TOPOLOGICAL DERIVATIVE-BASED TOPOLOGY OPTIMIZATION OF
STRUCTURES SUBJECT TO MULTIPLE LOAD-CASES
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ABsTRACT. The topological derivative measures the sensitivity of a shape functional with re-
spect to an infinitesimal singular domain perturbation, such as the insertion of holes, inclu-
sions or source-terms. The topological derivative has been successfully applied in obtaining
the optimal topology for a large class of physics and engineering problems. In this paper the
topological derivative is applied in the context of topology optimization of structures subject to
multiple load-cases. In particular, the structural compliance under plane stress or plane strain
assumptions is minimized under volume constraint. For the sake of completeness, the topolog-
ical asymptotic analysis of the total potential energy with respect to the nucleation of a small
circular inclusion is developed in all details. Since we are dealing with multiple load-cases, a
multi-objective optimization problem is proposed and the topological sensitivity is obtained as
a sum of the topological derivatives associated with each load-case. The volume constraint is
imposed through the Augmented Lagrangian Method. The obtained result is used to devise
a topology optimization algorithm based on the topological derivative together with a level-
set domain representation method. Finally, several finite element-based examples of structural
optimization are presented.

1. INTRODUCTION

The topological derivative measures the sensitivity of a given shape functional with respect
to an infinitesimal singular domain perturbation, such as the insertion of holes, inclusions or
source-terms [51]. The topological derivative was introduced in 1999 through the fundamental
paper [53] and has been successfully applied in a wide range of problems such as inverse problems
[10, 17, 18, 23, 31, 33, 35, 37, 43|, image processing [13, 14, 32, 34, 40] and topology optimization
1,8, 11,12, 15, 16, 29, 30, 39, 41, 48, 49, 50, 56|. See also applications of the topological derivative
in the context of multiscale constitutive modeling [9, 26, 27, 28, 52|, fracture mechanics sensitivity
analysis [4, 57] and damage evolution modeling [2]. Regarding the theoretical development of
the topological asymptotic analysis, see for instance [5, 6, 19, 20, 24, 25, 36, 38, 42, 44, 45, 46,
47, 54, 55|, as well as the book by Novotny & Sokotowski, 2013 [51].

In this paper the topological derivative is applied in the context of topology optimization of
structures into two spatial dimensions subject to multiple load-cases. In particular, the struc-
tural compliance under plane stress or plane strain assumptions is minimized subject to volume
constraint, which is imposed through the Augmented Lagrangian Method. For the sake of com-
pleteness, the topological asymptotic analysis of the total potential energy with respect to the
nucleation of a small circular inclusion is developed in all details. These derivations can be found
in the literature (see for instance [51] and references therein). However, our idea is to present
them in a simplified and pedagogical manner by using simple arguments from the Analysis. In
addition, we claim that the topological derivative obeys the basic rules of the Differential Calcu-
lus (see the examples on the introduction of the book [51] and also the paper [9] for application of
these rules). Thus, since we are dealing with multiple load-cases, a multi-objective optimization
problem is proposed and the topological sensitivity is obtained as a sum of the topological deriva-
tives associated with each load-case. It is also worth to mention that the topological derivative
is defined through a limit passage when the small parameter governing the size of the topolog-
ical perturbation goes to zero. However, it can be used as a steepest-descent direction in an

Date: March 27, 2014.
Key words and phrases. Topology Optimization; Topological Derivative; Multiple Load-Cases; Plane Stress;
Plane Strain.
1



2

optimization process like in any method based on the gradient of the cost functional. Therefore,
the obtained result is used to devise a topology optimization algorithm based on the topological
derivative together with a level-set domain representation method, as proposed by Amstutz &
Andri, 2006 [8]. The algorithm is presented in a pseudo-code format easy to implement. Finally,
several finite element-based examples of structural optimization are presented. In summary, a
comprehensive account on the application of the topological derivative in the context of compli-
ance structural optimization is given. The theoretical development, interpretation of the results
and computational aspects are discussed, and some misunderstandings currently found in the
literature are elucidated.

This paper is organized as follows. In Section 2 we firstly introduce the topological derivative
concept and state the mechanical problem which we are dealing with, then two main results
are derived: the existence and the closed formula for the topological derivative associated to the
strain energy shape functional. In Section 3 the compliance topology optimization problem under
volume constraint is stated together with its associated topological derivative. The topology
optimization algorithm based on the topological derivative and a level-set domain representation
method is described in Section 4. The numerical results are presented in Section 5. The paper
ends with some concluding remarks in Section 6. Finally, the closed formula for the topological
derivative presented in Section 2 is derived in Appendix A by using standard arguments from
the Analysis.

