) = u(x) + we (x) + e (x). (3.54)

According to (3.5) and (3.6), B:(x) = y.(x) = 1 for all x € £2, since we

have fixed B = y = 1. Therefore, the state equation associated with the perturbed
problem (3.9) can be written as

—div (g Vug) + ue = b. (3.55)

After replacing the ansatz (3.54) in the new state equation (3.55), we obtain

b = —div (o, Vug) + u,
= —div (¢ Vu) + u — div (¢, Vw,) + we — div (o Viig) + s . (3.56)

With help of the contrast (3.4), the term div (o V) has to be interpreted as follows:

div (¢ Vu) = AM\Q\IT +adu), = Aujy
= Au— (1 —a)Au,, (3.57)

since div (Vu) = Au. Now, we can replace this last result in (3.56) to obtain
b=—Au+u+(1—a)Auy —div(eVwe) +we —div (o Vitg) + it . (3.58)

Therefore, from the state equation associated with the unperturbed problem (3.3) it
follows that

— div (@ Vwe) + we — div (e Vide) + e + (1 — ) Aujy, =0.  (3.59)
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Since we have some freedom to choose w, and i, the following problems are
defined:

—div(a,Vwe) =0 and —div(a.Vig) +1u, = —(1 — a)Au‘Bg — wg . (3.60)
We have to complement the above problems with their associated boundary
and transmission conditions. Thus, let us come back to the ansatz (3.54). After
evaluating its gradient, we have

Vue(x) = Vu(x) + Vwe (x) + Vidg(x) , (3.61)
which can be rewritten as
Vi (x) = Vu@®) + (Vu(x) — Vu(®)) + Vwe (x) + Vi (x) . (3.62)
According to (3.9), the jump condition on the interface d B, is given by
anu€|m37 — aanug“gg =0. (3.63)

Therefore, by combining the last two equations we have

1—=—a)Vu@) -n+ 1A —a)(Vu(x) — Vu()) -n

+ anwe(x)h?\?g — a0 we (X)), + 8,,ﬁ'€(x)|g\37 — @dulig(x))p, =0.
(3.64)

Thus, we can choose w, such that
ang(x)b\g —adpwe (X)), = —(1 — a)Vu(x)-n on 0B, . (3.65)

From the above result together with (3.60)-left, the following exterior problem is
considered, and formally obtained as ¢ — 0: Find w,, such that

div (@zVw,) = 0 in R?,
we > 0 at oo,

(3.66)
U)8|]R2\B—S - wE‘Bg =9} on 338 ’
ang‘]Rz\Bfg — aanwg‘ys =7
with D = —(1 — @) Vu(x) - n. The above boundary value problem admits an explicit
y |2
solution, namely
l—«o g2 >
ws(x)lle\B—g “17a mVu(x) -(x —3%), (3.67)

llavmﬂ-u—fy (3.68)

14+«

ws(x)lgg =
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Now we can construct i, in such a way that it compensates for the discrepancies
introduced by the higher order terms in ¢ as well as by the boundary layer w, on the
exterior boundary 3£2. Therefore, from (3.60)-right, the remainder i, must be the
solution to the following boundary value problem: Find i, such that

—div (@, Vilg) + i, = f; in £,
Ug = g on 982,

- -~ (3.69)
" us‘Q\FF Z‘Q‘Bs = O } on aBs ,
3nu€|m37 — otanug‘,;S =h,
where f, = —(1 — ) AU, — We, g¢ = —Wg|,, and he = v - n, with the vector
function v(x) = —(1 — @)(Vu(x) — Vu(x)). Before proceeding, let us state the

following result:

Lemma 3.2 Let U, be the solution to (3.69) or equivalently the solution to the
following variational problem:

W U /aSVﬁg-VnJr/ﬁgn:/fanvL/ hen Ve HA(®) .
Q Q Q 9B,

(3.70)
where the set U is defined as

Ue:={p € H'(2) : ¢, = &) - (3.71)
Then, the following estimate for the remainder U holds true:

e 12y < Ce*/|logel (3.72)

with constant C independent of the small parameter ¢.

Proof From the definition of the source term f; = —(1 — ) Ay B — Wes there is

/ fen=—(1 —Ol)/ Aun —/ W) . (3.73)
2 B; 2

In addition, since function 4, = v - n, with n used to denote the unit normal vector
field on 9 B, pointing toward to the center of the inclusion, it follows that

/ hsﬂZ/ ’17-nr;=—/ div(Un)z—f div(B)n—/ v-Vp
3B; 3Be B: Be X
=(1—oz)/ Aun+(1—a)f (Vi — Vu®) -V , (3.74)
Be B.

where we have taken into account that v = —(1 — «)(Vu — Vu(x)). From these last
two results, the variational form (3.70) can be rewritten as follows:
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Ue € Us - /a5Vﬁg-Vn+/ﬁgn=—f 5~Vn—/w8n VnEH&(.Q).
2 2 2

(3.75)
Now, let us take = i, — @, as test function in (3.75), where ¢, € % is the lifting
of the Dirichlet boundary data g, on d£2. Therefore

fasnwsn%/ |ﬁs|2:/ gganﬁg—f EVﬁs—f Wl . (376)
o) 2 Ye, A 17,

From the Cauchy-Schwarz inequality and the trace theorem, there is
‘ / 8ehn U
302

Since g¢ = —wg|,,, then, according to the explicit solution (3.67), g has order
0 (&%) on 8£2. Therefore
‘/ 8e Onlle
2

By taking into account the definition 7(x) = —(1 — @)(Vu(x) — Vu(X)), there is

/ . Vi,
B

< llge ||H1/2(‘d.(2) (|0 e ||H*1/2(3.(2)

< llge ||H1/2(39)||Vﬁs||L2(Q) . (3.77)

< C1&2||ie | 1 2)- (3.78)

< 10l L2 Vel L2(h,)

< C2||Vu(x) = Vu@) |l 12, | Viie | 125,

-~ ~ 21~
=< Gllx =Xl 2 Vel 28, = Caellucllgiay » (3.79)

where we have used the Cauchy-Schwarz inequality and the interior elliptic
regularity of function u. Let us consider again the Cauchy-Schwarz inequality to

obtain
‘ f wsﬁs
2

where we have used the explicit solution for w, given by (3.67) and (3.68). From
these results it follows that

f e || Ve [1* + / lws1? < Cre* /I Tog ellliie | 1 () (3.81)
2 22

< Csllwell 2 el 2 (52)

< Coe”/Nogellliie || 1 (g2 (3.80)
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Finally, from the coercivity of the bilinear form on the left-hand side of the above
inequality, namely

clle 71 ) < /Q o | Vi |* + fg lie|* (3.82)

we obtain the result, with constant C = C7/c. m]

Now, we can develop the integral .# (¢) given by (3.52) in power of ¢. In fact, by
replacing the ansatz (3.54) into (3.52) we have

SF)=(1 —a)/ V(wg + 1) - Vu
Be

=0 —a) | Vw-Vu+&le). (3.83)
Be

The remainder &5(¢) is defined as

&@E)=0—a) | Vi, Vu. (3.84)
B,

From the Cauchy-Schwarz inequality there is
165(8)] < CLlIVull 2 IVl 25, < CoellViel 2y, (3.85)

where we have used the interior elliptic regularity of function u«. By taking into
account Lemma 3.2, there is

|65(e)| < Caelliie || 1) < Cag®/loge| = o(e?) . (3.86)

Now, we can come back to the expansion (3.51), which can be written as

Helug) — 7 u) =(1 —a)/ IVul? + (1 —a) [ Vwe - Vu + &5(e)
BS

B

7
=a —a)f IVu@®I? + (1 —a)[ Vue - Vu@® + Y &)
Be Be i=5

—a)? 7
= 7621~ @ IVU@ P + 76 S VU@ P + Y )

1 ‘
i=5

7
l -«
= 2me? VU@ + ) _éice) (3.87)

i=5
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where we have used the explicit solution (3.68), namely

YVu@ . (3.88)

ng(x)‘Bg = T a

The remainders &g(&) and &7 (¢) are respectively defined as
So(e) = (1 — ) /B (1val? = 1vu@I?) . (3.89)
&) =(1— oz)[B Vw, - (Vu — Vu(x)) , (3.90)
which can be trivially bounded as follows:
é5(e)] < Cre* = 0 (&%) . (3.91)
1&(e)| < C26° = 0 (83) , (3.92)

where we have used the interior elliptic regularity of function u# and the explicit
solution (3.88). According to the estimates (3.86) and (3.91), the remainders &5(¢),
&s(e), and & (e) are of order o(¢2). Therefore, from the expansion (3.87) we
promptly identify the topological derivative as

1 —
Tu® =2 VU@ YEeR. (3.93)
o

where we have chosen f,(¢) := f(e) = el

Remark 3.1 (Polya-Szegdé Polarization Tensor) 1In the case of arbitrary shaped
inclusions w,(X) = X + &w, the exterior problem (3.66), written in its variational
form, reads:

we €W / asVwe - Vn = (1 — a)Vu(x) / Vn Vnew, (3.94)
R2 wg

where the quotient space # is defined as # = {¢p € H 1(]Rz)/lR}. Now, let
us introduce the notation w(e~'x) := & lw.(x) and the change of variable
& = ¢~ x. From the linearity of the above variational problem, w(£) can be written
in terms of the components of Vu(x) as follows: w(§) = (Vu(X)); v(i)(é ), where
(Vu(x)); = Vu(x) - ¢;, with ¢; used to denote the canonical basis of R?. By taking
into account these elements into the above exterior problem, the following set of
canonical variational problems can be introduced:

v ew . / oengv(i)-Vgn:(l —a)e,w/Vgn YneW, (3.95)
R? w
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where the contrast «,, is defined as o, = 1 in R2 \ w and @, = o in w. On the
other hand, the variation of the compliance shape function given by (3.87) can be
rewritten as

Felue) = J )= (1 - a)/ (Vu@® + Va) - Vu® + o ()
=1 —-a)? / (Vu@®) + Vew) - Vu®) + 0 (82) . (3.96)

since wy(x) = sw(e~'x) and Vew(§) = eVw(s~1x). In addition, the gradient of
w(&) with respect to £ can be written as

Vew = (Vu(®) - ¢j) Vevt)
= (Vu®) - ¢j)(VevD); ¢;
= (Vev")i(e; ® ¢j)Vu®) . (3.97)

After replacing this decomposition into the above expansion we obtain

eue) = 7 () = —|0]e’Pe Vu®) - Vu®) + o(e?) . (3.98)

The Pélya-Szego Polarization Tensor is defined as [5]
1 )
P, =—(0—-a) I+ m (Vev'YV)i(ei ®e¢j) ) (3.99)
w

where I is used to denote the second order identity tensor. The set ® C R? is
a reference domain representing an inclusion of arbitrary shape and |w| is the
Lebesgue measure of w. Finally, functions v/) are solutions to the set of canonical
variational problems (3.95) written in terms of the fast variable £ € R?, which
have to be solved for each canonical direction e; = (1,0)" and e; = (0, 1)T.
Note that the set of canonical variational problems (3.95) and the integral (3.99) can
be evaluated numerically. Therefore, this approach induces a numerical procedure
for evaluating the polarization tensor associated with arbitrary shaped inclusions
embedded into an anisotropic and heterogeneous medium.

