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Abstract

The present paper describes a method by which to formulate a shape optimization problem of a
linear elastic continuum for minimizing the maximum value of a strength measure, such as the
von Mises stress. In order to avoid the irregularity of the shape derivative of the maximum
value, the Kreisselmeier—Steinhauser function of the strength measure is used as the cost
function. In the cost function, a parameter is used to control the regularity of the shape
derivative. In the present paper, we propose a rule by which to appropriately determine the
parameter. The effectiveness of the proposed rule is confirmed through a numerical example

of a cantilever problem.
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1. Introduction

In the design of parts of machines or mechanical struc-
tures, strength is one of the most important factors. In
practice, the maximum von Mises stress is evaluated at
all times and all locations for parts constructed from
ductile metal, which is modeled as a linear elastic body,
and is used as a measure of the strength. Hence, in order
to find the optimum shape of a linear elastic body while
maximizing the strength, we must construct a shape op-
timization problem involving the minimization of the
maximum von Mises stress, which we refer to as the min-
imax shape optimization problem. However, this prob-
lem is irregular because we cannot define the Fréchet
derivative with respect to domain variation, which we
refer to as the shape derivative, of the cost function,
such as the maximum value of the von Mises stress.

In order to avoid irregularity, the Kreisselmeier—
Steinhauser function [1], which is referred to hereinafter
as the KS function, with respect to a strength measure
such as the von Mises stress has been used instead of
the maximum value of a strength measure. We can de-
fine the shape derivative of the KS function and obtain
a numerical solution by the finite element method, as
shown in [2].

However, in the KS function, a parameter p € (0, c0)
is used to control the regularity of the shape deriva-
tive of the KS function. When p — oo, the value of
the KS function approaches the maximum value of the
strength measure, while the regularity worsens simulta-
neously. Actually, convergence phenomena are affected
by the value of p. An appropriate value of p has been
determined empirically.

In the present paper, we propose a rule by which to
determine the value of p. Using this rule, we construct

a shape optimization problem with the KS function as
a cost function. The method for computing the shape
derivative of the cost function is given as an adjoint vari-
able method considering the rule for p. A solution to this
new problem is presented based on the algorithm of se-
quential quadratic programming using the H! gradient
method for reshaping in order to maintain the smooth-
ness of the boundary [3-6]. The effectiveness of the rule
for p is confirmed based on a numerical solution to a
cantilever problem.

2. Admissible set of design variables

First, let us define the admissible set of design vari-
able for the shape optimization problem. Let Dy and
Qp C Dy be d € {2,3} dimensional domains with Lip-
schitz boundaries, which are denoted by 0Dy and 9.
On 390, I'pp C 890 and I'ng = 690 \ fDO (fDO =
I'poUAT'pg) denote the Dirichlet boundary and the Neu-
mann boundary, respectively. Moreover, let I'yo C I'ng
be a non-homogeneous Neumann boundary. We assume
that Dy and Qg are fixed and that mapping ¢ : Dy — R?
included in a Banach of

Y = W' (Dg; RY) (1)

is a design variable in the shape optimization problem.
Moreover, we let

D={¢peY | ¢~ olyr(pyme < L. ¢ () C Do,
piecewise C? class on T'po,
¢ =y onlco} (2)

be the admissible set of design variable ¢, where I'cg C
0¥ denotes a boundary on which domain variation
is constrained due to design considerations. In (2),
[ — bollw1.(py;ray < 1 is used to assure one-to-one
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Fig. 1. Initial domain Qo and variation domain Q(¢).

mapping. In the present paper, we use the notation
Q(¢) for {p(z)|xz € Q} and 9N (¢) for the open
set 0Q(p) \ O(¢), where O(¢p) denotes the set of cor-
ner points of measure 0.

3. Main problem

Using the design variable ¢ € D, let us define the
main problem as a shape optimization problem. In the
present paper, we consider a linear elastic problem as
the main problem. We have the following assumptions.

(H1) For ¢ > d, b € L*(Dg;RY), p € Wh2
(Do;Rd), up € Wl’QQ(Do;Rd), and C € Whe
(Dg; R4*dxdxd) denote the volume force, the trac-
tion force, and the given displacement and stiffness,
respectively. For C', we assume that there exist pos-
itive constants a and S such that X - (CX) >
ol X2, [X - (CY)] < BIX[[Y] for all X,Y €
{X e R4 X = XT} and Cj i = Cri;j at almost
all of Dy.