2. TOPOLOGICAL ASYMPTOTIC ANALYSIS

Let us consider an open and bounded domain denoted by ©Q C R2. Associated with this
domain, we introduce a characteristic function y : R? — {0,1}, x = 1 such that

M:Aﬂ, (2.1)

where |Q] is the Lebesgue measure of . Suppose that € is subject to a singular perturbation
confined in a small region w.(Z) = T 4 ew with size £, where T is an arbitrary point in {2 and
w is a fixed domain in R?. We define a characteristic function x.(Z;z),z € R?, associated with
the topologically perturbed domain. In the case of a perforation, for instance, x. : R? — {0,1},
Xe(Z;x) = 1o — 14 and the perforated domain is obtained as €2 = 2\ @:. Then we assume that
a given shape functional ¥ (x.(Z)) associated with the topologically perturbed domain, admits
the following topological asymptotic expansion

P(xe () = () + f()T () + o(f(€)), (2.2)

where () is the shape functional associated to the unperturbed domain Q and f(e) is a positive
function such that, f(¢) — 0 when ¢ — 0. The function Z — T(Z) is called the topological
derivative of ¢ at Z. Therefore this derivative can be seen as a first order correction on 1 (x) to
approximate 1 (x.). In addition, after rewriting (2.2) we obtain the classical definition for the
topological derivative [53]:

@)t L) = V()
e—0 f(€)

Note that the topological derivative is defined through the limit passage ¢ — 0. However,

according to (2.2), it can be used as a steepest-descent direction in an optimization process

similar to any gradient-based method, as shall be presented later.

In this paper the domain is topologically perturbed by the nucleation of a small inclusion,
as shown in Fig. 1. More precisely, the perturbed domain is obtained when a circular hole
we(Z) := B:(¥), the ball of radius ¢ > 0 and center at * € €, is introduced in €. Next,
this region is filled by an inclusion with different material property from the background. In
particular, x.(7) = 1o — (1 — 7)1 p,(3) and a piecewise constant function 7. is introduced:

B 1, ifzeQ\B.,
’76—'75(33) '_{% if v € B.,

(2.3)

(2.4)
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1, mQ L, in Q\ B,
X0, inR2\ Q. Xe=1q 7 in B
0, inR*\ Q.

FiGurE 1. Topological derivative concept.

where v € RT is the contrast in the material property.

2.1. Unperturbed Problem. As mentioned before, the topological asymptotic expansion of
the total potential energy associated with the elasticity system into two spatial dimensions is
obtained. Thus, the unperturbed shape functional is defined as:

e ::jx<u>=§/Qo—<u>-VSu—/Qb-u—/FNa-u, (25

where the vector function w is the solution to the variational problem:

Find u € U, such that

/U(U)-Vsnz/b-?ﬂr/ q-n, Vnev, (2:6)
Q Q I'n

with b a constant body force distributed in the domain,
o(u) = CV®u (2.7)
the Cauchy stress tensor,
Vou— %(Vu + V) (2.8)
the linearized strain tensor and C the constitutive tensor given by
C=2ul+ AN ®I, (2.9)

where I and I are the second and fourth identity tensors, respectively, 1 and A\ are the Lamé’s
coeflicients, both considered constants everywhere. In the plane stress assumption we have

E vl
= — d A=— 2.10
o0+ ™ 102’ (2.10)
while in plane strain assumption they are
E E
p=——— and A= v , (2.11)
2(1+v) (1+v)(1—2v)

where F is the Young modulus and v the Poisson ratio. The set of admissible displacements U
and the space of admissible displacements variations V are respectively defined as

U:={pecHY(Q):¢lr, =T} and V:={pec H(Q): ¢, = 0}. (2.12)

Here, I'p and I'y respectively are Dirichlet and Neumann boundaries such that 9Q =TpUTy
with T'p NT'x = (), u is the displacement prescribed on I'p and § is the load prescribed on I'y,
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FIGURE 2. Mechanical problem defined in the unperturbed domain.

both assumed to be smooth enough. See details in Fig. 2. The strong system associated with
the variational problem (2.6) is given by:

Find u, such that

dive(u) = b in{2,
o(u) = CV?u, (2.13)
u = u onlI'p,
olun = ¢ onI'y.

2.2. Perturbed Problem. Now let us state the associate topologically perturbed problem. In
this case, the total potential energy is given by

vlixe) = Ty () = 5 [ ontus) Vou - [

be - Us — / q - Ue, (2.14)
Q Q 'y

where the vector function u. is the solution to the variational problem:

Find u. € U,, such that

/os(us)-Vsnz/bs'nJr/ q-n, Vnev., (2.15)
Q Q 'y

with
oe(ue) = v-.CV3u, and b, =~.b, (2.16)
where 7. is defined by (2.4). The set U, and the space V. are defined as
U ={pel:[¢] =00n0B.} and V.:={peV:[¢]=0ondB}, (2.17)

with the operator [¢] used to denote the jump of the function ¢ on the boundary of the inclusion
0Bc, namely [¢] = Plog — Pls. OB 0B.. See details in Fig. 3. The strong system associated

to the variational problem (2.15) reads:

Find w,., such that
dive.(us) = be in €,
o:(ue) = A.CV¥u,,
U = U onI'p, (2.18)
oe(ug)n = @ on I'y,
Ue = 0
S } on OB
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FIGURE 3. Mechanical problem defined in the perturbed domain.
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2.3. Existence of the Topological Derivative. The following result ensures the existence of
the topological derivative associated with the problem under analysis.