3.5 Summary of the Results

In this chapter the topological derivative of the compliance shape functional
associated with a modified Helmholtz problem, with respect to the nucleation of a
small inclusion endowed with different material properties from the background, has
been derived. We have considered three different scenarios, which are: perturbation
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on the right-hand side, perturbation on the lower order term, and perturbation on the
higher order term. After collecting the results derived in Sect. 3.4, we have

YV (Xe®) = ¥ (0 + fa (&) Ta () + fp () Tp () + fr () 7 () +E(e) . (3.100)

remembering that ¥ (x) = _# (u) and ¥ (x.) = _Z¢(u.) are defined by (3.1) and
(3.7), respectively. In addition, functions fy(e) = fg(e) = f,(s) = &2 and the
remainder &(¢) is defined as

7
E&) =) &i(e) =o(e?) . (3.101)

i=1

since each &;(e) = 0(82), fori = 1,-.-,7. Finally, the topological derivatives
Ty (%), Tp(X) and ., (X) are given by (3.39), (3.48), and (3.93), respectively. These
sensitivities can be interpreted as partial topological derivatives with respect to
each contrast «, 8, and y. Therefore, from the basic rules of differential calculus,
expansion (3.100) can be written as

V(e @) = ¥(x) + 72T X) + 0(e?), (3.102)
where .7 (%) is given by the sum
T® = Tu@® + Tp@ + T, @)

1-— ~
=2TI%WWQW2+U—ﬁNM@V—ZU—yw@W@)GJ%)

which represents the total fopological derivative of the shape functional .

3.6 Exercises

1. From the weak formulation (3.2) derive the strong form (3.3).

2. From the weak formulation (3.8) derive the strong form (3.9) and discuss the
transmission condition on the interface d Be.

3. By using separation of variable technique, find the explicit solution for the
exterior problem (3.66).

4. Show that the solution w, of the exterior problem (3.66) is bounded as follows:
lwell 2oy < Ce?./TTog e], which has been used to derive estimation (3.80).
Hint: Define a big ball B (%) of radius R and center at X € £2, such that 2 C
Bg(x). Then, it follows immediately that

/
2 2
lwell 2y < Nwelag = (1061220050 + 10613205,) -
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In a polar coordinate system (r, 6) with center at x, the explicit solution w, from
(3.67) and (3.68) can be written, respectively, as

e fore<r <R

l -«

1+«

w(r, 0) = er ! (91 cos(8) + @2 sin(0));

e forO<r <e

L1 (g1 cos(0) + g2 sin(9)),

i
,0) =
w (. 0) 1+«

where (¢1, ¢2) " := Vu(X) € R%.

Then, compute by hand the integrals

2 R
||w8||iz(BR\E) =/O </€ lwe (7, 0)|2rdr> do,
2 & .
”w&‘”%Z(Bg) = A (A le(r, 9)|2rdr> deé.

. From the strong formulation (3.69) derive the weak form (3.70). Then, derive the
equality (3.76) by taking n = u, — @, as test function in (3.75), with ¢, € %,
where %, is defined by (3.71).

. By taking w;(X) = B.(x) in Remark 3.1, show that the polarization tensor
defined through (3.99) degenerates itself to P, = —21;0‘1, which corroborates

I+
with the final result given by (3.93), provided that |w| = & for circular inclusions.



Chapter 4 ®
Domain Truncation Method Chock or

In this chapter, the domain decomposition technique is combined with the Steklov—
Poincaré pseudo-differential boundary operator for asymptotic analysis purposes
with respect to the small parameter associated with the size of the topological
perturbation. As a fundamental result, the expansion of the energy coincides with
the expansion of the Steklov—Poincaré operator on the boundary of the truncated
domain, leading to the associated topological derivative. The proposed method
is general and can be applied in the topological asymptotic analysis of a wide
range of multi-physics and nonlinear problems. Actually, the method has been
developed in the context of unilateral contact problems [89], which are governed by
nonlinear variational inequalities. See the book by Novotny and Sokotowski [75],
for instance. In addition, through this approach, the estimation of the remainders
left by the topological asymptotic expansion are obtained in a subdomain free
of singularities, which allows to construct the mathematical arguments needed to
justify all derivations by using elementary tools from the analysis.

4.1 Coupled System

The geometrical domain 2 C R?, with boundary I" = 92, is decomposed
into two subdomains w C % and 2 = 2 \ w endowed with different physical
properties, as shown in Fig.4.1. The interaction between w and §2 is governed
by a transmission condition acting on the interface dw. Since the resulting model
is complicated, the domain decomposition technique is used in the topological
asymptotic analysis. The basic idea consists in introducing a fictitious ring Cg(¢) :=
{e < |lx|| < R} for asymptotic analysis purposes with respect to the small parameter
e — 0. The associated expansion is written on the boundary dBg of the ball
Br = {||x|| < R}. As a fundamental result, the expansion of the energy in Cg(e)
coincides with the expansion of the Steklov—Poincaré pseudo-differential operator

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2020 53
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Fig. 4.1 Geometrical domain
2 decomposed into w C 2 n
and 2 =7\ o

defined on the fictitious boundary 0 Bg, allowing for identifying the associated
topological derivative. Therefore, the influence of the singularity arising from the
limit passage ¢ — 0 can be analyzed in the truncated domain free of singularities
through nonlocal boundary conditions on d Bg. In addition, the compactness results
used to justify the proposed topological asymptotic expansion are derived by using
classical Fourier analysis in the singularly perturbed geometrical domain Cg(¢).
This approach simplifies the topological sensitivity analysis of the associated shape
functional.

4.1.1 Non-perturbed Problem

The shape functional defined in the non-perturbed geometrical domain £2 is given
by

1
V0 = Fal) = 5/ =zl | @.1)
22

where z4 is the target function and u is the solution of the following variational
problem: Find u € HO1 (2), such that

/Vron—l—/VLrVn—i—/un:/bn VneH(}(.@). 4.2)
w 2 2 2

In the above equation, b represents a source term assumed to be smooth enough.
The strong formulation associated with the variational problem (4.2) is given by the
following coupled boundary value problem: Find w, such that
{—Aw:Olnw, 43)

w=¢ondw,

where .(¢) on dw is the Steklov—Poincaré operator associated with the non-
perturbed problem, which is defined as . : ¢ € HY2(0w) — d,u € HV2(Qw).
In addition, the restriction of the solution to (4.2) over £2 is given by the following
boundary value problem: Find u, such that
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—Au+t+u=>= in 2,
u=2~0 onl , (4.4)
opu = . (u) on dw .

In order to simplify further analysis, let us introduce the adjoint state v, which is
the solution of the following variational problem (see Sect. 1.2.1 for details): Find
v E Hé (2), such that

/VU~V17+/VvoVn+/vn=—/(u—Zd)n VneH&(@). 4.5)
w 2 2 2

4.1.2 Perturbed Problem

We consider the same problem but now defined in the topologically perturbed
domain Z,(X) = 2 \ B:(x), withx € w C . Therefore, w,(X) = w \ B:(X)
represents the subdomain effectively perturbed. In this case, the shape functional is
defined in a fix domain, namely

1
Ve = Sl =5 / e — zal? 4.6)
22

where the function u, is the solution of the following variational problem: Find
us € ¥, such that

/Vus~Vn+/Vu£~Vn+/u£n=/bn Vnev,. 4.7
we Q Q 2

The space ¥; is defined as
Ye=lo € H(Ze) 1 91, = 0} . “.8)

The strong form associated with the variational problem (4.7) can be written in the
form of the following coupled boundary value problem: Find wy, such that

—Aw, =0 in w, ,
We = @ on dw , 4.9)
d,we =0 on 0B, ,

where .7 (¢) on dw is the Steklov—Poincaré operator associated with the perturbed
problem, which is defined as .%; : ¢ € HY2(0w) — dyu, € H- V2 (hw). Again,
the restriction of the solution to (4.7) over 2 is given by the following boundary
value problem: Find u,, such that
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—Aug +u, =b in 2,
u, =0 onl, (4.10)
Optte = S (Ug) on dw .

4.2 Domain Decomposition Technique

The Steklov—Poincaré operator is now applied for decomposing the singularly
perturbed geometrical domain w, into two subdomains. One of them is given by the
truncated domain w \ ‘Bg, where Bg = By (X). The other one is precisely the ring
Cgr(e) := Bg \B_s which contains the singularity, with B, = B.(X). See Fig.4.2.
Therefore, the Steklov—Poincaré operator defined on the fictitious boundary dBg
becomes dependent on the control parameter ¢, namely

o, H/*(3Bg) — H™Y?Bpg) . (4.11)

The region Cg(¢), which includes the singular domain perturbation B, is selected
for asymptotic analysis with respect to the small parameter ¢ — 0 that governs the
singularity. The result obtained from the asymptotic analysis in Cg(¢) is evaluated
on the fictitious boundary d Bg where the Steklov—Poincaré pseudo-differential
operator is defined. Therefore, the asymptotic expansion is derived in the simplified
domain represented by the ring Cg (&) enjoying radial symmetry, which is separated
from the topological sensitivity analysis of the shape functional obtained in the
truncated domain g = 2\ By endowed with nonlocal boundary conditions
governed by the Steklov—Poincaré operator on d Bg, but free of the singularities
produced by B, with ¢ — 0. Thus, the following variational problem is considered
in the truncated domain Zg: Find u, € 7%, such that

_ Vug-Vn+ %(us)nJr/Vua-VnJr/uan:/bn Vne Vg,
w\Bg dBR 2 2 7]
(4.12)

0B.

B
" 0B,

Fig. 4.2 Topologically perturbed geometrical domain w, decomposed into w \ Bg and Cg(s) :=
Br \ Be
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whose nonlocal condition on the fictitious boundary dBpg is governed by the
Steklov—Poincaré operator. The space #% is defined as

Vr:=lp € H(ZR) : ¢}, = 0} . (4.13)

On the other hand, the singularity regarding the small parameter ¢ — 0 is absorbed
by the following boundary value problem defined in the ring Cr(¢) = Bg\ Be: Find
wg, such that

—Aw, =0 in Cg(e) ,
we = ¢ on dBg , 4.14)
d,wg, =0 on dB; ,

where .27, (¢) on d By, is the Steklov—Poincaré operator associated with the topolog-
ically perturbed problem, namely <7 : ¢ € Hl/z(aBR) > O0yUg € H’l/z(aBR).

Remark 4.1 The mapping ¢ — <7 (@) is defined as the Steklov—Poincaré operator
associated with (4.14), so that the solution to the problem (4.12) is given by the
restriction of the solution to (4.7) over the truncated domain Zg = Z \ Bg.

The energy regarding problem (4.14) enjoys the following property:

O:_/ 7Aws w£=/ 7”sz”2_/ Opwe we
Br\Be Bg\B: 9BR

=/ 7||ng||2—f (@)@,  (415)
B dBR

R\B:¢

that is, the energy in the ring Cr(g) is equal to the energy associated with the
Steklov—Poincaré operator on the fictitious boundary d Bg, namely

f ||ng||2=/ ory @.16)
Cr(e) dBR

In addition, since the operator <7 is symmetric, we have
/ IVwel? = (Ae0). 9) - i) = VA (@) Damg . (A17)
Cr(e)

Thus, the asymptotic expansion of the Steklov—Poincaré operator coincides with the
asymptotic expansion of the energy in the ring Cg(¢). In particular, the energy in
the ring Cg(¢) admits an asymptotic expansion with respect to the small parameter
¢ — 0 of the form:

/ ||sz||2=/ IVw]> = 2z [Vw @ | + o(e?) . (4.18)
CR(S) BR

See Chap. 2, expansion (2.37) for b = 0 in the neighborhood of X € £2.
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In general, the density energy functional H'(Bg) 3 ¢ — |Vo®X) I? € R
is not continuous at the point X. Therefore, the energy density is replaced by the
continuous bilinear form H'(Bg) 3 ¢ — (ZB(¢), ¢)s B € R. For the Laplacian
into two spatial dimensions, the solution of the unperturbed problem w is harmonic
in the neighborhood of x. Thus, a continuous bilinear form with respect to the norm
H'(Bg) can be defined such that the following equality holds true:

(B(w), w)ape =2 V@ . (4.19)
The substitution of ||V (X) || by (#(¢), ¢)sB, in the energy functional has been
introduced in [89, 90] for topological derivative evaluation purposes in the context
of the domain decomposition method.

