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ABSTRACT. In this work the topological derivative concept is applied in the context of topology
design of thermo-mechanical devices, where the linear elasticity system (modeled by the Navier
equation) is coupled with the steady-state heat conduction problem (modeled by the Laplace
equation). The mechanical coupling term comes out from the thermal stress induced by the
temperature field. We consider the topology design of bi-metallic devices. The idea is to maxi-
mize the displacement in a given direction defined on the boundary of the thermo-elastic body
with respect to a bi-metallic material distribution. The topological derivative is obtained by
considering the nucleation of a small circular inclusion with different thermal expansion coeffi-
cients. A level-set domain representation method is used, together with the derived topological
sensitivity formula, to devise a topology design algorithm. Finally, some numerical experiments
regarding the conceptual design of thermo-mechanical devices are presented.

1. INTRODUCTION

In this paper we are interested in the topology design of thermo-mechanical devices, which
consist of multi-flexible structures that generate an output displacement in a specified direc-
tion produced by thermal expansions/contractions. In particular, the linear elasticity system
(modeled by the Navier equation) is coupled with the steady-state heat conduction problem
(modeled by the Laplace equation). The mechanical coupling term comes out from the ther-
mal stress induced by the temperature field. Since the multi-flexible structure transforms the
thermal expansion/contraction output displacement by amplifying and changing its direction,
then the basic idea consists in maximizing the displacement in a given direction defined on the
boundary of the thermo-elastic body with respect to a bi-metallic material distribution.

However, the development of such thermo-mechanical devices requires the design of multi-
flexible structures which are able to produce complex movements originated from simple expan-
sion/contraction thermal effects. In particular, the performance of these devices can be strongly
enhanced by optimizing the multi-flexible structures with respect to their shape and their topol-
ogy. A quite general approach to deal with shape and topology optimization design is based on
the topological derivative. In fact, this relatively new concept represents the first term of the
asymptotic expansion of a given shape functional with respect to the small parameter which
measures the size of singular domain perturbations, such as holes, inclusions, source-terms and
cracks. The topological asymptotic analysis was introduced in the fundamental paper [10] and
has been successfully applied in the treatment of problems such as topology optimization [4], in-
verse analysis [7], image processing [6], multi-scale constitutive modeling [3], fracture mechanics
sensitivity analysis [12] and damage evolution modeling [1]. For an account of new developments
in this branch of shape optimization we refer to the book by Novotny & Sokolowski [9].

The topological derivative concept is applied here in the context of topology optimization de-
sign of thermo-mechanical devices. The performance of the multi-flexible thermo-elastic struc-
ture is maximized by introducing a set of small inclusions with different thermal expansion
coefficients only. For the sake of simplicity, we consider that the elastic properties remains fixed,
allowing to avoid complicated derivations such as the ones presented in [5], where the topological
asymptotic expansion of the strain energy stored in a thermo-mechanical device, associated with
singular perturbations in the elastic, thermal conductivity and thermal expansion coefficients,
has been derived. In particular, here the topological derivative, obtained in its closed form, is
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used as a steepest descent direction in a topology design algorithm of thermo-mechanical de-
vices. Therefore, the simplified obtained result shall be useful in the conceptual design of such
multi-flexible structures.

The paper is organized as follows. The optimal problem consisting in maximizing the perfor-
mance of thermo-mechanical devices is stated in Section 2. The associated topological asymp-
totic analysis with respect to the nucleation of a small inclusion with different thermal expansion
coefficient is developed in Section 3. Finally, several numerical results associated with topology
design of bi-metallic devices are presented in Section 4. The paper ends in Section 5 with some
concluding remarks.