Lemma 1. Let u and u. be solutions to (2.6) and (2.15), respectively. Then we have that the
estimate ||ue — ul| 1) = O(¢g) holds true.

Proof. We start by subtracting the variational problem (2.6) from (2.15) to obtain:

/Q(ae(ue)—a(u))-vsn _ /Q(be—b)-nj:/ﬂcfs(u)-vsn, Wnev..  (219)

From the above equation, we have:
[ =) vy = = [ (@ —o@) v+ [h-nn @)

Recalling that: o-(u.) = o(us), b- = b in Q\ B. and o-(u.) = yo(u:), b- = b in B, we have
from (2.19):

[ otw—w-ven = (1—7)/50(U)-V3n+(’y—1)/ b, (2.21)

>

By taking n = u. — u as test function in the above equation we obtain the following equality

/”f(“e—U)'VS(ue—U) = (1—7)/ o(u) - V(ue —u) +(y=1) [ b-(ue —u). (2.22)
Q g

Be

From the Cauchy-Schwartz and Poincaré inequalities it follows that

/Qo’e(us —u) - V¥(us — u) Cillo(u)| 2BV (ue — w)ll 2By + C2l1bll L2 (o) llue — ullL2(8B.)

<
< C3el|VP(ue — )| 2B,y + Cagllue — ull2(p,)
< Csellue — ullgrp.) < Csellue — ullg1(q), (2.23)

where we have used the elliptic regularity of function v and the continuity of the function b at
the point Z € Q. Finally, from the coercivity of the bilinear form on the left-hand side of (2.22),
namely

el = ey < [ oulue =) V(e — ), (224)

we obtain the result with the constant C' = Cg/c independent of the small parameter . ]
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2.4. The Topological Derivative Formula. According to [51] the topological asymptotic
expansion of the energy shape functional takes the form (see also Appendix A):

D(xe(T)) = Y(x) = 7} ([Bro(u(@)) - Vou(@) + (1 = 7)b(T) - u(Z)) + o(e?), (2.25)

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

1 1—7v 1 1—7
= - 1 I+ = — I®l 2.26
YT 21 40y <( Fa)l+ gl —az)o—n ®>’ (2.26)
with
A p A+ 3p

=" d = ) 2.27
o1 and oy =~ T (2.27)

Finally, in order to extract the main term of the above expansion, we choose f(g) = me?, which
leads to the final formula for the topological derivative, namely:

T@E) = —Poo(u(@)) - Vu@) — (1 — 1)b(@) - u(®). (2.28)

Remark 2. Formally we can take the limit cases v — 0 and v — oo. For v — 0, the inclusion
leads to a void and the transmission condition on the interface of the inclusion degenerates to
homogeneous Neumann boundary condition. In this case the polarization tensor is given by

A+ 2u = A

Py = I-—I®I 2.29
0 /\—I—,u< 4u ®> (2.29)

In addition, for v — oo, the elastic inclusion leads to a rigid one and the polarization tensor is
stated as

A+ 24 w— A >
Poo = ——H H+7I®I 2.30
A+ 3pu ( 4N+ p) (2:50)
In the case of plane strain linear elasticity, the above formulas are written as
1—v 1 1—4v
Py = 41 I®l d Py=—(1-— I II|, (231
0= [ +1—21/®} o ( V)[3—41/+2(3—4y) ®] (2:31)
while in the case of plane stress linear elasticity the formulas are explicitly given by
1 1-3v 1 3v
Pp=— 21 - ———I®1 d Pyp=————121I 71 1 2.32
0 1+1/[ 2(1—u)®} o 3—1/{ T )®} (2:32)

Remark 3. The polarization tensor P, and theirs associated particular representations lead
to isotropic fourth order tensors because we are dealing with circular inclusions as topological
perturbations. For arbitrary shaped inclusions the reader may refer to the book by Ammari &
Kang (3|, for instance. On the other hand, there are two main advantages in using circular
inclusions in the context of topology optimization, which are:

e The associated topological derivative is given by a closed formula depending on the solution
to the original unperturbed problem.

e There are optimality conditions rigorously derived in [7|, allowing for use the topological
derivative together with a level-set domain representation method as a steepest-descent
direction in a topology optimization algorithm [8].

3. THE ToPOLOGY OPTIMIZATION PROBLEM

We consider the compliance topology optimization of structures subject to multiple load-cases
under volume constraint. Therefore, the topology optimization problem can be stated as

NLC
Minimize Fq(u;) = Z Uu;)
P1: acD Q i jx i

subject to |Q < M,

(3.1)

where NLC is the number of load-cases, M > 0 is the required volume at the end of the opti-
mization process and u; is solution to:



F1GURE 4. Computational domain.

e fori =0
( Find wug, such that
dive(ug) = pb in D,
o(ug) = pCV*uyg, (3.2)
uy = 0 on FD,
[ o(uw)n = 0 on I'y;

o fort=1,...,NLC

( Find wu;, such that

divo(u;)) = 0 in D,
o(u;) = pCViu,, (3.3)
u; = 0 onI'p,
o(uj))n = g on I'y.

