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Abstract

A revised shape design sensitivity formulation is presented for elastostatic
problems based on the adjoint method and the boundary element method. The
objective function is assumed as a functional consisting of the boundary quantities
and those given at some finite number of points in the domain of the solid. The
gradient of the objective function is derived and an adjoint state is introduced so
that the unknown sensitivity coefficients of the displacement and traction on the
boundary and in the domain are eliminated from the gradient expression. Since
the original boundary value problem and the adjoint problem are governed by
the same differential equations and the boundary condition types, and also the
derived sensitivity formulation is expressed with only the boundary integrals and
the quantities at some discrete points in the domain, the boundary element method
can be used as the effective computational tool. Also, the recent development of the
fast-multipole boundary element method enables a large-scale shape optimization
analysis of complicated structures. The validity of the derived formulation is tested
through some numerical example problems.

Keywords: elastostatics, shape sensitivity, adjoint method, boundary element
method, topology optimization.

1 Introduction

Although the boundary element method (BEM) has an advantage of boundary
only modeling, it has not become a popular simulation tool in engineering
applications because it required high storage and computation costs. For shape
and topology optimization problems, the finite element method (FEM) has widely
been used as the computational method. However, following the development of
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fast computation algorithm [1,2] in recent decades, BEM may become a powerful
alternative to FEM in shape optimization problems.

Shape optimization as well as topology optimizations problems define objective
functions of the quantities defined on the boundary and in the domain. All such
quantities are also functions of shape parameters, and the optimum values of the
shape parameters minimizing the objective functions are calculated. The gradients,
or sensitivities, of the objective function with respect to the design variables
are also needed in most of the solution procedures to find the direction to the
minimum point of the objective function. The gradient is related to a variation
of the objective function, and consists of the sensitivities of the boundary and
internal quantities. To calculate these sensitivities, direct differentiation method
[3-5] and adjoint variable method [6, 7] has been proposed. When using BEM,
the direct differentiation method uses an additional boundary integral equation
obtained by differentiating the original boundary integral equation with respect to
an arbitrary shape design variable. The direct differentiation is, however, costly for
problems with a large number of design variables because the additional boundary
integral equation for the sensitivity must be solved for every design variable. The
adjoint variable method defines an additional system that eliminates the unknown
sensitivities on the boundary and in the domain. Therefore this method is more
efficient because we have to repeat the boundary element calculation only for the
original problem and the adjoint problem to calculate the gradient of the objective
function.

In this paper, we consider an objective function that is appropriate to evaluate by
means of BEM. The objective function is assumed to consist only of the quantities
on the boundary and at some discrete points in the domain. Adjoint variable
method is applied to the defined objective function and some numerical examples
are shown to demonstrate the effectiveness of the approach.

2 Formulations
2.1 Boundary element method for elastostatics

The governing differential equation for linear isotropic elastic solids is the
following Navier’s equation:

Cijkluk,li + bj = Gujykk + Uk,kj + bj =0 in Q (D)

G
(1-2v)

where C;j1; denotes the elastic tensor, u; and b; are the displacement and body
force vectors, respectively, G is the shear modulus, v is Poisson’s ratio, and €2
is the domain under consideration. The index is assumed to change from 1 to 3
for three-dimensional problems, and from 1 to 2 for two-dimensional case. For
terms with repeated indices, summation convention is assumed. The indices after
a comma denote differentiations with respect to the coordinate axes.
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The boundary conditions are as follows:
u; =u; on I'y ()
ti=1t; on Ty (3)

where t; is traction, ; and Z; are the prescribed known functions of u; and ¢; on
some parts of the boundary I',, and I';, respectively.
The boundary integral equation derived corresponding to Eq. (1) becomes [8]

cijui(y)+Ltfj(x,y)ui(m)dF(x) z/ru;‘j(sc,y)ti(m)dlﬂ(m)

+ / uly(z,y)bi(x)dz), yeT 4
Q

where 2 and y are points on the boundary, ¢;; is a constant tensor, becoming 1/24;;
when y lies at a smooth part of the boundary, u;; is the fundamental solution, and
t;‘j is the traction related to ufj. For two-dimensional, plane strain, case, ufj and
t;; are given as

1 1
uj;(z,y) = 87G(1—1) {(3 —4v)6;5 In (;) + mr)j} (5)
-1 9
tfj(% y) = m [é {1 —2v)6;5 + 2r ;7 5}
+ (1= 2)(ring - T,jm)] (6)

where 7 is the distance between x and y, n; is the unit outward normal vector at x,
and Or/On is the derivative of  in n; direction at x.