2. PROBLEM FORMULATION

In this section the optimization problem in which we are dealing with is introduced. It
consists in maximizing the displacement in a given direction defined on the boundary of the
thermo-elastic body with respect to a bi-metallic material distribution. Thus, let us consider
an open and bounded domain Q € R?, with boundary 052, representing an elastic solid body
subject to thermo-mechanical deformation effects. The following shape functional is introduced:

G(u) ::—/*e-u, (2.1)

where e is a given direction prescribed on the boundary I'* C 0f2. The thermal-mechanical
displacement u is solution to the following thermo-mechanical variational problem

ueuM . /Qa(u)-Vnsz/QQ(H)-VnS vn € VM, (2.2)

The displacement field on the boundary I'p C 0f2 satisfies U, = U being u a prescribed
displacement. Therefore, the set UM and the space VM are defined as

uM .= {90 € HY(Q;R?) : Plr, = ’L_L} and VM .= {90 € H'(Q;R?) : Plr, = 0} . (2.3)
We assume that I'* N I'p = &. The Cauchy stress tensor o(u) is defined as:
o(u) == CVu*, (2.4)
where Vu?® is used to denote the symmetric part of the gradient of the displacement field u, i.e.
Vi = %(w (V)T . (2.5)
The induced thermal stress tensor Q(0) is defined as:
Q(0) :=CB¢ . (2.6)

In addition, C denotes the four-order elasticity tensor and B denotes the second-order thermo-
elastic coupled tensor. In the case of isotropic elastic body, theses tensors are given by:

C=2ul+XI®I) and B=aol = CB=2a(A+p)l, (2.7)

with p and A denoting the Lame’s coefficients, and « the thermal expansion coefficient. In terms
of the Young’s modulus F and Poisson’s ratio v the above constitutive response can be written
as:

E ak
Finally, the temperature field  in (2.2) is solution to the following variational problem
o HY) [ a0)- Vo= [ by e H®, (2.9)
Q Q

where b is a prescribed distributed heat source in Q. The heat flux operator ¢(0) is defined as

q(0) = —KV6, (2.10)
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FIGURE 1. Thermo-mechanical semi-coupled problem.

where K is a second order tensor representing the thermal conductivity of the medium. In the
isotropic case, tensor K can be written as

K=kI, (2.11)

being k the thermal conductivity coefficient. See details of the coupled system in Fig. 1.
Therefore, our optimization problem can be written as:

Minimize G(u), subject to (2.2). (2.12)

3. TOPOLOGICAL ASYMPTOTIC ANALYSIS

The topological derivative with respect to the nucleation of a small circular inclusion with
different thermal expansion coefficient is now derived. This derivative represents the first order
term of the topological asymptotic expansion of a shape functional with respect to an infinites-
imal singular domain perturbation. See, for instance, [9].

In order to introduce these ideas, we consider that the domain ) is submitted to a non-
smooth perturbation confined in a small region B.(Z) of size € with center at an arbitrary point
7 € Q. Thus, let us introduce a characteristic function y = 1 associated to the unperturbed
domain, so that it is possible to define a characteristic function associated to the topological
perturbed domain in the form y.(Z) = 1g — (1 — y)lm, where v € R™T is the contrast
parameter in the material property of the medium, see Fig. 2. Then we assume that a given
shape functional ¥ (x.(Z)), associated to the topological perturbed domain, admits the following
topological asymptotic expansion

P(X=(7)) = P (x) + f(e) Drip(T) + o(f(e)) , (3.1)

where 1(x) is the shape functional associated to the unperturbed domain, f(e) is a function
such that f(e) — 0T, with € — 0. Function Z + D71 (Z) is the so-called topological derivative
of ¢ at the point Z. Thus, the topological derivative can be seen as a first order correction factor
over 9(x) to approximate ¥ (x<(7)).

Several methods were proposed to calculate the topological derivative. In this paper, we
apply the so-called topological-shape sensitivity method developed in [8], which is based on the
following result (see also [9]):

Drop(#) = lim—— Ly (x.(2)) (3:2)
z) = lim——~— z)) . .
T 0 (e) de e

The derivative of ¥ (x(Z)) with respect to € can be seen as the sensitivity of ¥)(x.(Z)), in the
classical sense [11], to the domain variation produced by a uniform expansion of the perturbation
B.. In fact, we have

d R . r)) — z
_T;Z)(Xs(in)) _ hmw(xa-i-t(x)) 1/’()(5(95))

de t—0 t ’

(3.3)
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where ¥(x-4++(Z)) is the shape functional associated to the perturbed domain, whose pertur-
bation is given by B.i;. Therefore, we can use the concept of shape sensitivity analysis as an
intermediate step in the topological derivative calculation.