Since function w is harmonic in the ball B C R? of radius R > 0 and center at
X € w, then its gradient evaluated at X admits the following representation:

1
Vw(x) = 3 /BB (x —XNw(x) . (4.20)

Thus, for any R > & small enough, the expansion of the energy defined in the ring
CRr(e) can be written as follows:

/ ||ng||2=/ IVwl?
Cr(e) Br
2g2 2 2
——>% </ wx1> + </ wxz) +0(£2) , (421
TR 3Bg 3Bg

where x — X = (x1, x2). As described in [89, 90], it is interesting to note that the
above expansion can be rewritten as

/ IVwe|*> = / IVw||*> — we?(B(w), w)yp, + 0(e?) , (4.22)
Cr(e) Bg

with the nonlocal, positive- and self-adjoint operator % uniquely determined by the
following bilinear form defined on the boundary 0 Bg:

) 2 2
(B(w), w)yp, = —3R6 |:(/83 wx1) + </BB wx2> j| . (4.23)
R R

From the above representation and after taking into account that the line integrals
on d B are well defined by functions in LY(8Bg), the operator # can be extended
to L2(dBg) as follows:

B e L(L*OBg); L*(3BR)) , (4.24)



4.2 Domain Decomposition Technique 59

with the same symmetric bilinear form, namely

2
(B(@), P)oBr = —5p¢ [/ P X1 ¢ x1 +/ <Px2/ ¢X2} . (425)
=R | JoBs 9Bg 9Bg 9Bg

which is continuous for all ¢, ¢ € L2(3Bg). It is important to note that the bilinear
form

L*(3Bg) x L*(3BR) 3 (¢, $) = (B(9), $)os, € R (4.26)

is continuous with respect to the weak convergence since it has a simple structure,
namely

(B(9), pYasy = L1(@)L1() + La(p)L2($) ¢, € L' (3BR) , (4.27)

with two linear forms ¢ + Li(¢) and ¢ — L,(¢) given by line integrals on d Bg.
Finally, since the asymptotic expansion of the Steklov—Poincaré operator coincides
with the asymptotic expansion of the energy in the ring Cg(¢), we have

(e (@), @)apr = (A (@), )asgr — f(€){(B(9), )apy +0(f(e)) (4.28)

with f(¢) = me?. Therefore, the asymptotic expansion of the energy shape
functional in Cg(¢) for ¢ — 0 is given by the regular expansion of the Steklov—
Poincaré operator (see Sect.4.2.1, Lemma 4.1):

Ay = A — [()B+ K (4.29)

where the remainder term denoted as % in the above expansion is of order o( f (¢))
in the operator norm Z(HI/Z(BBR); H_1/2(8 Bg)). From the symmetry of the
operators, the expansion of the energy shape functional can also be written as

(e (@), Plapg = (A (@), P)apg — [ (€)(B(), P)apr+(Ze (@), P)opy »  (4.30)

where (Z:(¢), ¢)apr, = o(f(¢)). In view of the asymptotic expansion of the energy
shape functional, the representation (4.25) holds true or alternatively

(B(@), dogy =2Ve(X) - Vo(X) View, (4.31)
provided that ¢ and ¢ are analytic. Note that, for the sake of notation, the functions

¢ and ¢ are not distinguished from their respective traces evaluated on the fictitious
boundary 0 Bg.
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4.2.1 Compactness of the Asymptotic Expansion

Thanks to the domain decomposition technique, the compactness of the obtained
asymptotic expansion is ensured in this section by using elementary arguments from
the Fourier analysis. Let ¢ be a function with trace (still denoted as ¢) on dBg
belonging to H'/2(d Bg), then

lell mizopg < Cr - (4.32)

By taking into account that the radius R is fixed, for the sake of simplicity the
subindex R will be omitted in what follows, so that Cy is replaced by C, with C
used to denote a generic constant independent of the small parameter ¢. Finally, let
us introduce a polar coordinate system (r, #) centered at X. Since ¢ € H'/ 2(dBg),
it follows that there exists an expansion in Fourier series of ¢ in terms of 6 of the
form:

1 oo
@) = 590 + ];(ak sinkf + by cosk6) , (4.33)

with the associated coefficients satisfying
o
Y Vi@ +bp) < C. (4.34)
k=1

From these elements, two important properties are derived, namely

o o
dai+b) <€ and > k(af+b) < C. (4.35)
k=1 k=1

Let us consider the solution w of the Laplace equation defined in the ball Bg
endowed with Dirichlet boundary condition on d Br given by ¢. Let us also consider
the solution w, of the same problem but defined in the ring Cr(e) = Bp \ B:
endowed with homogeneous Neumann boundary condition on 0B,. Then, the
associated energies depending on ¢ through the boundary conditions on dBg are
given respectively by

&@=/ ﬂwm5/|ww% 436)
dBg Bg

&w=f %wwE/ Vel . @37)
dBR Cr(e)
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We need to show that &;(¢) has an asymptotic expansion with respect to & whose
remainder term is uniformly bounded. More precisely, the following result has to be
justified:

Lemma 4.1 The energy &:(¢) admits and asymptotic expansion for ¢ > 0, & small

enough, of the form
(@) = E(p) — me*(B(9). @)ay + (Ze(@). P)apy - (4.38)

with
[(%e(9). @hapg| < Ce* (4.39)

uniformly for any fixed compact set in H'(2 \ Bg), i.e., C depends on this set only.

Proof By taking into account that all compact set can be covered by a finite number
of balls, it is sufficient to show the result for one single fixed ball Bg. Therefore,
we can assume that (4.35) holds true. The proof consists in deriving the explicit
formulas for w and w, written in terms of Fourier series, similar to [88]. Thus, the
associated energies can be evaluated explicitly and the properties of the remainder
term %, (¢) immediately deduced. By constructing w from an expansion in Fourier
series of the boundary condition on d Bg, we have

1 AN .
wr.0) = sa0+ 3 (E) (ag sin k6 + by, cos kB) . (4.40)
k=

Similarly for w, in Cg(¢), the following expansion in Fourier series is valid:

1 o0
we(r, 0) = 740 + Z Y (r) (ag sin kO + by cos k@) , (4.41)
k=1
where
i (r) = A + Bk (4.42)

with Ay and By determined by the boundary conditions on d Br and 9 B, that is

1 _ 1
ArRF + Bkﬁ =1 and A — Bksﬁ =0. (4.43)
Therefore
Rk
Ak and By = Age?t (4.44)

T R gk
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and finally

rk 82k Rk rk

After replacing this last result in the expansion for w,, we get
we(r, 0) = w(r, 0) + We(r, 0) , (4.46)
with

ot 82k Rk rk
we(r, 9) = Z mk—_|_(g~21< <r_k — ﬁ) (ak sin k6 + bk COS k@) . (447)
k=1

Thus,

() =/ IV + V|2
Cr(e)

=/ ||Vw||2+2/ Vw~vwg+/ ||vwa||2i/ IVwl?
Cr(e) Cr(e) Cg(e) Be

=&+ S+ Hh+ I, (4.48)

where the integrals %1, .%, and .#3 are defined as

f1:=/ IV@e ||, f2:=2/ Vw - Vill; and f3:=—/ IVw|?. (4.49)
Cr(e) Cr(e) B

Now we have

0 2k k k

~ € 1 /R r

arwa(F,Q)Z—Z—R2k+82k ;(V—k—i-ﬁ
k=1

1 = ek 1Rk K

—Opw s 0) = — k- — - —

r GU)s(V ) ;R2k+82k r (rk Rk

) (ag sink6 + by coskf) , (4.50)

) (ay cos kB — by sinkf) . “4.51)
After integrating with respect to 6 and in view of the orthogonality of the
trigonometric functions between 0 and 2, we have

> g2k 2
S=7 Z <R2k T 82k> kz(a]% + b}%)fk(s) , (4.52)
k=1
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where the integral .% (¢) is defined as
R RE  pk=1N\? RE  pk=1N\?
J(e) 2/8 |:<rk+1 T RE > T (rk+1 T TRE > ]
1 /R g2
rdr = % <87 — ﬁ) , 4.53)

which leads to

0 o2k 2 5 ) R g2k
jl =TT Z <—R2k +82k> k(ak +bk) (STk — ﬁ)
k=1
a2
+b
2T L oty (4.54)

R?

Before evaluating the second integral .%,, we observe that

o k-1
drw(r,0) = Z k— (ax sinkf + by cos k@) , (4.55)
k=1
1 2, k-l
—Ogw(r,0) = Y k—— (ax coskf — by sink6) . (4.56)
~pw(r, 2 RE
A simple manipulation yields
o0 Rk _ 2% 22
_ & - ,ai + b 4
2 _271];(5) k(a} +bk)RZk—+2k = om0 .
(4.57)
After evaluating the last integral .3, we obtain
o0
eNHK oo 20T 0r P+ 4
S=-ny (E) k(a2 + b?) = o OGEh . (4.58)

Finally, from the obtained formulas (4.54), (4.57), and (4.58), it is possible to
identify the term independent of ¢ as well as the term of order ¢, that is

a? + b?
&) = E(g) — 27‘[82% +0(Y (4.59)

where, in view of the inequalities (4.35), the remainder of order O (&%) is uniformly
bounded by Ce*. O
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4.2.2 Asymptotic Expansion of the Solution

Let us consider an ansatz for the solution u, to the topologically perturbed coupled
problem (4.7) of the form

e (x) = u(x) + f(£)g(x) + e (x) (4.60)

where u is the solution to the original (unperturbed) coupled problem (4.2), g is the
first order asymptotic corrector, and u, is the remainder. We need to expand the
application 7 (u.) in power of . For that, we just introduce the ansatz (4.60) into
the expansion of the Steklov—Poincaré operator (4.29) to obtain

Ap(ue) = o () + f(e)A(g) + Bu) + (i)
+ % (u) + () B:(8) + f(e)*B(g) on 3Br.  (4.61)

By considering these last two results in (4.12) and after collecting the terms in power
of e, we can define one variational problem for each term in the ansatz (4.60). The
first problem for u is given by: Find u € #%, such that

Vu-Vn+ JZ/(u)r)+/ Vu-Vr)+/ un =/ bn Vne V. (4.62)
o\Bg dBR 2 2 2

The second problem for g is stated as follows: Find g € 7%, such that

Vg-Vn+ ﬁf”(g)n+f Vg-Vn+f gn=-— Bu)yn Ynely .
dBg 2 2

\Bg dBR
(4.63)

Finally, the third problem for the reminder i, is written as: Find i, € ¥, such that

i vnt [ @+ [ Vievn+ [ Gn=[ g v,
©\Bg 3Bg 2 2 dBg
(4.64)
where the source term §, is given by
e = —(He) + [ () He () + f()°B(8)) - (4.65)

The estimate ||, || H\(N\Bp) = o(f (¢)) for the remainder holds true, whose proof is
left as an exercise at the end of this chapter.
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4.2.3 Asymptotic Expansion of the Shape Functional

Now, we have to derive the asymptotic expansion of the shape functional and find
the corresponding topological derivative. After introducing the ansatz (4.60) in the
shape functional regarding the topologically perturbed problem (4.6), we have

1 ~
Falu) = 5[ u+ F(e)g + e — zal?
2

1
5/ lu — zal* + f(8)/ (u—za)g +o(f(e).  (4.66)
2 2

Let us rewrite the adjoint problem (4.5) as follows: Find v € ¥, such that

/7VU-V}']+ ,;zf(v)n—i—/ Vv~Vn+/ vn:—/(u—Zd)Tl Vn e Vg .
©\Bg dBg 2 2 Q

(4.67)
By taking g as test function in the above variational problem we have

_ Vuv-Vg+ m/(v)g+/ Vv-Vg+/ vg = —/ (u—zq)g. (4.68)
w\Bg dBg 2 2 2

On the other hand, by setting v as test function in the variational problem given by
(4.63), there is

Vg-Vu+ d(g)v—i—/ Vg~Vv+/ gu=— PBu)yv. (4.69)
dBg fod Q

®\Bgr 9BR

After combining both equalities, the following important result yields:
/ (u—z4)8 = By = (B(u), v)yp, =2Vu) - Vu(x) , (4.70)
2 dBR

where we have considered the symmetry of the bilinear forms together with the
representation (4.31), which is well defined, thanks to the interior elliptic regularity
of u and v. Finally, after introducing this last result in (4.66), the topological
asymptotic expansion of the shape functional leads to

V(X () =¥ () +2f(e)Vu(®) - Vo) +o(f(e)) . 4.71)
Therefore, the associated topological derivative can be promptly identified, namely

T(X)=2Vu(x)-Vv(x) VXiecew, (4.72)
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with function f(¢) = me?. Let us stress that u and v are respectively solutions to
the direct (4.2) and adjoint (4.5) problems, both defined in the original (unperturbed)
domain 2.