(H2) For 0Q(¢), opening angles at corner points O(¢)
and the boundary of mixed boundary conditions
OT'p(¢) are less than 7 and 7/2, respectively (see
Fig. 1).

Under the assumptions, we let

S={ueW??(Dy;R?) | p €D} (3)

be the admissible set for displacement w. Let T(u) =
CE(u) and E(u) = [Vul + (Vu®)T]/2 denote the
stress and strain, respectively. Moreover, we use v as
the outer unit normal on the boundary.

Problem 1 (Linear elastic problem) For ¢ € D,
let (H1) and (H2) be satisfied. Find u € S such that

~ VT (u) =b" in Q(e),
T(uwv=ponT; (9,

T (w)v =0 on Ty () \ T, (¢),
u=up onIp(¢).

For use in Section 5, we here define the Lagrange func-
tion for the main problem (Problem 1) as

L (P, u,v)
:/ (—T(u)~E(v)+b-v)dx+/ p-vdy
Q) I'n(¢)

+/_ (u—up) - T (v)v+v-T (w)v]dy, (4)
5 ()

where v € S is introduced as the Lagrange multiplier.
With A (¢, u, v), if u is the solution of Problem 1, then

gM(¢7 u, 'U) =0
holds for all v € S.

4. Shape optimization problem

Using the solution u of Problem 1 for ¢ € D, we define
the cost functions as follows. In the present paper, we are
attempting to construct a cost function for the strength
of a linear elastic body. Here, we let o : R¢ — R be
a function of w representing a measure of strength. In
the present paper, we use the von Mises stress for the
measure given by

o (u) = \/ gTD (w) - T (w),

where T'p(u) denotes the deviator stress, which is de-
fined as

Tp(u)=T (u) — étr (T (u)) I,

and I denotes the unit tensor.
As a cost function of strength, we set the objective

function as follows:
/ eP7(¥) 44
Qe)

/ dx
Q(e)

In (5), p € (0,00) is assumed to be a constant in the
previous papers [1,2]. However, in the present paper, we

assume that
/ dz
Qo) 1

p=—@ 1 )
/ o(uw)de @
Q(e)

holds, where cg denotes a positive constant, which indi-
cates maxgcq, o(u(x)) with the solution u of Problem
1 for y. Moreover, p is considered to be the deviation of
the inverse of the maximum value of the strength mea-
sure from the inverse of the average value of the strength
measure. In this sense of p, the index po(u) in (6) refers
to a normalized index for the deviation of the strength
measure.

On the other hand, as a cost function that has a trade-
off relation with respect to fy, we define the following
constraint function for the mass:

fi6)= [ pdo-e ™)
Q(e)
where p € W1°°(Dg;R) is the density, and c; is a pos-
itive constant such that there exists some ¢ € D that
satisfies f1(¢) < 0.
Using the cost functions, we construct the shape op-
timization problem as follows.

fo(b,u,p) = }Jln (5)

Problem 2 (Strength maximization problem)
Let fo(p,u,p) and f1(¢p) be defined in (5) and (7),
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respectively. Find ¢ such that

min{fo (¢, u.p) | f1(#) <0
u €S, Problem 1 and (6)}.

5. Shape derivative of the cost functions

Let ¢p € Y be the domain variation from ¢. We refer
to the Fréchet derivatives of fy and f; with respect to
arbitrary ¢ € Y as the shape derivatives, and we denote
these derivatives as f{)(¢,u,p)[p,u’,p'] and f{(¢)[¢],
respectively, where v’ and p’ denote the variations of u
and p, respectively, caused by ¢ that satisfy Problem 1
and (6).

The shape derivative of f; is obtained using the for-
mula of the shape derivative for the domain integral [7]

£ [#] = (g1, 0) = /8 et ®

On the other hand, the shape derivative of fj is ob-
tained as follows. Let

50 (¢au7'007pa QO>
) / dx
bl Jaw
€0 / o(u)dx
Q()
+ gM (¢a u, ’Uo)

be the Lagrangian for f,, where vg € S and gy € R are
introduced as Lagrange multipliers. The shape derivative
of (¢, u,vp,p,qo) is written as follows:

= fO (¢7u7p) + qo

"gO/ (¢,U,Uo,p,q0) [‘P» Ulapl]
= god) (¢7U7U07P,QO) [LP] + gO'u. (d)au7v0up7q0) [’U/]
+ gOvo ((ﬁ,’ll;,’l)o,p,(]g) [UB] + g()p (‘75;“"”0;177(10) Lp/]
+ oipoqu (¢,u,vo,p,q0) [qé)} . (9)

Here, if u is the solution to Problem 1 and p is deter-
mined by (6), then the third and fifth terms in the right-
hand side of (9) become 0.