\

Here, D is used to denote a hold-all domain. In order to simplify the numerical implementation
we consider that the elastic body D is decomposed into two sub-domains €2 and w. The domain
Q) = D \ w represents the elastic part while w C D is filled with a very complacent material,
used to mimic voids. See the sketch in Fig. 4. This procedure allows us to work in a fixed
computational domain. Therefore, we define a characteristic function of the form

1, if zeD,
””HX(””)_{ 0, if zeR2\D. (3-4)
In addition, we introduce a piecewise constant function p, such that
1, if ze€q,
s ={ o hes (35)

with 0 < pg < 1 used to mimic voids. That is, the original optimization problem, where the
structure itself consists of the domain €2 of given elastic properties and the remaining empty part
w, is approximated by means of the two-phase material distribution given by (3.5) over D where
the empty region w is filled by a material (the soft phase) with Young’s modulus, pgF, much
lower than the given Young’s modulus, E, of the structure material (the hard phase).

3.1. Augmented Lagrangian. The volume constraint is imposed through the Augmented La-
grangian Method. It consists in transform the inequality constraint in Problem P1 given by (3.1)
into an equality by introducing a slack function s, namely

NLC

P2 - M1n1cr%1ze Folu;) = Z T (ui), (3.6)

subject to hq(s) = ga + 52

where go = (|Q2] — M)/M. Note that for an optimal value s = s* the equivalence P2 = P1 holds
true. Let us introduce two Lagrange multipliers « and 8. Then, the Problem P2 in (3.6) can be
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rewritten as

NLC

B 2
P3 - MlIllCI%lze .,FQ u;) = ZZ; Ty (u;) + ahq(s) + EhQ(S) ,

subject to hq(s) = g + s2.

(3.7)

Note that if hq(s*) = 0, then P3 = P2 = P1. Thus, let us minimize (3.7) with respect to the
slack function s, namely

ahg(s) + Bha(s)hg(s) =0,
{ hb?s) = 2s. s (3.8)

Then, s =0 or s = —(a/B + gq). Therefore
(5)% = max{0, — (/B + ga)}. (3.9)
It follows that:

ha(s*) = ga+max{0,—(a/8 + ga)}
= max{go, —a/B} = gg. (3.10)

Finally, by setting s = s* we have P4 = P3 = P2 = P1, that allows us to rewrite the constrained
Problem P1, given by (3.1), in its equivalent unconstrained form, namely

NLC
g
P4 : {Muslllcn}Dlze Folu) = ZZ; Tn(ui) + agh + = 5 ~(gd)*. (3.11)

In addition we have that (3, the parameter associated to the quadratic term, controls the updating
of the parameter «, which is associated with the linear term. Therefore, we can specify the
required volume fraction at the final of the optimization process by solving the following recursive
formula for the parameter a:

ag = 0
apt1 = max{0, a, + By}, (3.12)

where § > 0 is a fixed number. This updating process shall be repeated until the volume
constraint is reached, as can be seen in Algorithm 1 at the end of Section 4.

3.2. Topological Derivative. Let us consider two extremal situations. When p = 1, then
v = po. On the other hand, if p = pg, then v = 1/py. Therefore, in order to simplify the
numerical implementation, we can eliminate the contrast parameter v by considering the limit
cases discussed in Remark 2. In addition, since the topological derivative satisfies the basic rules
of the Differential Calculus [51] and taking into account the linearity of the elasticity problem,
we have

NLC

Z(]P’oa(ul( 7)) - Voui(Z) 4 b - u;) — max{0,a + Bga}, ifZ e,
7@ = (3.13)
NLC
> (Poco(ui(Z)) - Voui(E) — bi - wi) + max{0, 0 + Bga}, ifZ € w.
\ =0

Therefore, the topological derivative associated with Problem P4 is obtained as a sum of the
topological derivatives for each load-case together with the topological derivative of the aug-

mented Lagrangian terms, which is trivially obtained by considering the limit cases in Remark
2.



4. THE TorPOLOGY OPTIMIZATION ALGORITHM

In this section a topology optimization algorithm based on the topological derivative together
with a level-set domain representation method is presented. It has been proposed by Amstutz &
Andra [8] and consists basically in looking for a local optimality condition for the minimization
problem (3.11), written in terms of the topological derivative and a level-set function. Therefore,
the elastic part €2 as well as the complacent material w are characterized by a level-set function
U € L?(D) of the form:

Q={¥(zx) <0ae. inD} and w={¥Y(z)>0a.e. inD}, (4.1)

where W vanishes on the interface dw. A local sufficient optimality condition for Problem (3.11),
under the considered class of domain perturbation given by circular inclusions, can be stated as

7]
T(z) >0VxeD. (4.2)

Therefore, let us define the quantity

f =T(x), if¥(z)<O0,
9(x) = { T(2). it U(z) >0, (43)

allowing for rewrite the condition (4.2) in the following equivalent form

{ g(x) <0, if U(x) <O, (4.4)

g(xz) >0, if U(x)>0.