4.3 Exercises

1. Show that the remainder i, satisfying (4.64), enjoys the property

”’I/TSHHI(@\?R) =o(f(e)) .

Hint: Study the proof of Lemma 3.2, Chap. 3, and adapt it for the case analyzed
here.

2. Repeat the analysis presented in this chapter by considering the following elliptic
nonlinear coupled problem: Find u € HO1 (2), such that

/Vu~Vn+/Vu-Vn+fu3n=/bn VneH&(;@).
w 2 2 2

Hint: Take a look on the book by Novotny and Sokotowski [75, Chapters 10
and 11].



Chapter 5 ®
Topology Design Optimization Qe

In this chapter a topology optimization algorithm based on the topological derivative
concept combined with a level-set domain representation method is presented [11],
together with its applications in the context of compliance structural topology
optimization and topology design of compliant mechanisms. It is worth mentioning
that the topological derivative is defined through a limit passage when the small
parameter governing the size of the topological perturbation goes to zero. Therefore,
it can be used as a steepest-descent direction in an optimization process, according
to any method based on the gradient of the cost functional. We restrict ourselves to
the case in which the domain is topologically perturbed by the nucleation of a small
inclusion where a weak material phase is used to mimic voids, allowing to work in a
fixed computational domain. This simple strategy bypasses the use of a complicated
algorithm specifically designed to deal with nucleation of holes in a computational
domain.

Let us introduce a hold-all domain 2 C RR2, which is split into two subdomains,
£2 C 9 and its complement & \ §2. We assume that there is a distributed parameter
o 9D {1, po} defined as

1 ifx € 2,

poifx € 2\ L2, SR

p(x) = {

with 0 < pg < 1. The topology optimization problem we are dealing with consists
in minimizing a shape functional £2 — J(§2) with respect to £2 C 2, that is:

Minimize J(£2) , 5.2)
2Co

which can be solved by using the topological derivative concept. Actually, a circular
hole B, (%) is introduced inside 2. Then, the region occupied by B, (%) is filled by
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A. A. Novotny, J. Sokotowski, An Introduction to the Topological

Derivative Method, SpringerBriefs in Mathematics,
https://doi.org/10.1007/978-3-030-36915-6_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36915-6_5&domain=pdf
https://doi.org/10.1007/978-3-030-36915-6_5

68 5 Topology Design Optimization

an inclusion with material properties different from the background. The material
properties are characterized by a piecewise constant function y, of the form

1 ifxe 2\ B,
ve(®) {y(x) ifx € B, (5-3)
where the contrast y is defined as
po ifx € £2,
= 54
v {po_l ifxe2\Q, (54)

which induces a level-set domain representation method.

In order to fix these ideas, a model problem in elasticity is considered in Sect. 5.1.
The resulting topology design algorithm based on the topological derivative concept
combined with a level-set domain representation method is presented in Sect. 5.2.
Some numerical results in the context of compliance structural topology opti-
mization and topology design of compliant mechanisms are presented in Sect. 5.3.
Finally, the chapter ends in Sect. 5.4 with a discussion concerning perspectives of
future developments, together with a list of open problems.

5.1 Model Problem in Elasticity

In this section, the topological derivative of a tracking-type shape functional
associated with the linear elasticity problem into two spatial dimensions, in the
presence of an small circular inclusion, is derived.

The tracking-type shape functional associated with the unperturbed domain is
defined as

Y(x) = f(u)zf g-u, (5.5)

Iy

where g is a given vector function in H~'/2(I'y) and the displacement vector field
u : 2 — R is the solution of the following variational problem:

ue@/:/o(u)o(Vn)S:f qg-n VYnev, (5.6)
2 I'y

with o (1) = pC(Vu)*. In the above equation, p is given by (5.1), ¢ € H~/2(I'y)
is a given boundary traction, and (V¢)* is the symmetric part of the gradient of a
vector field ¢, namely

S . 1 T
(Vo) =3 (w+ (Vo) ) . (5.7)
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By considering isotropic medium, the constitutive tensor C can be represented as
C=2ul+ 2111, (5.8)

where I and I are identity tensors of second and fourth orders, respectively, and u
and A are the Lamé coefficients, both considered constants everywhere. In particular,
in the case of plane stress assumptions, we have

vE
and A= —— 5.9)

=20+ -2

whereas in the case of plane strain state, there are

vE

=— and A=— (5.10)
2(14+v) (I+v)(1-2v)

u

where E is the Young modulus and v the Poisson ratio. The spaces % and ¥ are
defined as

=" =\peH (D) : ¢, =0}. (5.11)

In addition, 0% = I'p U I'y with I'p N I'y = &, where I'p and 'y are Dirichlet
and Neumann boundaries, respectively. See sketch in Fig.5.1.

The strong system associated with the variational problem (5.6) can be stated as:
Find u, such that

divo(u) =0 in 7,
o(u) = pC(Vu)’ (5.12)

u = O on FD )

on =q on Iy .

Remark 5.1 By setting p(x) = 1 Vx € Z in (5.1), the boundary value problem
(5.12) degenerates itself to the well-known Navier system, namely

Fig. 5.1 The elasticity q
problem defined in the
unperturbed domain
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uAu+ A+ w)V(divu) =0 in 92, (5.13)

where u and A are the Lamé coefficients given by (5.9) for the plane stress case and
by (5.10) for the plane strain assumption.

In order to simplify further analysis, an auxiliary vector function v : 2 > R?
is introduced, which is the solution of the following adjoint variation problem (see
Sect. 1.2.1 for details)

ve"l/:/o(v)'(Vn)sz—/ g'nm Ynev, (5.14)
9 Iy

with o (v) = pC(Vv)*.

Remark 5.2 (Lagrangian Formalism) As discussed in Sect. 1.2.1, the adjoint state
v solution of (5.14) comes out from the Lagrangian formalism. In particular, the
basic idea consists in defining a Lagrangian functional given by the sum of the
shape functional (5.5) and the state equation in its weak form (5.6), namely

f(u,v)::/ g-u+/a(u)~(Vv)S—/ qg-v. (5.15)
Iy 9 I'y

By applying the first order optimality condition in (5.15) with respect to v € ¥/, we
recover the state equation (5.6), that is

ue?/:fa(u)~(Vn)S—/ g-n=0 Vnev. (5.16)
9 I'y

On the other hand, after applying the first order optimality condition in (5.15) with
respect to u € %/, we obtain

ve”f/:/a(n)-(Vv)s+/ g-n=0 Vnev?v, (5.17)
9 I'y

which is actually the adjoint equation (5.14), since the bilinear form on the left-
hand side of (5.17) is symmetric. It is also important to note that the adjoint state v
always belongs to the space ¥". Therefore, in our particular case, we have just used
the symmetry of the bilinear form to define the adjoint problem according to (5.14)
and the fact that 7 = 7.

Remark 5.3 (Self Adjoint Problem) Note also that by setting g = ¢ in (5.5), the
tracking-type shape functional becomes the structural compliance, which has been
taken into account in Chap. 3. In this particular case, the problem is self-adjoint in
the sense that after replacing g by ¢ in the right-hand side of the adjoint equation
(5.14), we can compare with the state equation (5.6) and conclude that v = —u for
g = g, provided that %7 = ¥ according to (5.11).
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Now, let us state the perturbed counterpart of the problem. In particular, the
tracking-type shape functional associated with the topologically perturbed domain
can be written as

Y(xe) := /&(”s) = / 8 Ug . (5.18)

I'y

The displacement vector field u, : 2 + R? solves the following variational
problem:

Ug 69/:/ Gs(us)-(Vn)S=f q-n Vnev, (5.19)
2 I'y

with o (ue) = y.pC(Vu,)®, where the contrast y, is given by (5.3). The strong
system associated with the variational problem (5.19) can be written as: Find u,,
such that

divoe(us) = 0 in 7,
os(ug) = yepC(Vug)?
u, = 0 onlp,
5.20
o(ug)n = g only, 620
[ue]= 0}
on 0B, ,
[oe(me)n=0 ¢

where the operator [¢] is used to denote the jump of function ¢ on the boundary of
the inclusion d B, namely [¢] := ¢ o5 — @ls, On 0B;. See details in Fig. 5.2. Note
that the transmission condition on the interface 0 B, comes out from the variational
formulation (5.19).

UE\FD =0

Fig. 5.2 The elasticity problem defined in the perturbed domain
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5.1.1 Existence of the Topological Derivative

The following lemma ensures the existence of the associated topological derivative:

Lemma 5.1 Let u and u; be the solutions of the original (5.6) and perturbed (5.19)
problems, respectively. Then, the following estimate holds true:

lue — ””Hl(@) <Ce¢, 5.21)

where C is a constant independent of the control parameter ¢.

Proof From the definition of the contrast y, given by (5.3), we have that Eq. (5.6)
can be rewritten as

/7G(M)'(Vfi)s+/ G(M)'(Vﬂ)si/ VG(M)'(VH)S=/ qg-n, (5.22)
9 B, B Iy

\B

or €ven as

ue : /Gs(u)-(Vn)“r(l—J/) o(u)'(Vn)‘Y=/ qg-n Ynev.
9 Bg FN
(5.23)

By taking n = u, — u as test function in the above equation and also in (5.19), there
are

/ oe(u) - V(g —u)’ Z/ q-(ug —u)
9 Iy

-y / o) Ve —u)’ (5.24)
B
/ 0o 1s) - Vs — )’ = / ¢ (s —u). (5.25)
9 Ty

After subtracting the first equation from the second one, we obtain the following
equality:

fas<ug—u>~V<ug—u>S:<1—y> o) Ve —u)’ . (5.26)
9 B;

The Cauchy—Schwarz inequality implies

/@ Geltts — 1) - Vs — 0)° < Crllo @)l 205, IV e — 0 25,

< Cagllus —ullgi(g (5.27)
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where we have used the interior elliptic regularity of u. Finally, from the coercivity
of the bilinear form on the left-hand side of the above inequality, namely

2
cllue =l ) < /@mua — ) Ve —w)’ (5.28)
we obtain
lue = )31 () < Céllte =l g1 (5.29)
which leads to the result with C = Cy/c. O

5.1.2 Variation of the Shape Functional

From a simple manipulation and with the help of the adjoint equation (5.14), it
is possible to write the variation of the shape functional in terms of an integral
concentrated in the ball B,. In fact, after subtracting (5.5) from (5.18) we obtain

Helug) — 7)) = f g (ue —u). (5.30)
I'y

From the definition for the contrast y, given by (5.3), the state equation associated
with the topologically perturbed domain (5.19) can be rewritten as

/ _o(ue) - (Vn)' +/ yo(ug) - (Vn)' i/ o(ug) - (Vi)' =f q-n.
2\B; B, B, I'y
(5.31)

Therefore, it follows that

/@U(ug) (V) =0 —p) | o) - (Vp)' +/ q-n. (5.32)

Be I'n

Now, we can subtract the state equation associated with the unperturbed domain
(5.6) from the above result to obtain

/ o, —u)- (V' = (1 — V)f o(ug) - (Vi)' . (5.33)
2 B,

By choosing n = v as test function in the above equation, where v is the adjoint
state solution of (5.14), we have

/ ole —u)- (Vo) =(1— ) [ o) - (Vo) . (5.34)
9

By
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On the other hand, by setting n = u, — u as test function in the adjoint equation
(5.14), there is