In particular, we consider a contrast only in the thermal expansion coefficient, which drasti-
cally simplifies the analysis [5]. Then, the constitutive properties C and K remains fixed, while
the perturbed thermal expansion coefficient is given by:

VB = { 72 " 26\8_5 . (3.4)
Then, by considering (3.4), the topologically perturbed problem reads
u. euUM / o(ue) - Vn® —/Q6 Vn® VnevM, (3.5)
where the perturbed tensor Q.(0) takes the form
Q:(0) :=1:CB = 1Q(0) . (3.6)

Therefore, the shape functional G, defined by (2.1), associated now with the above perturbed
problem reads

G(ue) = —/ € Ue. (3.7)
Before proceed with the analysis, let us state the following important result:

Lemma 1. Let u and ues be solutions to the original and perturbed problems respectively given
by (2.2) and (3.5). Then, the following estimate holds true

HUE — u”Hl(Q;R2) < Ce N (38)
where C' is a constant independent of the control parameter c.

Proof. Let us subtract (2.2) from (3.5). After taking into account the definition of the contrast
Ve in eq. (3.4), we obtain

/ o (e —u) - Vi = (7 — 1) / Q) -V | (3.9)
Q Be

By taking n = u. — u as test function in the above equation, we get
/Qa(ug—u)-V(u —u)®=(y—1) / Qo —u)® . (3.10)
From the Cauchy-Schwarz inequality there is
[ otue =0 V=0 < CIQEO eI e = 0125

< CQEHUE — UHHl(Q;]RZ) s (311)

where we have used the interior elliptic regularity of function 6. Finally, from the coercivity of
the bilinear form on the left hand side of the above inequality, namely,

clue =l oupey < [ ol =) Vi =) (3.12)



we obtain
lue — U”%}l(g;m) < Cellus — ullgr(are) » (3.13)
which leads to the result with C' = Cy/c. 0

By taking into account the above result and (3.2), we can state the following theorem:

Theorem 2. The topological derivative of the shape functional (2.1) is given by

Drp(z) = (1 =7)BO(Z) - o(v)(Z) , (3.14)
where the function v is the solution of the following variational problem
UGVMZ/O'(U)'V’I’}SZ/G"I’} vn e VM. (3.15)
Q *

Proof. By considering the nucleation of an inclusion B in the domain €2 at point Z, the state
equation (2.2) can be written as

w e UM - / () - Vi = / Q) Vi +(v—1) [ Q@O)- v wnevM.  (3.16)
Q Q Be
The shape derivative of the cost functional defined by (3.7) can be written as:

Glue) = —/*e.ua, (3.17)

where the superimposed dot denotes the (total) material derivative with respect to €. On the
other hand, the derivative of the state equation (3.16) with respect to the parameter ¢ is given
by

. e VM / o) Vit =(v—1) [ Q@) -V vyevM. (3.18)
Q 0B
By choosing n = v as test function in (3.18) we have the equality
/ o(te) - Vo' =(y—1) Q) - Vo, (3.19)
Q 0B

where v is solution to the auxiliary problem (3.15). On the other hand, by taking n = 4. in
(3.15), we obtain the following equality

/Qa(v) Vi = / - . (3.20)

Then, by comparing the last two results we get the following identity
/ e -t = (y—1) Q) - Vv© (3.21)
* 0B:

where we have considered the symmetry of the bilinear forms. Finally, by introducing the above
expression in (3.17) and using the interior elliptic regularity of functions 6 and v, we can write

Gu) = (1=7) [ Q) Vo' =2me(l =)QO)E) - Vo' (@) o), (322)

which leads to the result by setting f(e) = 7e? in (3.2). O

4. NUMERICAL RESULTS

The obtained result (3.14) can be combined with a level-set domain representation method for
solving the topology optimization problem we are dealing with. The resulting algorithm is now
explained in details for the reader convenience. It has been proposed in [2] and consists basically
in looking for a local optimality condition for the minimization problem (2.12) written in terms
of the topological derivative and a level-set function. Therefore, the domain €2 is divided into
two subdomains €27 and €2, representing the thermo-elastic parts with higher and lower thermal
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expansion coefficients, respectively. Let us then introduce a level-set function ¥ € L?(Q) of the
form:

O ={¥Y(z) <0ae inQ} and Q= {¥(z)>0a.e. inQ}, (4.1)
where ¥ vanishes on the interface between both subdomains. A local sufficient optimality

condition for Problem (2.12), under the considered class of domain perturbation given by circular
inclusions, can be stated as