We observe that (4.4) is satisfied wether the quantity g coincides with the level-set function ¥
up to a strictly positive number, namely 37 > 0: g = 7V, or equivalently

{9, 9) L2 ) ] —0,

(4.5)

@ := arccos
[HQHLZ(D)H‘I’Hm(D)

which shall be used as optimality condition in the topology design algorithm, where 6 is the
angle between the functions g and ¥ in L?(D).

Let us now explain the algorithm. We start by choosing an initial level-set function ¥y €
L?(D). In a generic iteration n, we compute function g, associated with the level-set function
VU, € L*(D). Thus, the new level-set function ¥, is updated according to the following linear
combination between the functions ¢, and W,

U, € L*(D),
In
HQnHL2(D)

(4.6)

U1 = 3 sin((1 — k)0,)V,, + sin(k6,) Vn € N,

in6,,

where 6, is the angle between g, and ¥,,, and k is a step size determined by a linear-search
performed in order to decrease the value of the objective function fgn, with €, used to denote
the elastic part associated to ¥,,. The process ends when the condition 6,, < €y and at the same
time the required volume |1 — [€,,|/M| < €js are satisfied in some iteration, where €y and €y are
given small numerical tolerances. In particular, we can choose

W € 8 = {a € L3(D); [le] 2oy = 1), (47)

and by construction ¥, 11 € S, Vn € IN. If at some iteration n the linear-search step size & is
found to be smaller then a given numerical tolerance €, > 0 and the optimality condition is not
satisfied, namely 6,, > €y, then a uniform mesh refinement of the hold all domain D is carried out
and the iterative process is continued. The resulting topology design algorithm is summarized
in a pseudo-code format as follows:
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Algorithm 1: The topology design algorithm
input : NLC, D, ¥, M, oo, B, €, €9, €m
output: The optimal topology Q*

n < 0;
Q, U, gpt — 0;
for i+ 0:NLC do
if i=0 then

| solve (3.2);
else

| solve (3.3);
end if
Ept < Ept + Ty (ui);
end for

© 00 O kR W N

[
- o

Compute Fg, according to (3.11);
Compute T (Z) using (3.13);
Compute g, according to (4.3);

[
w N

14 6, < arccos 0 <g”’\1117> ;
97L||L2(D) ” 7L||L2(D)

15 Wopg ¢ W Fog < Fon; Frew & Foud + 15 K 1;
16 while Fj., > Foq do

17 U ew ﬁen [sin((l — K)0p)¥o1q + sin(m@n)l‘gnﬁ]ﬁ :
18 U, < Upew;

19 execute lines 2-11;

20 J%new — ﬁﬂn;

21 K4 K/2;

22 end while

23 if kK < ¢, then

24 try a mesh refinement;
25 Upt1 <V, n—n+1;
26 go to line 2;

27 else if 0, > ¢y then

28 Upt1 <V, ne—n+1;

29 go to line 2;

30 else

31 if |1 —|Q,|/M| > ey then
32 compute a1 according to (3.12);
33 U1 Vs ne—n+1;
34 go to line 2;

35 else

36 O« V,;

37 stop;

38 end if

39 end if

5. NUMERICAL EXAMPLES

Since we are dealing with multiple load-cases, two situations denoted by C1 and C2 are
considered. In the first case (C1), the loads are applied simultaneously (single load-case) and
the associated topological derivative is evaluated. On the other hand, in the second case (C2),
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the loads are applied separately (multiple load-cases) and the resulting topological derivative is
obtained as a sum of the topological derivatives associated with each load-case.

In all numerical examples the stopping criterion, the optimality threshold and the tolerance of
the volume requirement are given respectively by €, = 1073, ¢y = 1° and €3y = 1%. The angle 6
has converged to a value smaller than 1°, namely, the optimality condition has been satisfied in
all cases up to a small numerical tolerance. Furthermore, the mechanical problem is discretized
into linear triangular finite elements and three steps of uniform mesh refinement were performed
during the iterative process.

We assume that in the first three examples the structures are under plane strain assumption
while in the last two examples the structures are under plane stress assumption. Finally, the
material property threshold is set as pg = 10~%, while the Young’s modulus is given by E = 1.0.

5.1. Example 1. Let us consider a prismatic bar submitted to a pair of loads, as shown in Fig.
5. The hold-all domain is given by a square section of size 1 x 1 supported on the two opposites
bottom corners. The loading consists of a pair of forces §; = (—1.0,0.0) and g, = (1.0,0.0)
applied on the two opposites top corners. The hold-all domain is discretized into a uniform mesh
with 1600 elements and 841 nodes.

q, ds
—_— &—

Q

VAN VAN

FIGURE 5. Example 1: initial guess and boundary conditions.

The Poisson ratio is given by v = 0.3. The required volume fraction is set as M = 50%, while
the parameters of the augmented Lagrangian method are given by ag = 0.0 and g = 10.0. The
final topologies are obtained after 41 and 31 iterations for the cases C1 and C2, respectively,
as shown in Figs. 6(a) and 6(b). We observe that the obtained result for multiple load-cases is
feasible while the result for single load-case doesn’t make sense from physical point of view.