/7 o) - (Ve —u))' = —/ g (ug —u). (5.35)
9 I'y

Since the bilinear forms on the left-hand side of the above two last equations are
symmetric, then we obtain the following important equality:

/ g (e —u)=—(- V)/ o(ug) - (Vo) . (5.36)
I'n Be
After comparing the above result with (5.30), we conclude that

Helug) = Fu)=—(1— J/)fB o(ug) - (Vv)* . (5.37)

Therefore, thanks to the adjoint state v solution of (5.14), the variation of the shape
functional can, in fact, be written in terms of an integral concentrated in the ball B,.
Before proceeding, let us sum and subtract the term

) /BS o) - (Vv) (5.38)
from (5.37) to obtain
Helug) = Fu)=—(1-y) fBE o) - (Vv)' +.7(e) . (5.39)
The integral .7 (¢) is defined as

JE)=-1=y) | ols—u) (Vv)', (5.40)
B

which can be bounded as follows:

|7 = CilIVvll2(p,y llo e — )l 125,

< Caellue — ull i () < C36> = 0(e%) (5.41)

where we have used Lemma 5.1, together with the interior elliptic regularity of
function u. According to Lemma 5.1, a leading term of order O (¢?) is expected. On
the other hand, the above estimate cannot be improved, so that there is a nontrivial
term of order O (¢2) hidden in (5.40). In the next section we will show how to extract
such a leading term of order O (&%) from (5.40).
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5.1.3 Asymptotic Analysis of the Solution

The variation of the tracking-type shape functional has been written exclusively in
terms of an integral concentrated in the ball B, as shown through (5.37). In order
to obtain the associated topological asymptotic expansion in the form of (1.2), we
need to know the asymptotic behavior of the solution u, with respect to ¢ in the
neighborhood of the ball B;. In particular, once knowing explicitly such a behavior,
function f (¢) can be identified, which allows for evaluating the limit ¢ — 0in (1.4),
leading to the final formula for the topological derivative .7 of the shape functional
Y. Therefore, the basic idea consists in expanding u, asymptotically with respect
to the small parameter ¢. In this section, we obtain the asymptotic expansion of the
solution u, associated with the transmission condition on the boundary 0 B, of the
inclusion. We start by proposing an ansatz for u. in the form [58]

e (x) = u(x) + we (x) +ite (x) . (5.42)
After applying the operator o, = y.0, we have

0 (e (x)) = 0 (U(x)) + 0¢ (We (x)) + ¢ (1, (x))
= Yoo (U(X)) + e (0 (u(x)) — 0 (X)) + 0 (we (x)) + 0 (e (x). (5.43)

On the boundary of the inclusion d B, there is
loc(ue)jn =0 = (0(ue)|, g —vo ) )n =0, (5.44)
so that the above expansion evaluated on 0 B, yields

(1= o @@®n + (1 = Yo @) - o@®)n
+ [oe (e (x)]n + [oe (e (x))]n =0, (5.45)
which allows for choosing the jump [o, (w, (x))]n on 3 B, as
[oe(we(x)]n = -1 — y)o@())n on 9IB, . (5.46)

Now, the following exterior problem is formally defined with ¢ — 0: Find o, (w;),
such that

divos(w;) = 0 in R?,
oe.(wg) — 0 at oo, (5.47)
[oe(we)]n = v on 3B,
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Fig. 5.3 Polar coordinate
system (r, 0) centered at the
point X

where U = —(1—y)o (u(x))n. The above boundary value problem admits an explicit
solution (see, for instance, the book by Little [62]), which can be written in a polar
coordinate system (r, ) with center at X (see Fig. 5.3) as follows:

¢ For r > ¢ (outside the inclusion)

_ 2 4
—» (411+/a2 375k 5 ) c0s20 (5.48)
2 1
o9 (we(r.0)) = @1 (1+yyal 8—2) — (31+ya2 4) cos20,  (5.49)
_ 2 4
ol (we(r, 0)) = —¢ (211-3/}:12 5-3 1:—}/); £ )sm 20 . (5.50)

e For 0 < r < ¢ (inside the inclusion)
ot (we(r,0)) = o1 (ary 7 ) + 92 (a2 T ) cos 20, (5.51)
afe(wg(r, 0)) = ¢ (aw%) ) (agy%> cos 26 , (5.52)
o7 (we(r, 8)) = —¢» (azy 11%) sin 20 . (5.53)

Some terms in the above formulae require explanations. The coefficients ¢; and ¢;
are given by

1 1
¢ = 5(01(14(56\)) + o)), ¢2= 5(61('4(?)) —o2(u(x))) , (5.54)

where o1 (u(x)) and o, (u(x)) are the eigenvalues of tensor o (#(x)), which can be
expressed as (see Appendix A, identity (A.52))

o12u®) = (tra(um)i\/zo'%u(ﬂ) D)) . (5.55)
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with o (u (%)) standing for the deviatory part of the stress tensor o ((X)), namely

P @) = ocu®) — %tra(u(f))l . (5.56)

In addition, the constants a; and a; are given by

W+ A 34 A
= az:

e ) (5.57)
u H+A

ai

Finally, o] (u,), 0899 (ug), and o 9 (ug) are the components of tensor oy () in the
polar coordinate system, namely o]" (u;) = € - o (ug)e’, Gfe(ug) = o, (up)e?,
and crgre (ug) = ofr(us) = e o, (up)e?, with ¢ and e? used to denote the canonical
basis associated with the polar coordinate system (r, 8), such that, " || = [e?| = 1
and ¢’ - e/ = 0. See Appendix A.

Remark 5.4 (Eshelby’s Theorem) According to (5.51)-(5.53), we observe that the
stress tensor field associated with the solution of the exterior problem (5.47) is
uniform inside the inclusion B, (X). It means that the stress acting in the inclusion
embedded in the whole two-dimensional space R? can be written in the following
compact form:

e (We ()., = ¥ To W) , (5.58)
where T is a fourth order uniform (constant) tensor given by

1 1—vy
21 +ya

a) —ap
(2a2]I + I® I) . (5.59)
1+ya

Therefore, the above result fits the famous Eshelby’s problem. This problem,
formulated by Eshelby in 1957 [38] and 1959 [39], represents one of the major
advances in the continuum mechanics theory of the twentieth century [56]. It plays
a central role in the theory of elasticity involving the determination of effective
elastic properties of materials with multiple inhomogeneities. For more details, see
the book by Mura [70], for instance. The Eshelby’s problem, also referred to as the
Eshelby’s theorem, is also related to the Polarization tensor in asymptotic analysis
of the strain energy with respect to singular domain perturbations [71]. In fact,
tensor T represents one term contribution to the Polarization tensor coming from
the solution to the exterior problem (5.47). In the next section we will apply the
Eshelby’s theorem to the derivation of the polarization tensor and to the topological
derivative evaluation as well. Concerning applications of the Eshelby’s theorem to
the problem of optimal patch in elasticity, see [61, 72].
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Now, we can construct the remainder #, from (5.42) in such a way that it
compensates for the discrepancies produced by the higher order terms in ¢ as well as
by the boundary layer w, on the exterior boundary 9 Z. It means that the remainder
il has to be the solution of the following boundary value problem: Find ., such
that

divo.(iy) =0 in 9,
o () = VSP(C(VES)X
e =t onfp . (5.60)
o(Ugn = ge on Iy,
[@.]=0 }
~ on dB, ,
[[Us(us)ﬂn:hs ¢
where fo = —wg , 8 = —U(wg)n‘FN, and h, = on, with the second order

tensor field 5 (x) = —(1 — y)[o (u(x)) — o (u(X))]. From the above boundary value
problem, it is possible to prove that the remainder i, enjoys an estimate of the form
e ~ O(%) in an appropriated norm. In fact, before continuing, let us state the
following important result:

Lemma 5.2 Let u, be the solution of (5.60) or equivalently solution of the
following variational problem:

ﬁge%:/%@)ww:/ gs'n+/ heen ¥nedi. (561
9 I'y dB,

with o.(ly) = y.C(Vi,)’, where the set % and the space ¥ are defined
respectively as

Ue :={p € H'(D) : gy, = [:} ,
Ve i={p e H'(D) : ¢, =0}.
Then, we have that the following estimate for the remainder U, holds true:
el g1y < Ce? (5.62)

with constant C independent of the small parameter ¢.

Proof From the definition of function i, = on, with n used to denote the unit
normal vector field on d B, pointing toward to the center of the inclusion, we have

f h5~n=/ En-nz—/ diV(Er)):—f diV(E)-n—/ o-(Vn)®
3B, 3B, Be B: B

=({-y) . divio)) -n+{1—-vy) . [o(u) — o) (Vn)’,
) ' (5.63)
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where we have taken into account that & (x) = —(1 — y)[o (u(x)) — o (u(x))]. From
this last result, the variational form (5.64) can be rewritten as follows:

g € U : / oe (i) - (V)® = / 8e - M _/ G- (Vn)' Vne¥, (5.64)
9 I'y B:

since div (o (u)) = 0. By taking n = U, — @, as test function in (5.64), where
e € U, is the lifting of the Dirichlet boundary data f, on I'p, we have

/ op (i) - (Vi)' = / fe o (ilg)n +/ 8e Uy — / o - (Viig)' . (5.65)
9 FD FN Ba

From the Cauchy—Schwarz inequality and the trace theorem there are

fero@@on| < | fel mrpllo @enll g-12cry)
I'p
< C1&%||\Viiell 20y < C2&2Tell gy . (5.66)
and
/ ge - Ug| < ||gs||H—1/2(FN)||ﬁs||Hl/2(rN) = C382”ﬁ8”H](@) . (5.67)
I'y

where we have used the fact that f, and g have order O(g?) on the exterior
boundary 2. By taking into account the definition & (x) = —(1 — y)[o (u(x)) —
o (u(x))], there is

‘ / 5. (Vi)'
Bg

< 15228 IVite | 128,

< C4llo(u) — U(MGC\))”LZ(BS) Vel 128,

< Csllx = ®llp2(p,) | Vitell 25,y < Coe el gi(gy »  (5.68)

where we have used again the Cauchy—Schwarz inequality together with the interior
elliptic regularity of function u#. From these results, we obtain

f@ 0e (i) - (V) < Cr62 el ) - (5.69)

Finally, from the coercivity of the bilinear form on the left-hand side of the above
inequality, namely

W, = [ o) (V) (5.70)

we obtain the result with C = C7/c. O
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5.1.4 Topological Derivative Evaluation

From the above elements, the integral (5.40) can be evaluated explicitly, which
allows for collecting the terms in power of e. Thus, it is possible to identify the
function f(¢) in (1.2) and compute the limit passage ¢ — 0, leading to the final
formula for the associated topological derivative. In particular, the integral (5.40)
can be rewritten as

S (e) = —I_TV ooty — 1) - (VV)* | (5.71)

B,

where we have used the definition for the contrast given by (5.3). After replacing
the expansion (5.42) into the above equation we obtain

F(e) = _1_—)/ og(we + 1) - (Vv)*
4 B

Y e (Vo + A (5.72)
14 B

The remainder &) (¢) is defined as
11—y - ¢
&(e) = —T og(e) - (Vv)' . (5.73)
B

The Cauchy-Schwarz inequality together with the interior elliptic regularity of
function u yield

161(e)] < CillVll2p,) 06 @)l 25,y < CoellViEell 2y - (5.74)
From Lemma 5.2, we have
|61(e)] < Caelliiell i) < Cag® = O(?) . (5.75)

Now, let us comeback to the expansion (5.39), which can be written as

1—
Fele) = Fw) = —~(1=y) /;3 o (Vo) = = /B 0s(we) - (V) +1(e)

3
— (- y)/B T+ Do@@) - (Vo@) + Y &)

i=1

3
= ne’Pyo (u@®) - (Vv@)* + ) (), (5.76)

i=1
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with Py = —(1 —y)(I+T), where we have used the explicit solution for o¢ (w¢) |,
given by (5.58). The remainders &> (¢g) and &3(¢) are respectively defined as

ér(e) = —(1 - J/)fB (c@) - (Vv)' —o@®@) - (Vo)) , (.77
1— '
&3(e) = —Tny o (we) - (V)" = (Vu(¥)") , (5.78)

which can be trivially bounded as follows:

|&(e)| < C1e° = 0(e%) , (5.79)
|&3(e)| < Ca8 = 0(&) , (5.80)

where we have used the interior elliptic regularity of function u# and the explicit
solution (5.58). According to the estimates (5.75) and (5.79), the remainders
&1(g), &(¢), and &(e) are of order o(e2). Therefore, from the expansion (5.76)
we promptly identify function f(¢) = me? and thus the final formula for the
topological derivative as [9, 45]

Tx) =Pyo®) - (Vv(x))®' Vxes, (5.81)

where the polarization tensor P, is given by the following fourth order isotropic
tensor:

1—vy 1
P, =— 1 I+ —(a; —
% +ya (( + ar))l + 2(a1 ar)

-y
I®I) , 5.82
T+ ya ) (5.82)
with the parameters a; and a; given by (5.57).
Remark 5.5 Note that the polarization tensor defined through (5.82) is isotropic
because we are dealing with circular inclusions. For the polarization tensor regard-

ing arbitrary-shaped inclusions, the reader may refer to the book by Ammari and
Kang [5], for instance.