Drip(z) >0Vz € Q. (4.2)
Therefore, let us define the quantity
| —=D7y(x), if ¥(x) <O,
(w) = { Dry(x), if ¥(x) >0, (4.3)

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

{ g(z) <0, if ¥(x) <0,

g(z) >0, if U(z) > 0. (4.4)

We observe that (4.4) is satisfied wether the quantity g coincides with the level-set function W

up to a strictly positive number, namely 37 > 0: g = 7V, or equivalently

(9, ‘I’>L2(Q)
l9llz2 ) 1% 22 ()

¢ 1= arccos [ =0, (4.5)

which shall be used as optimality condition in the topology design algorithm, where ¢ is the
angle between the functions g and ¥ in L?(€2). Let us now explain the algorithm. We start by
choosing an initial level-set function o € L%(Q). In a generic iteration n, we compute function
gn associated with the level-set function W¥,, € L?(Q2). Thus, the new level-set function ¥, is
updated according to the following linear combination between the functions g, and ¥,

Wy € L2(Q),
9n (4.6)

HQnHL2(Q)

|\ =
" Gin Dn

[sin((l — K)on) ¥y, + sin(koy,) ] VnelN,
where ¢,, is the angle between g, and V¥,,, and k is a step size determined by a linear-search
performed in order to decrease the value of the objective function G(u,,), with u, used to denote
the solution associated to the n-th iteration. The process ends when the condition ¢, < € is
satisfied in some iteration, where € is a given small numerical tolerance. In particular, we can
choose

Vo €S ={x e L*(Q);|lzl|2) =1}, (4.7)

and by construction ¥, 11 € §, Yn € IN. If at some iteration n the linear-search step size x is
found to be smaller then a given numerical tolerance € > 0 and the optimality condition is not
satisfied, namely ¢, > €, then a uniform mesh refinement of the hold all domain €2 is carried
out and the iterative process is continued.

In this section three numerical examples of conceptual topology design of thermo-mechanical
devices are presented. We assume that these devices are made of two metallic materials with
similar mechanical constitutive properties and different thermal expansion coefficients. In all
examples we consider the following constitutive properties: F = 210 x 10%, v = 0.3, a =
1.08 x 107° and k = 80.0. The contrast parameter is given by v = 4.63 x 10~!. Furthermore,
the thick lines in the figures are used to denote clamped boundary conditions. In the remainder
part of the boundary, where noting is specified, we consider homogeneous Neumann boundary
condition. The direction e is given by a unitary vector on I'*. In addition, we consider a
uniform heat source given by b = 1. The thermo-mechanical problem (2.2), the steady-state
heat conduction problem (2.9) and the adjoint equation (3.15) are solved using the standard
finite element method, where uniform meshes of linear triangles are used. For the initial guess
we always consider a single material with higher thermal expansion coefficient. Finally, the
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black/white colors represent the materials with higher/lower thermal expansion coefficients,

respectively.

4.1. Example 1. In this example the domain €2 is characterized by a rectangle of 2.0 x 1.0
of width and height, respectively, clamped on the thick line. The displacement on the middle
point of the right side is to be maximized in the direction e, as shown in Fig. 3(a). The optimal
distribution of materials is presented in Fig. 3(b). This result was obtained using a mesh with
12.800 elements.

(a) (b)
FIGURE 3. Example 1: domain and boundary condition (a) and optimal material
distribution (b).

In Fig. 4 is presented the evolution of the shape function G(u) throughout the optimization
process, normalize by the Euclidian norm of the displacement of the initial guess ||u°|| evaluated
on I'*. Also, some intermediate topologies are shown.

-0,595

-0,600

-0,605 -

G(u)/[|u®

-0,610

-0,615

-0,620

o L

1 2 3 4 . . 5 6 7 8
iteration

FIGURE 4. Example 1: normalized shape function vs. iterations.

The previous results indicate that the optimal material distribution is close to 50% of each
one of them. Finally, the amplified deformed configurations before and after the optimization
process are sketched in the Figs. 5(a) and 5(b), respectively.