(a) single load-case (b) multiple load-cases

FIGURE 6. Example 1: obtained results.
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5.2. Example 2. In this case the hold-all domain consists in a rectangular beam of size 2 x 1
supported on the two opposites bottom corners and subject to a pair of forces g; = (—0.5, —1.0)
and g = (0.5,—1.0), as shown in Fig. 7. The initial mesh is uniform with 1600 elements and
861 nodes.

Q
L A L
a1 )
FIGURE 7. Example 2: initial guess and boundary conditions.

The required volume fraction is given by M = 50% and the parameters of the augmented
Lagrangian method are ag = 0.0 and 8 = 10.0. The Poisson ratio is set as v = 0.3. The final
results are obtained with 27 and 28 iterations for the cases C1 and C2, respectively, as shown in
Figs. 8(a) and 8(b).

SO\ 2\

a) single load-case b) multiple load-cases

FiGURE 8. Example 2: obtained rcsults.

The convergence of the 6,, angle and volume fraction, for the cases C1 and C2, are respectively
presented in Figs. 9 and 10. The jumps on the values of 6,, in the graph of Fig. 9 are due to the
mesh refinement.

180¢

T
- single load-case
* -+ multiple load-case

160

1201

100

0 angle

801

O % O %0 %

=]
*

af 0%

Bog #
PHQ Ry B Bmems 08y
10 15 20 25 30
iterations

0

FiGure 9. Example 2: convergence history of the 6,, angle.
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Ficure 10. Example 2: convergence history of the volume fraction.

The multiple load-cases C2 allow for a more realistic combination of the applied forces resulting
in topologies that best satisfy the conditions of the problem. Thus in the next three examples
only the results for multiple load-cases are presented.

5.3. Example 3. This example simulates the design of a barrage. The hold-all domain is a
square of size 1 x 1 clamped on its bottom edge, as illustrated by Fig. 11(a). The hydrostatic
pressure is represented by a distributed load on the left-hand side of the barrage. There is also
a constant body force b = (0.0, —0.1) acting in the whole domain. The initial mesh is uniform
with 1600 elements and 841 nodes.

1
e
/
! b
S
/
/I 2 Q
e
(a) initial guess and boundary conditions (b) obtained result

FiGure 11. Example 3: barrage design.

The Poisson ratio is given by v = 0.2. The required volume fraction is set as M = 50%, while
the parameters of the augmented Lagrangian method are given by ag = 0.0 and § = 1.0. The
final topology is obtained with 29 iterations, as shown in Fig. 11(b).

5.4. Example 4. Let us consider now a bridge design. The hold-all domain is given by a
rectangle of size 3 x 1 supported on the two opposites bottom corners. The bridge is submitted to
three uniformly distributed traffic loading g; = (0.0, —10.0), g, = (1.0,0.0) and g3 = (—1.0,0.0)
applied on the dark strip of height h = 0.05 positioned at the distance ¢ = 0.45 from the top of
the hold-all domain. This strip represents the road, which is simply supported on their opposites
bottom corners, and therefore remains unchanged throughout the optimization process. We also
consider a body force given by b = (0.0, —0.4). See the sketch in Fig. 12. The domain is
discretized into a uniform mesh with 4800 elements and 2481 nodes.
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FIGURE 12. Example 4: initial guess and boundary conditions.

The parameters of the augmented Lagrangian method are given by ag = 0.0 and 5 = 1.0,
while the required volume fraction is set as M = 30%. The Poisson ratio is given by v = 0.3.
The final topology is obtained after 28 iterations and can be seen in Fig. 13.

F1GURE 13. Example 4: obtained result.

5.5. Example 5. In this last example the design of an alloy wheel is considered. The hold-all
domain is given by a ring of radii 0.2 and 1.0. The dark strip remains unchanged during the
optimization process. The wheel is clamped on the smaller holes (little circles of radius 0.04).
A uniformly distributed shear load @q of intensity 1.0 and eight normal loads g;, ¢ = 1,...,8, of
intensity 10.0 are applied on the contour of the wheel. All the details are presented in Fig. 14(a).
The initial mesh is nonuniform with 7596 elements and 3937 nodes.

[

(a) initial guess and boundary conditions (b) obtained result

FiGure 14. Example 5: alloy wheel design.