Remark 5.6 Formally, we can evaluate the limits y — 0 and y — o0 in (5.82).
For y — 0, the inclusion becomes a void and the transmission condition on the
interface of the inclusion degenerates itself to the homogeneous Neumann boundary
condition on the boundary of the resulting hole B, (x). Thus, in this particular case
the polarization tensor is given by

ay —az

Po=—-(1+a)l—

2+ A —2
_ T (211—” 1®1> . (5.83)
m+ A 2p

I®I1
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In addition, for y — oo, the elastic inclusion becomes a rigid one and the
polarization tensor is given by

14+ a ap —ax

P T—
o a 2a1an
2+ Y
_ Ikt <2H+ “—I@I) . (5.84)
3+ A 200+ )

The rigorous mathematical justification for these limit cases can be found in [7], for
instance.

5.2 Topology Design Algorithm

In this section a topology optimization algorithm based on the topological derivative
combined with a level-set domain representation method is presented. It has been
proposed by Amstutz and Andrid [11] and consists basically in achieving a local
optimality condition for the minimization problem (5.2), given in terms of the
topological derivative and a level-set function. In particular, the domain 2 C 2
and the complement Z \ §2 are characterized by a level-set function W'

R=xeP:¥x)<0} and 2\ ={xeZ:¥x)>0}, (5285

where ¥ vanishes on the interface between 2 and & \ £2. A local sufficient
optimality condition for Problem (5.2), under a class of domain perturbations given
by ball-shaped inclusions denoted by B, (x), can be stated as [10]

Tix)>0 Vxeg, (5.86)
where .7 (x) is the topological derivative of the shape functional J(£2) atx € &
and B, (x) is a ball of radius ¢ centered at x € 2, as shown in Fig. 5.4. Therefore,

let us define the quantity

- Tx)if¥(x) <0,

= 5.87
8(x) { +7(x) if¥(x) >0, (5.87)
which allows rewriting the condition (5.86) in the following equivalent form:
gx) <0if¥(x) <O,
5.88
{g(x)>0if¢/(x)>0. (5:88)

We observe that (5.88) is satisfied, where the quantity g coincides with the level-set
function ¥ up to a strictly positive factor, namely 3 ¢ > 0 : g = T, or equivalently
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Fig. 5.4 Nucleation of a
ball-shaped inclusion B, (x)
‘h

Y=Po

(5.89)

¥
@ := arccos |: (g >L2(@) ] =0,

gl 2 1¥ 29
which will be used as the optimality condition in the topology design algorithm,
where 6 is the angle in L?(2) between the functions g and ¥.

Let us now explain the algorithm. We start by choosing an initial level-set
function ¥. In a generic iteration n, we compute the function g, associated with the
level-set function ¥,,. Thus, the new level-set function ¥, | is updated according to
the following linear combination between the functions g, and ¥,:

Y : ||‘1’O||L2(@) =1,

1 .
U = —— | sin((1 = DO, + sinko) —"— | vn e, OO0
sin 6y, ||gn||L2(_@)

where 6, is the angle between g, and ¥, and k is a step size determined by a line-
search performed in order to decrease the value of the objective function J(£2,),
with £2,, used to denote the domain associated with ¥,. The process ends when the
condition 6, < € is satisfied at some iteration, where €y is a given small numerical
tolerance. Since we have chosen ¥ : 1¥oll L2 = 1, by construction ¥, :
1¥ntillL2(z) = 1 Vo € IN.If at some iteration n the line-search step size k is
found to be smaller, then a given numerical tolerance €; > 0 and the optimality
condition is not satisfied, namely 6, > €, then a mesh refinement of the hold-
all domain & is carried out and the iterative process is continued. The resulting
topology design algorithm is summarized in pseudo-code format in Algorithm 1.
For further applications of this algorithm, see for instance [4, 14, 17, 49, 64, 85, 92].

In the context of topological-derivative-based topology optimization methods,
the algorithms available in the literature usually combine topological derivatives
with shape derivatives or level-set methods [1, 25, 36], leading to a two-stage
shape/topology optimization procedure. More precisely, new holes are nucleated
according to the topological derivative, while standard tools in shape optimization
are used to move the new boundaries. In contrast, Algorithm 1 is based on the
optimality condition (5.86) written in terms of the topological derivative and a level-
set function, leading to a very simple and quite efficient one-stage algorithm driven



84 5 Topology Design Optimization

Algorithm 1: The topology design algorithm

input : 2, ¥, e, €p;

output: the optimal topology £2*;

n < 0;

2, <~ ¥,

compute the shape functional J(§2,);

compute the associated topological derivative .7 (x);
compute g, and 6, according to (5.87) and (5.89);
Wold < Yns Jold < J(821); Jnew < 1+ Jolas k < 1;
while Jyew > Joiq do

compute Yy according to (5.90);

"I/n <~ "Ilnew;

10 execute lines 2 and 3;

11 Jnew < J(§2,);

12 k < k/2;

13 end while

14 if k < ¢; then

15 try a mesh refinement;

16 Uil < ¥y n<—n+1;

17 go to line 2;

18 elseif 6, > ¢y then

19 Uy < Yn<«<—n+1;

20 go to line 2;

21 else

22 return 2* < ¥,;;

23 stop;

24 end if

XTI A W -

by the topological derivative only. However, how to efficiently use the topological
derivative in the context of topology optimization deserves further investigation
[19]. See Sect. 5.4 for an account of some open problems.

5.3 Numerical Results

The topological derivative has been specifically designed to deal with shape and
topology optimization problems [1, 23, 25,47,57, 60, 73,74, 76-78, 93]. In contrast
to traditional topology optimization methods, the topological derivative formulation
does not require a material model concept based on intermediary densities, so that
interpolation schemes are unnecessary. These features are crucial in a wide range of
applications, since the limitations arising from material model procedures are here
naturally avoided. In addition, topological derivative has the advantage of providing
an analytical form for the topological sensitivity which allows to obtain the optimal
design in a few iterations or even in just one shot. Therefore, the resulting topology
optimization algorithms are remarkably efficient and of simple computational
implementation, since it features only a minimal number of user-defined algorithmic
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parameters, as shown in Sect. 5.2, for instance. In this section, Algorithm 1 is applied
in the context of compliance structural topology optimization and topology design
of compliant mechanisms. In particular, the topology optimization problem we are
dealing with consists in finding a subdomain 2 C & that solves the following
minimization problem:

Migiéngjze Fow) = 7w+ pIL2|, (5.91)

where _# (u) will be specified according to the application we are dealing with
and B > 0 is a fixed multiplier used to impose a volume constraint in §2 of the
form |2| < M, with M > 0. In particular, by fixing different values of 8 we get
different volume fractions at the end of the iterative process. For more sophisticated
topological-derivative-based methods with volume constraint we refer the reader to
[27], for instance. Since the last term in (5.91) represents the volume constraint, its
associated topological derivative Zy (x) is trivially given by

—1ifx € £2,
) = {+1 ifxe?\ Q. (5.92)

On the other hand, the first term in (5.91) depends on the state u solution of
(5.6), so that the derivation of its topological derivative becomes much more
involved, as presented in this chapter. Therefore, in this section we will adapt the
obtained result (5.81) in such a way that it can be directly applied in the context
of compliance structural topology optimization as well as in topology design of
compliant mechanisms.

5.3.1 Structural Compliance Topology Optimization

Minimizing the structural flexibility under volume constraint is probably the most
studied problem in the context of topology optimization. See the pioneering papers
[20, 22] and also the book by Bendsge [21], for instance. This classical problem is
revisited here.

We start by setting g = ¢ in (5.14), which implies immediately that the adjoint
state v, solution of (5.14), can be obtained as v = —u. See discussion in Remark 5.3.
In this particular case, _# (u) in (5.5) becomes the so-called compliance shape
Sfunctional, namely

f(u)=/ q-u, (5.93)
Iy
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Fig. 5.5 Bridge design problem: initial guess and boundary conditions

where u is the solution of (5.6) and ¢ is a given traction on [y. By taking into
account Remark 5.3 in result (5.81), the topological derivative of the compliance
shape functional, denoted as ¢, is given by

Te(x) = =Pyou)) - (Vu(x))*, (5.94)

where PP, is the polarization tensor defined through (5.82). Finally, the topological
derivative of the shape functional % (1) in (5.91) is obtained from the sum

Tx)=Icx)+BIvx) Vxe 2, (5.95)

where Jy (x) and J¢(x) are given by (5.92) and (5.94), respectively.

Let us now present a numerical example concerning the optimal design of a
bridge structure borrowed from [75, Ch. 5, Sec. 5.2.5, p. 159]. The initial domain
shown in Fig. 5.5 is represented by a rectangular panel of dimensions 180 x 60 m?,
which is clamped on the region @ = 9m and submitted to a uniformly distributed
traffic loading ¢ = 250 x 103 N/m. This load is applied on the dark strip of height
h = 3 m, which is placed at a distance ¢ = 30 m from the top of the design domain.
The dark strip will not be optimized. The Young modulus E and the Poisson ratio v
are set as E = 210 x 10° N/m? and v = 1/3, respectively. The penalty parameter
which appears in (5.91) is fixed to be § = 10 x 10° and the contrast in (5.4)
is set as pg = 107*. The topological derivative of the shape functional .Zg (u)
obtained at the first iteration of the shape and topology optimization numerical
procedure is shown in Fig. 5.6, where white to black levels mean smaller (negative)
to higher (positive) values. This picture induces a level-set domain representation
for the optimal shape, as proposed in [11]. See Algorithm 1. The resulting topology
design obtained in the form of a well-known tied-arch bridge structure, which
is acceptable from practical point of view, is shown in Fig.5.7. Usually it is a
local minimizer obtained numerically for the compliance minimization with volume
constraint. Indeed, there is a lack of sufficient optimality conditions for such shape
optimization problems [15]. The convergence curves for the angle 6, and shape
functional J(£2,) are shown in Fig. 5.8, where the picks come out from the mesh
refinement procedure.
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Fig. 5.6 Bridge design problem: topological derivative in the hold-all domain

Fig. 5.7 Bridge design problem: optimal domain [75]
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Fig. 5.8 Bridge design problem: convergence curves for the angle 6,, (dashed-dot red line) and
shape functional J (£2,) (dashed blue line)
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(2)

Fig. 5.9 Design of compliant mechanisms: problem setting. (a) Original model. (b) Surrogate
model

5.3.2 Topology Design of Compliant Mechanisms

Compliant mechanisms are mechanical devices composed by one single peace that
transforms simple inputs into complex movements by amplifying and changing
their direction [2, 26, 29, 59, 63, 65, 69, 87]. Hence they are easy to fabricate and
miniaturize and have no need for lubrication. Although these ideas are not new
[26], compliant mechanisms have received considerable attention in recent years.
This fact is due to manufacturing at a very small scale, the introduction of new
advanced materials, and the fast development of Micro-Electro-Mechanical Systems
[37]. Since such microtools are capable to perform precise movements, the spectrum
of their applications has become broader including microsurgery, nanotechnology
processing, cell manipulation, among others.