(a) (b)
F1cure 5. Example 1: initial displacement (a) and final displacement (b).
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4.2. Example 2. In this example we perform the optimization of a L-shaped beam, with 1.50
of height, 1.50 of length and 0.50 of width, clamped on the thick line. The direction e is defined
at the corner of the L-shaped beam, as shown in Fig. 6. In this case, the angle p is taken
between 0° and 360°. The problem is discretized into 184.320 finite elements.

FIGURE 6. Example 2: domain and boundary condition.

In Fig. 7 are presented the following obtained results in terms of the angle p: the horizontal
displacement u?* (Fig. 7(a)), the vertical displacement u{"" (Fig. 7(b)), the Euclidian norm
of the displacement [|u®??| (Fig. 7(c)) and, finally, the volume fraction of material with higher
thermal expansion material (Fig. 7(d)). Notice that in Figures 7(a) to 7(c), the results are
normalized by the Euclidian norm of the displacement of the initial guess ||u®|| and all quantities
are evaluated on I'*. The optimal material distributions (topologies) for eight selected angles p
are presented in Fig. 8. Finally, as an example of the deformation of the device before and after

optimization, in Fig. 9 is sketched the amplified deformed configurations for p = 90°.

=
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P P
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=075 =030
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P 14
(c) (d)

FIGURE 7. Example 2: horizontal displacement (a), vertical displacement (b),
norm of the displacement (c) and final volume (d).
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FiGUuRrE 8. Example 2: obtained topologlcs for different angles p.

EB

FIGURE 9. Example 2: initial displacement (a) and final displacement for p = 90° (b).

4.3. Example 3. In this last example we perform the optimization of a U-shaped beam, with
1.5 of height, 2.0 of length and 0.5 of width, which is simply supported in order to eliminate
the rigid body motions. The displacement is to be maximized in the directions e defined at the
opposite corners of the domain, as shown in Fig. 10(a). The optimal distribution of materials
is presented in Fig. 10(b), where the problem has been discretized with 294.912 finite elements.

B E
JAN
(a) (b)

FIGURE 10. Example 3: domain and boundary condition (a) and optimal mate-
rial distribution (b).

In order to evaluate the influence of the finite element mesh in the optimization procedure, in
Fig. 11 we present the obtained topologies for three different meshes. As can be seen through
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an inspection of the figures, the meshes do not have too much influence on the results, at least
from a qualitative point of view.

P k.
= =
(a) 1.152 elements (b) 9.216 elements (c) 73.728 elements

FiGure 11. Example 3: obtained topologies for different number of finite elements.

The amplified displacement of the device before and after the optimization process is sketched
in the Figs. 12(a) and 12(b), respectively.

JAN

(a) (b)
FIGURE 12. Example 3: initial displacement (a) and final displacement (b).

Observe that the obtained results can be used in the conceptual design of actuators or in-
verters. In fact, initially the deformed configuration of the U-shaped beam is given by a simple
uniform expansion. Then, after the optimization process, the new distribution of material pro-
duces a deformation similar to a grip mechanism (inverting the direction of the displacement in
the top part of the beam).

5. CONCLUDING REMARKS

In this work the conceptual topology design of thermo-mechanical devices has been addressed.
The idea was to maximize the displacement in a given direction defined on the boundary of
the thermo-elastic body with respect to a bi-metallic material distribution by introducing a
set of small inclusions with different thermal expansion coefficients only. In order to avoid
complicated theoretical derivations such as the ones developed in [5], the elastic properties have
been fixed. By introducing a contrast only on the thermal expansion coefficients, the derivations
become much simpler, allowing us to focus on the main contribution of the paper, namely, the
conceptual design of bi-metallic devices using the topological derivative concept. In addition,
such an incomplete sensitivity has been able to properly minimize the shape function, leading
to satisfactory solutions. In other words, for the approach presented in this work, a closed form
for the topological derivative associated with the nucleation of a small circular inclusion with
different thermal expansion coefficient has been derived. The obtained result has been used
as a steepest descent direction in an optimal design algorithm. Several numerical experiments
associated with conceptual topology design of bi-metallic devices have been presented. Notice
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that the proposed methodology is very simply (easy and fast numerical implementation) and
does not require any additional constraint in the formulation of the optimization problem. In
particular there exists an optimal distribution of the two metallic materials in the design domain
without impose a constraint in the final volume fraction of any of the two phases.
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