The Poisson ratio is set as v = 0.3, while the required volume fraction is M = 73%, where the
parameters of the augmented Lagrangian method are given by ap = 0.0 and g = 12.0. The final
topology is obtained with just 20 iterations and can be seen in Fig. 14(b).
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6. CONCLUSION

In this paper the topological derivative was applied in the context of topology optimization of
structures subject to multiple load-cases. The structural compliance into two spatial dimensions
was minimized under volume constraint. Since the topological derivative obeys the basic rules
of the Differential Calculus, the topological sensitivity of a multi-objective shape functional was
obtained as a sum of the topological derivatives associated with each load-case. In addition, the
obtained sensitivity has been used as a steepest-descent direction similar to any gradient-based
method. In particular, a fixed-point algorithm based on the topological derivative together with a
level-set domain representation method has been presented, which converges to a local optimum.
The resulting algorithm has been summarized in a pseudo-code format easy to implement and
several finite element-based examples of structural optimization were presented. Finally, for the
reader convenience, the topological asymptotic analysis of the total potential energy with respect
to the nucleation of a small circular inclusion was developed in a simplified and pedagogical
manner by using standard arguments from the Analysis. Therefore, we believe that this paper
would be useful for the readers interested on the mathematical aspects of topological asymptotic
analysis as well as on applications of topological derivatives in structural optimization.
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APPENDIX A. ASYMPTOTIC ANALYSIS

In this appendix the proof of the result (2.25) together with the estimation for the remainder
on the topological asymptotic expansion are presented. The results are derived by using simple
arguments from the Analysis.

A.1l. Polarization Tensor in Elasticity. In order to calculate the difference between the
functionals ¥ (x) and v¥(x.), respectively defined through (2.5) and (2.14), we start by tak-
ing n = u. — u as test function in the variational problems (2.6) and (2.15), leading respectively
to

5/Qa(u)-vsu = §/§ZU(U)’VSU5_5/521)'(“6_“)_5/1_‘1\76'(“8_“)7 (A.1)

%/Qae(ue)-vsug = %/Qae(Us)'V5u+%/gbs'(us—u)—%/m@(Ue—u)- (A2)

So that the shape functionals ¥ (x) and ¥ (x.) can be rewritten as:

Y(x) = %/QU(%:)'VSU_%/Qb'(ua-i-u)—%/rlvq-(ug—i—u), (A.3)

v = g [t v [ho w5 [ g et @
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Now, after subtracting (A.3) from (A.4) we obtain:
1

v =00 = 5 [ otu) Vo= [ o) Vru—g [ bt w g [0

[/Q\B_Ea(ua) -Viu + /E ~yo(ue) - Viu

| =

1 1

- = / b'(u5+u)+/ Yo - (ue +u)| + = / b-(ug—i-u)—i-/ b (us +u)
2 Q\B_s £ 2 Q\B_E €
1 .1

= 5[ Vot vu- g [ @-b et w)

_ =7 sy 120

= 2y 5 Ua(ua) Viu 5 5. b (ua + u)

Note that the resulting terms of the difference between 1 (x) and 1 (x.) are given by integrals
concentrated over the inclusion B..

Now, in order to evaluate the limit in (2.3), we need to know the behavior of the function u.
with respect to ¢ — 0. Thus, let us introduce the following ansétz:

ue(z) = u(z) + we(x) + (), (A.6)

where w.(z) is the solution to an auxiliary exterior problem and @.(z) is the remainder. After
applying the operator o, in (A.6), we obtain

oe(ue(z)) = 0 (u(@)) + 1= Vo (u(§))(x — 7) + oc(w:(2)) + oc(tc(z)), (A7)

where o(u(z)) has been expanded in Taylor series around the point Z and £ is used to denote a
point between x and Z. From the transmission condition on the interface dB., we have

[oc(ud)ln=0 = (o(ue)lg\p, = 7o(us)lB.)n = 0. (A.8)
Therefore, according to Fig. 3, n = (x — ¥) /e, and

[oc(ue)ln = (1 =7)o(u(@)n +e(l =) (Vo (u())n)n

+ [oc(we(z))]n + [oe(as(z))]n = 0. (A.9)

Thus, we can choose o.(w;) such that:
[oe(we)]n = —(1 —y)o(u(Z))n on IB: (A.10)

and by a changing variables, we write
we(r) =ew(x/e) and y=uzx/e, (A.11)

which implies V, w(y) = eVw(z/¢). In the new variable the following exterior problem is con-

sidered:
Find oy (w), such that

divy(oy(w)) = 0 in R?
oy(w) — 0 atoo, (A-12)
(’YO'y('w)‘RQ\B_l - Uy(w)|31 )n - a7
with & = —(1 — v)o(u(Z))n. The above boundary value problem admits an explicit solution. In

fact, since the tress oy(w) is uniform inside the inclusion, it can be written in a compact form
making use of the Eshelby’s Theorem [21, 22]:

oy(w) = To(u(Z)), (A.13)
where T is a fourth order isotropic tensor written as
(1 —9) < o — Qo >
T=——"2al+ I®l), Al4
2(1 + yag) 2 14~y ( )

with the constants a; and ag given by (2.27).