Therefore, let us adapt the problem stated in Sect. 5.1 to the context of topology
design of compliant mechanisms. We start by splitting [y into three mutually
disjoint parts Iin, Iou, and I, such that I'y = I3y U Ty U Tp. The idea is to
maximize the output displacement uqy on oy in some direction for a given input
excitation gjp on I3,. The exterior medium is represented by springs with stiffness
K, attached to the output port oy, as shown in Fig.5.9a. The springs are then
replaced by the expected boundary reaction goy on Igy. In this way, the output
displacement is going to be indirectly constrained by such given reaction. See sketch
in Fig. 5.9b. From this discussion, we define ¢ = gin on I}, ¢ = Gour 0N oy, and
q = 0 on Iy. Thus, the variational problem (5.6) can be rewritten as

ue”f/:/a(u)~(Vn)S=/ qin-n+/ qout'n Vnev, (5.96)
2 Iin Tout

with o (1) = pC(Vu)®. In addition, we set g = gip on I}y, § = kKqout ON Iy, and
g = 0 on Iy, so that the shape function (5.5) becomes

/(u):/ qin~u+/c/ Gout - U - 5.97)
; T

in out
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Finally, the associated adjoint system (5.14) can be stated as
ve”f/:fd(v)-(vn)s=—/ qm-n—Kf Gou NEV, (5.98)
2 Fin Foul

with o(v) = pC(Vv)*, where « > 0 is a weight parameter. For more details
concerning the adopted formulation, the reader may refer to [63], for instance. In
this particular case, the topological derivative of the shape functional % (1) in
(5.91) is given by the sum

Tx)=Te(x)+BIy(x) Vxe 2, (5.99)

where the topological derivative of the volume constraint .7y (x) is given by (5.92)
whereas the topological derivative of the mechanism effectiveness Jg(x) can be
obtained from (5.81), namely

Te(x) =Pyou(x)) - (Vv(x)*, (5.100)

where u and v are the solutions of (5.96) and (5.98), respectively, and IP,, is the
polarization tensor from (5.82).

In order to fix these ideas, let us present a numerical example where the
minimization problem (5.91) is solved with the help of Algorithm 1. It consists
in an inverter mechanism design. The hold-all domain representing the initial guess
is given by a square clamped on the left corners, while the loads g;; = (2, 0) and
qout = (1,0) are respectively applied on the middle of the left and right edges,
respectively. See Fig. 5.10a. The penalty parameter in (5.91) is set as 8 = 3 and the
weight parameter which appears in (5.97) is given by « = 10. Finally, the Young
modulus, the Poisson ratio, and the contrast in (5.4) are respectively givenby E = 1,
v = 0.3, and pp = 10~*. The amplified deformations of the final obtained solution
are presented in Fig. 5.10b, where we observe that the obtained mechanism performs
the desired movement. The convergence curves for the angle 6,, and shape functional
J(£2,) are shown in Fig.5.11.

5.4 Final Remarks

In this chapter a topology optimization algorithm based on the topological derivative
and the level-set domain representation method has been presented. In particular,
Algorithm 1 has been proposed in [11] to achieve a local optimality condition
for the minimization problem under consideration, which is given in terms of the
topological derivative and an appropriated level-set function. This means that the
topological derivative is in fact used within the numerical procedure as a steepest-
descent direction similar to methods based on the gradient of the cost functional.
The topological derivative represents the exact first order variation of the shape
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Fig. 5.10 Inverter design problem: initial guess and boundary conditions (a) and deformed
configuration of the optimal domain (b)
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Fig. 5.11 Inverter design problem: convergence curves for the angle 6,, (dashed-dot red line) and
shape functional J (£2,) (dashed blue line)

functional with respect to the nucleation of small singular domain perturbations,
so that the resulting topology design algorithm converges in few iterations by
using a minimal number of user defined algorithmic parameters, as shown in the
numerics presented in Sect.5.3. Furthermore, the topological derivative follows
in fact the basic rules of Differential Calculus, which allows for applying it in
the context of multi-objective topology optimization algorithms by using e.g., the
known formulas already available in the literature. Finally, in contrast to traditional
topology optimization methods, the topological derivative formulation does not
require any material model concept based on intermediary densities, so that no
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interpolation schemes are used within the numerical procedures. This feature is
crucial in the topology design problem, since the difficulties arising from material
model procedures are here naturally avoided. Therefore, the topological derivative
method can be seen, when applicable, as a simple alternative method for numerical
solution of a wide class of topology optimization problems. For future development
of the topological-derivative-based method, we highlight the following:

According to Sect. 5.3, there are numerical evidences showing that Algorithm 1
converges in most cases. However, from the theoretical point of view, only partial
results can be found in the literature. See for instance [10], where the convergence
of Algorithm 1 has been analyzed in the particular case of an optimal control
problem with respect to characteristic functions of small sets. Therefore, the most
important theoretical problem to be solved concerns the convergence of Algorithm 1
in general.

The topological derivative concept has also been shown to be effective in
solving a certain class of inverse problems [13, 30, 40, 44, 52, 55, 82, 86, 91].
In particular, stability and resolution analysis for a topological-derivative-based
imaging functional have been presented in the context of the Helmholtz equation [6].
However, such analysis is missing for other classes of inverse problems, including
gravimetry and EIT, for instance. In this direction, a new branch of research arises,
which consists in solving a wide range of reconstruction problems with the help
of second order topological derivatives [28, 41-43, 53, 66, 84]. In this context,
many interesting questions arise, including on how to efficiently use higher order
expansions, for instance.

Synthesis and optimal design of materials in a multiscale framework have been
considered in [46] and further developed in [16], where the topological derivative
of the homogenized elasticity tensor has been obtained. Extension to the dynamic
case is a difficult and interesting research topic, where inertial forces acting at the
microscale may produce unexpected macroscopic constitutive behavior. Finally, a
new emerging research field consists in the design of new materials by considering
the strain gradient homogenized constitutive tensor. From the theoretical point of
view, a deep question arises in the context of topological derivatives associated with
asymptotic models in general, including multiscale and dimension reduction, for
instance. In particular, both objects come out from a limit passage procedure, one
representing the size of the topological perturbation and the other one controlling
the scale. It is not clear whether these limits commute or not. Actually, different
results are expected after interchanging the order of these limits.

Topology design of structures taking into account more realistic scenario such
as anisotropic elasticity [24, 48], transient wave equations [32], and evolution
variational inequalities is a difficult and challenging problem, which requires further
development from both theoretical and numerical points of views.

Topological-derivative-based topology design in multiphysics taking into
account multiobjective shape functionals is an important and difficult subject of
research, which also deserves investigation. Design of antenna and wave guides in
nanophotonics is an example of modern application. It can be handled with the use
of the domain decomposition technique presented in Chap. 4, for instance.
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The Griffith-Francfort-Marigo damage model adopted in [3] and later in [95]
and [97] does not distinguish between traction and compression stress states in the
damage evolution process. Hence, it is unsuitable for describing the crack closure
phenomenon. Therefore, the development of the topological derivative theory for
functionals which consider distinct criteria in traction and in compression deserves
investigation. However, it is well known that such modeling leads to a class of
nonlinear elasticity systems, so that these extensions are expected to be difficult.
See also closely related works dealing with crack nucleation sensitivity analysis
[8, 94] and crack propagation control [96].

Extension to nonlinear problems in general can be considered as the main
challenge in the theoretical development of the topological derivative method. The
difficulty arises when the nonlinearity comes out from the main part of the operator,
which at the same time suffers a topological perturbation. It is the case of nucleation
of holes in plasticity and finite deformations in solid mechanics or small obstacles
in compressive fluid flow, for instance. See the recent publication [12] dealing with
topological derivatives for a class of quasilinear elliptic equations.

5.5 Exercises

1. By taking p = 1 in (5.12), derive the Navier system (5.13).

2. From the weak formulation (5.19), derive the strong form (5.20) and discuss the
transmission condition on the interface 0 B;.

3. By using separation of variable technique, find the stress distribution around the
inclusion B,, which is the solution of the exterior boundary value problem (5.47).
Hint: Consult the book by Little [62] and look for the Airy functions in polar
coordinate system.

4. Take into account Remark 5.4 and derive the closed formula for the isotropic and
uniform fourth order tensor T given by (5.59) in the form T = oI + oI ® I, by
finding the coefficients o and a; explicitly.

5. Repeat the derivations presented in Remark 3.1 to find a general representation
for the polarization tensor in elasticity.

Hint: After introducing the notation w(e~'x) := e lw,(x) and the change
of variable & = ¢~ !x, write w(£) as a linear combination of the components of
o (u(x)) as follows w(§) = ouX));; v (£). Then replace it into the exterior
problem (5.47) to obtain a set of canonical variational problems of the form:

vew /}R Yooe @) - (Vem)* = (1 - y)(ei ®e,->~/<vgn)‘ Ve,
w

(5.101)

where o¢ i)y = C(Ve v The quotient space # is defined as # := {¢ €

H'(R?)/R} and the contrast y,, is given by y,, = 1 in R? \ w and y,, = y in .
Finally, comeback to (5.76) and write the polarization tensor as follows:
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1
P, =—(1-y) <I[+ W/ o (" )i(e; ®e; @ er ® el)) ) (5.102)

6. Code Algorithm 1 and reproduce the numerical examples presented in Sect. 5.3.
7. Study and discuss the list of open problems presented at the end of Sect. 5.4.



Appendix A
Tensor Calculus

In this appendix some basic results of tensor calculus are recalled, which are useful
for the development presented in this monograph. We follow the book by Gurtin
[51]. Let us introduce the following notation for d > 2:

e a,b,c,d,ecRY;

*+ A, B,C,S,WeR?xRY

e o scalar field;

e u, v vector fields;

e T, U second order tensor fields.

A.1 Inner, Vector, and Tensor Products

The scalar or inner product of two vectors a and b is defined as

a-b=ba, (A.D)
with ||a|| = (a - a)'/? used to denote the Euclidean norm of the vector a. The tensor
A is a linear map that assigns to each vector a a vector b = Aa. The transpose AT
of a tensor A is the unique tensor with the property

a-Ab=A"a b, (A.2)

for all vectors a and b. An important tensor is the identity I defined by Ia = a for
every vector a. The product of two tensors A and B is a tensor C = AB. In general
AB # BA. When AB = BA, we say that A and B commute. The scalar or inner
product of two tensors A and B is defined as
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A-B=tw(BTA)=tw(A'B) = tr(AB)=1tr(BA), (A.3)
where the trace of a tensor A is defined as
tr(A) =1-4. (A4)
It then follows that
A-(BC)=(BTA)-C=(AC")-B. (A.5)

The vector product of two vectors a and b is defined as

axb=-bxa. (A.6)
Furthermore
axa=0, (A7)
and
a-bxc)=c-(axb)y=>b-(cxa)=vol(B), (A.8)

where 3 is the parallelepiped defined by the vectors a, b, and c. Finally, the
determinant of a second order tensor is defined as
_Aa - (Ab x Ac)
 a-(bxo)

detA (A.9)

The tensor product of two vectors a and b is a second order tensor A = a ® b
that assigns to each vector ¢ the vector (b - c)a, namely

(a®b)yc=(b-c)a. (A.10)
Then it follows that
@®b)' =(®b®a) . (A.11)
@®b)(c®d)=0b -c)a®d), (A.12)
a@®b) - (c®d)=(a-c)b-d), (A.13)
tra®b) =a-b, (A.14)
a-Ab=A-(a®Db), (A.15)

Ala®b) =(Aa)®b . (A.16)
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A.2 Gradient, Divergence, and Curl