The fourth term in the right-hand side of (9) is calcu-
lated as

gOp (¢7 u, vy, p, qO) [p/]

/ep"(“)dx /ep”(“)a(u) dz
L. Jow) _Jae)

=|-—5n +qo0 | P’
p / dx p/ eP? (W) qg
Q(o) Q(¢)

Then, the fourth term becomes 0, if gy is determined by
) / P (W dy / P Wo (u) da
IEALIC) AT .

g = —1
p / dx p/ eP? () qg
Q(e) Q(o)

Moreover, the second term in the right-hand side of
(9) is calculated as

g@u (¢7 u, v, p, qo) [ul]

(10)

pa’(u)aa( ) I T
_/Q(¢) T (u) Tl

- » / P74y
Qo)
a(u) 80’

o o
([ df)

+ XM (¢7 ’LL/, 'U[))

:/ E(’U,,p,qO)T(U,
(o)

Then, the second term becomes 0 if v is the solution to
the following adjoint problem.

Problem 3 (Adjoint problem for fy,) Let u be the
solution to Problem 1, and let p and qo be given by (6)
and (10), respectively. Find vo € S such that

— VT (vg) = =V Z (u,p,q0) in (),
T (vo)v =0 on r, (@),
T (vo)v =0 on Iy () \ Ty (),
vo =0 onT'p(¢),
where 3(u, p, qo) is defined in (11).

Considering the above conditions, if we use the so-
lutions of w and vy of Problem 1 and Problem 3, re-
spectively, and p and ¢g are determined by (6) and (10),
respectively, then (9) becomes

T (u') dz

/) dz + D%M (¢a ul7v0) . (11)

Zog (¢, u,v0,p,q0) [#]

=/ CaQV'<Pd’Y+/ (pv - pdy
09~ (¢) I ($)

+/ (- Vin+ KN V- pdy
Iy (¢)

+/ CNT - pds = (gg, ¥) (12)
IT'N (¢)UO(

?)
where
-1 ePo(w)

Coa = +
p/ dx p/ eP? (W dy
Q(e) Q(e)
qop/ o(u)dx
qopo (u) 2(¢)

2
dx
/Q(qb) </ﬂ(¢>) dx)

—T (u) - E(vg) +b-(u+vg)
(b=T(u—wup) E(vy)+T (vo—up)- - E(u)
(N=Dp

in which 7 denotes the outer unit tangent of I'y(¢) for
d = 2 and the outer unit tangent of I'y(¢) and the outer
unit normal of 9N () UB(¢) for d = 3, and kK = V - v.

- (u + vg)
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(b) Domain variation

Fig. 2. Boundary conditions in the cantilever problem.

6. Solution

The algorithm for solving Problem 2 based on the se-
quential quadratic programming is shown in previous
papers [5,6]. In this algorithm, the H! gradient method
is used for reshaping with shape derivatives g, and g,
in (12) and (8), respectively.

7. Numerical example

We developed a program based on an algorithm using
the finite element method. Using this program, we solved
a strength maximization problem of the cantilever as
shown in Fig. 2. We assumed €y = (0, 1) x (0,5) x (0, 1),
p = (0,0, —1)T with basis function ¢ for the node at
the center of I',(¢), and up = 0 on I'p(¢), as shown
in Fig. 2(a). The stiffness C was constructed with a
Young’s modulus of 7.1 x 10'° and a Poisson’s ratio of
0.33. In the domain variation, we assumed that the nor-
mal direction on ' in Fig. 2(b), the vertical direction
on the center lines of I'cg, and the horizontal direction
at the center points of I'cyp were constrained. The finite
element model of the cantilever was made with the P2
element.

The initial and optimized finite element models col-
ored according to von Mises stress are shown in Fig. 3.
The results indicate that the maximum value of the von
Mises stress is reduced. The iteration histories of cost
functions fy and f; normalized with the initial value
foinit and c1, respectively, are shown in Fig. 4. In this fig-
ure, the plots labeled “p in (6)” are the results obtained
by the present method. Using the present method, p was
found to be 6.96 for the initial shape and 6.18 for the
40th iteration of reshaping. Compared with the shown
results obtained using fixed values of p of 5 and 40, the
result obtained using the present method have good con-
vergence properties.
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