_ % [/Q\B_Ea(ua) . V5u+/sa(u€) -Viu

(A.5)
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Now we can construct o. () in such a way that it compensates the discrepancies introduced
by the higher-order terms in ¢ as well as by the boundary-layer o,(w) on the exterior boundary
0. Tt means that the remainder u. must be solution to the following boundary value problem:

( Find 7., such that
div(oe(us)) = 0 in €,
oe(ue) = 1CViu,

U = —wWe on I'p, (A.15)

oc(ue)n = —oy(w)n on Iy,

Ue = 0

k [[%(aﬁ[)ﬁ I } on 9B,

with h = —(1 — v)(Vo(u(&))n)n. Moreover, we can obtain an estimate for the remainder u. of

the form O(e). In fact, before proceeding, let us state the following result, which can be found
in the book [51] in its optimal version, namely O(g?):

Lemma 4. Let u. be solution to (A.15). Then, the following estimate holds true:
el () < Ce, (A.16)
with the constant C' independent of the small parameter ¢.
Proof. From the expansion for u. and making use of the triangular inequality, we can write
[ue (@) i) = |ue(z) —ulx) —ew(z/e)| g (g
|ue(z) — u(@)| g (o) + elw(z/e)|m ()

[ue () — w(@) |71 () + elw¥)| (g2
Cie, (A.17)

INIA A

where we have used the change of variables (A.11), the equivalence between the semi-norm
| - [#1(q) and the norm || - [[f1(q) and the estimate in Lemma 1. Finally, the result comes out
from the Poincaré inequality. O

Now, we have all the necessary elements to evaluate the integral in (A.5). In fact, after
replacing (A.6) into (A.5) and takin into account (A.11) we have:

w00 - w00 = 12| [ a0 v [ o) vour [ o) el
1—x ~
- 5 [/52b-u—|— Bsb-(sw+u€)]
I ~Low(@) - Vu(@) - n2(1 )b u(F) - 12_—77 RICRS
1-9 § — Vu(z o-(u:) - Viu
- S et wue) - vy + [ o) v
— 1_77[/ a(u(az))'Vsu(x)—a(u(i))-vsu(i’\)—k/ b'(aw—i-ﬂa)]
= el w@) - VRu@) — me2(1 = )b - u(@)
5
- 12_—77 Bgay(w)-vsu—l—;&(e), (A.18)

where the remainders & () = o(¢?), for i = 1,...,5, as shown in Section A.2. Thus the topological
asymptotic expansion of the energy shape functional takes the form:

P(x=(7)) = P () - 7T€212_—77 (VI +T) o (u(@)) - Vou(@) = me*(1 = 7)b- u(@) + o(e?). (A.19)



18

By defining the function f(¢) = me? and the polarization tensor as:

l—x

P, = > (rI+T)
1—7 1 1—7
= — (1 I+ - - I®I A .20
2(1 + yag) <( o) +2(a1 a2)1 + v ? >’ (4.20)

it follows that the topological derivative of the shape functional 1 evaluated at the arbitrary
point Z € Q is given by

T(@) = —Pyo(u(z)) - Vu(z) — (1 — )b - u(Z). (A.21)

Note that both tensors P, and T are isotropic because we are dealing with circular inclusions.
For arbitrary shaped inclusions the reader may refer to [3].

A.2. Estimation of the Remainders. The first remainder term & () is estimated as follow:

&) = [ (vl - o@)
< Nlzzoylle@) — @) 2B,
< Coellz — 2|2,
< O1e% = o(e?), (A.22)

with ¢ = o(u) - V*u, where we have used the Cauchy-Schwartz inequality and the elliptic
regularity of u. From the fact that the stress o, (w) is uniform inside the inclusion and using the
same arguments, we have the following estimate for the second remainder term:

&) = [ ofw) (Tulz) - Vu@)

€

< Nloy(w)llz2s) IViu(x) — Vu(@) || 12(8.)
< Coellr — 2| 2(m,)
< O3 = o(e?). (A.23)

Once again, from the Cauchy-Schwartz inequality and the elliptic regularity of u we have the
estimate bellow for the third remainder

&) / Ea(ﬂa) Vi = / E V. - o(u)

VU 2By llo (W)l L2 B.)
C4EHV8%HL2(BE). (A24)

<
<

In addition, making use of the Holder inequality and the Sobolev embbeding theorem

1/p 1/a] M2
B. Be
1/2p
— ql2a.1/q </ |Vsﬂ€|2p>
Be

= 729V | fon .
= 7r1/2q€1/q||Vsﬂ€HL2q/(q*1)(Bs)
< ol (A.25)

where 1/p+1/q =1, with ¢ > 1, and 6 = 1/q. It follows that the estimate for 3(¢) is given by
E(e) < Coe' el g
Cre?t0 = o(e?), (A.26)

IN
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where we have used Lemma 4. Now, using again the elliptic regularity of u and the continuity
of function b at the point z € €2, the remainder term &, is estimate as follows

&y

/ b (ute) — (@)

< bllz2 oy lul@) — w(@)ll 28,
< Csellz — 2l 2(m,)
< Cye® = o(e?). (A.27)

Finally, the last remainder &5(¢) is defined as:

£5(e) = ng-(ew—l—ﬂg):/sb-(ug—u). (A.28)

Therefore, from the Cauchy-Schwartz inequality and Lemma 1 we obtain

: be(ue —u) < |0l llue — ullp2(s.)

A

< bllzoe oy llue — ullmr(q)
< 0106|B€|H]13ax|b|

IN

01163 = 0(62), (A.QQ)

where we have considered the fact that the function b is assumed to be constant in the neigh-
borhood of the point = € .
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