Let us consider the smooth enough fields ¢, u, v, T, and U, where ¢ is scalar, u, v
are vectors, and T, U are tensors. Here, we do not state smoothness hypotheses,
since standard differentiability assumptions sufficient to make an argument rigorous
are generally obvious to mathematicians and of little interest to engineers and
physicists. Then the following fensor calculus identities hold true:

V(pu) = oVu+u® Vo , (A.17)
div(pu) = @div(u) + Vo - u , (A.18)
curl(pu) = pcurl(u) + Vo x u , (A.19)
curl curl(u) = Vdiv(u) — Au (A.20)
V(u-v) = (Vu) v+ (Vo) u, (A.21)
div(u x v) = u - curl(v) — v - curl(u) , (A.22)
div(u ® v) = udiv(v) + (Vu)v , (A.23)
div(T Tu) = div(T) -u+T - Vu , (A.24)
div(eT) = @divT + TVe , (A.25)
div(Vu'") = Vdiv(u) , (A.26)
div(TU) = (VT)U + Tdiv(U) , (A.27)
V(T-U)=(VT)'U+VU)'T. (A.28)

Note that the curl of a vector field u, denoted by curl(u), is the unique vector
field with the following property:

(Vu — Vu)a = curl(u) x a (A.29)
for every constant vector a. Therefore, div curl(#) = 0 and

culu) =0 <« u=Vgp. (A.30)
In addition, if

div(iu) =0 and curl(u) =0, (A.31)

then u is harmonic, namely Au = 0. Finally, the divergence of a tensor field T,
denoted as div(7), is the unique vector field with the following property:

div(T) -a = div(T " a) (A.32)

for every constant vector a.
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A possible representation for the Dirac mass is given by a Gaussian distribution.
Into two spatial dimensions it can be written as

2me? 2¢2

5 1 ( ||x—s||2>
(x—é)_hl%—exp —_ . (A.33)

From (A.21), the gradient of 6 (x — &) with respect to £ can be obtained as follows:

_ _ 2
Ved(x ) = lim al f exp (—u> . (A.34)

2re 262

These results are important in the of monopole and dipole theory, respectively.

A.3 Integral Theorems

Let £2 be an open and bounded domain in le, d > 2, whose boundary is denoted
by 0£2. Let n denote the outward unit normal vector field on the boundary 952 of
§2. Here, we state the integral theorems without proofs and without smoothness
assumptions regarding the underlying functions and the domain of integration as
well. Then, given scalar ¢, vector v, and tensor T fields, the following integral

identities hold true:
/ V(p:/ on, (A.35)
2 o

/WZ/ ven. (A36)
2 082
/ div(v) :/ ven, (A.37)
2 992

/ div(T) = / Tn . (A.38)
2 982

Divergence theorems are deep mathematical results central to the derivations
presented in this monograph. In particular, let us state the divergence theorems in
their useful forms, namely

/ (T -Vv+div(T) -v) = / diV(TTU) = / Tn-v. (A.39)
Q Q Q

a

If T =S, with S a symmetric tensor field (S = ST, then

/ (S-VV' +div(S) - v) = f div(Sv) = / Sn-v. (A.40)
Q 2 a0
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In addition, we have
/ (pdiv(v) + Vg - v) = / div(pv) = / Qv-n. (A.41)
Q Q a2

If v = V¢, with ¢ a scalar field, then

/ (AP + V- V) = f div(pVe) = / 00t . (A42)
2 2 082

Finally, an important result which appears in the context of electromagnetism is
given by the following integral theorem:

/ (curl(u) - v — u - curl(v)) = / nXu-v. (A.43)
Q 082

A.4 Some Useful Decompositions

Every tensor A can be decomposed uniquely as the sum of a symmetric tensor S
and a skew tensor W, namely

A=S+W, (A.44)

where

S:%<A+AT) md‘V:%(A—AT). (A.45)

We call S the symmetric part of A and W the skew part of A. Therefore, there is a
one-to-one correspondence between vectors and skew tensors

Wa =w x a, with w) = W32 , wo = W13 , w3 = W21 s (A.46)
where W = —W is a skew or anti-symmetric second order tensor. In addition,
[@®b)—(b®a)]lc=—[(a-c)b—(b-c)al]=—(a xb) xc. (A.47)

Finally, we have:

e If S is symmetric,

&A:SAT:S[%A+ﬂﬂ. (A.48)
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e If W is skew,
T 1 T
W- A=-W-A'"=W- E(A_A) . (A.49)

e If S is symmetric and W is skew,
S-W=0. (A.50)
e If A- B =0, forevery B, then A = 0.

e If A-S =0, forevery S, then A is skew.
e If A-W =0, for every W, then A is symmetric.

Into two spatial dimensions R?, a symmetric second order tensor S, namely § =
ST, admits the following spectral decomposition

S=s1(e1®e1) +s2(e2 @ e2) (A.51)

where e and e are the eigenvectors of S, whereas s; and s, are the associated
eigenvalues given by

1
s12= 5 (trs + /28D . SD> , (A.52)
with S standing for the deviatory part of the tensor S, that is
D 1
ST =85- E(tr SHI. (A.53)

Let us consider a two-dimensional open and bounded domain £2 C R?, whose
boundary is denoted by 942. Let us also introduce two orthonormal vectors n and
t,suchthatn-n = 1,77 = l and n - T = 0, defined on the boundary 952, as
shown in Fig. A.1. Then, we have that a vector a defined on 952 can be decomposed
as follows:

Fig. A.1 Curvilinear n
coordinate system on 92

Q

o9
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a=m@®na+ (T Rt)a=@ -n)n+@-1)t=ad"n+a"t, (A.54)

where @ := a - n and a® := a - T are the normal and tangential components of the
vector a, respectively. In other words, a® is the projection of a into the tangential
plane to £2 and a” is the projection of a orthogonal to the referred tangent plane. In
addition, the identity tensor I can be written in the basis (n, t), namely

I=n®n+trt. (A.55)

Thus, the projections operators into the tangential and normal directions can
respectively be defined as

I-n®na=a—(a-nn=a"t, (A.56)
I-1tQ®ta=a—(a-1)t=a"n. (A.57)

Let A be a second order tensor. Then, A can be decomposed in the basis (n, 7) in
the following form:

A=A"m@n+A" Q1) +A"TRn +AT(T®1), (A.58)
whose components A", A™", A™ and A'" are defined as

An = [A"(n@n) + A" (n®@T)+ A" (T ®n) + AT (T ®71)|n
=A"n-nn+A"GT -nn+A"n-n)T+ AT (-0t
=A"n+ A"t = A" =pn-An and A" =rt.An, (A.59)

At =[A"n@n)+ A" (n®T) + A"t ®n) + AT (T ®1)]|T
=A"m-tm+A"T -+ A"" )T +AT (T DT
=A"n+ A"t = A" =n-Atr and A" =71.AT. (A.60)

In the same way, we have that the gradient of a scalar field V¢ defined on 92 can
be decomposed as

Vo =Ng-nn+ (Vg -1)T
= (Op)n + (0:9)t = e =Ve-n and 9,9 =Ve- -7, (A6])

where d,¢ and 9. ¢ are the normal and tangential derivatives of the scalar field ¢. In
addition, the gradient of a vector field Vu defined on 02 can be decomposed as

Vu=0,u"n@n)+ 0" Q1)+ 0,u’" (t@n)+:u"(t®1), (A.62)
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whose components d,u”, d;u", 9,u’, and d;u" are defined as

(Vuyn = [0,u”" (n @ n) + 01" (n @ T) + dyu’ (t ®n) + du" (@ T)| n
= BuMn+ Bu)t = u" =n-(Vu)n and ,u’ =1 - (Vu)n,
(A.63)

(Vu)r = [0pu" (n@n) + 01" (n @ T) + dyu’ (T ®n) + dru" (1 @ T)| T
= 0u"n+ OuHt = u"=n-(Vu)r and 0.u" =7 (Vu)r.
(A.64)

A.5 Polar and Spherical Coordinate Systems

Let us consider a polar coordinate system of the form (r, 6) with center at the origin
O, as shown in Fig. A.2. The oriented basis defining this system is denoted by e,
and eg, with e, - ¢9 = 0 and |le, || = |leg|l = 1. Thus, we have the representations
below.

e Gradient of a scalar field ¢:

g 1dgp
Vo = — ——e¢p . A.65
L P T (4.65)
» Laplacian of a scalar field ¢:

2¢ lap 1 03%
Ap= — 4+ —— 4 ——L | A.66
¢ 8r2+r8r+r2892 ( )

¢ Gradient of a vector field v:

ov” 1 /ov" 0
Vv:arer@)er—i-; 89_U er Qep

v’ 1L/
+—ep Qe+ - —+V s Reg . (A.67)
ar r \ 200

» Divergence of a vector field v:

" 1 [
div(v) = 8” 4= (L + u’> . (A.68)
r r
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Fig. A.2 Polar coordinate
system (r, 0)

» Divergence of a second order tensor field 7T':

oT'" 1 8T0r T — T@O
or Tree T 7 )e’
8Tr9 1 3T96 TrG 4 T@r
+ < + > €p .

div(T) = <

or +r 00 r

(A.69)

* Transformation of a vector v from Cartesian to polar:

v cos6 sinf v!
0 = . P ) (A70)
v —sinf cos6 v
where v/ = v - ¢; are the components of vector v in the Cartesian coordinate

system.
¢ Transformation of a second order tensor 7' from Cartesian to polar:

. T .
T TN cosf sinf T 12 cosf sinf (A7)
T 1% )] \ —sin@ cosf T2 722 —sinf cos@ )’ '
where T = ¢; - Te j are the components of tensor 7" in the Cartesian coordinate
system.

Let us consider a ball B,(0) C R? of radius p and center at the origin O,
whose boundary is denoted by 0 B,,. Then, the integral of a scalar field ¢ over B, is

evaluated as
2 P
/ ¢ = / (/ o(r, 9)rdr> do . (A.72)
B, 0 0

The integral of ¢ over the boundary d B, is written as

2
/ Y= ,0/ o(p,0)do . (A.73)
9B, 0
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Fig. A.3 Spherical
coordinate system (r, 6, ¢)

Finally, a general solution for the Laplace equation into two spatial dimensions
can be written in Fourier series as follows:

o0

¢(r.0) = A+ Blogr+ Y [(Akrk + Bir %) sink6 4 (Cyr* + Drr=%) cos ke] )
k=1

(A.74)

Let us now consider a spherical coordinate system centered at the origin & given
by (r, 8, ¢), as shown in Fig. A.3. We define an oriented basis for the system of the
forme,, eg and e4, with e, -eg = e,-ey = eg-ep = 0and |le.|| = |leg]l = llegll = 1.
By taking into account this system, we have the representations below.

¢ Gradient of a scalar field ¢:

ap 1d¢ 1 od¢p
= e ey + — € -
ar r a0 rsinf d¢

(A.75)

» Laplacian of a scalar field ¢:

13 [, 1 9 (/. g 1 9%
Ap = — 2 (222 2 (sine2 )+ —— 2% (a6
=% (r 8r> t 2in 90 (Sm ae) t rameagrn A0

* Transformation of a vector v from Cartesian to spherical:

v sinf cos¢ sinfsing cosH v!
v? | = | cos@cos¢ cosfsing — sinb v ], (A7)
v? —sing cos ¢ 0 v3

where v/ = v - ¢; are the components of vector v in the Cartesian coordinate

system.
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Let us consider a ball B,(0) C R3 of radius p and center at the origin &, with
boundary denoted by d B,,. Then, the integral of a scalar field ¢ over B, is evaluated

as
2 14 14
/¢=/ (/ (/ ¢(r,9,¢)r2dr>sin9de)d¢. (A.78)
B, 0 0 0

The integral of ¢ over the boundary 9 B,, is given by

2 T
/ ¢ = ,02/ (/ @(p, 0, ¢)sin 9d9> dg . (A.79)
3B, 0 0
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