In what follows, we assume that no body force exists in the domain for
simplicity. Discretizing Eq. (4), we have the following system of algebraic
equations:

[H] {u} = [G]{t} )

and rearranging this so that all the unknowns come to the left-hand side and all the
others to the right-hand side result in

[AJ{X} = {Y} ®

where { X} is the vector consisting only of unknown nodal values, while {Y} is
the vector obtained by multiplying the known nodal values with corresponding
parts of the coefficient matrix.

Once Eq. (8) is solved we obtain all the displacement and tractions on the
boundary. The stress component on the boundary can be calculated using them
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by
1
0i5 = m (I/dij — ninj) tknk + tmj + tjni
+ G{i (2055 — ning) ax + (6 — ning) @ + (85 — njng) ai}%
11— 2 j J J j o
2v Oouy,
+ G{ T, (20 = nang) B + Oin — ninw) B + (5 — ngnw) Bi } a5
€))

where o, and [y, are tangential vectors on the boundary, and uy, /O« and duy /05
are corresponding tangential derivatives of uy.

The internal displacement can be calculated by using Eq. (4) with ¢;; = d;;. The
formula for calculating internal stresses is also obtained by differentiating Eq. (4)
with ¢;; = d;; at an internal point and substituting it into Hooke’s law [8].

2.2 Objective function of shape optimization problem and its sensitivity

We consider the following objective function
J = / g(u;, t;)dl (z) + Z/ h(u;, 055)0(x — 2°)dQ,  2° € Qz) (10)
r 5 Ja

where I" denotes the boundary, (2 the domain, u; and ¢; the displacement and
traction, respectively, o;; the stress components, z;, (s = 1,2,...) the discrete
points in the domain, and 6(x — z;) the Dirac delta function. g(u;, t;) is a function
defined with w; and ¢; on the boundary, while h(u;,0;;) is that defined in the
domain.

Note that the second domain integral is not in fact an integral because Dirac’s
delta functions exist in the integrands, therefore, this type of objective function is
quite appropriate to treat with BEM.

The gradient of J with respect to an arbitrary shape design variable becomes

P 9 :
J’:/(aj ’+atg )dF+/ng

+Z/ (auz on o‘rij) §(z — 2%) dQ

Oij

—&—Z/Qh(ui,aij)é(ac—zs)dQ—i—Z/ﬂh((ui,Uij)('S(ac—zs)dQ

Y

WIT Transactions on Modelling and Simulation, Vol 52, © 2011 WIT Press
www.witpress.com, ISSN 1743-355X (on-line)



Boundary Elements and Other Mesh Reduction Methods XXXIIT 125

An overscribed dot () in the above expression denotes a material derivative [9],
Ug, i, c'rij are understood in the following sense:

”[Li = U; + uwa'?j (12)
7:‘1‘ :t;"‘v‘ti)jﬁ.ﬂj (13)
Oij = 04 + 0ij Tk (14)

where a prime (") denotes a differentiation with respect to the design variable
before the shape change is applied. Also, dI" and df2 are written as follows [9]:

dF = (i‘m)m — i‘i7]‘nin]‘) dr’ (15)
dQ = &1y g A (16)

We find from Eq. (11) that in order to evaluate Eq. (10) we have to calculate
the sensitivities of the ;, #;, drij as many as the number of the design variable.
Although these quantities can be calculated by using the direct differentiation
method based on the differentiation of the boundary integral equation with respect
to the design variable, it is not efficient when the number of the design variables is
large. Therefore, we apply the adjoint variable method to eliminate these unknown
sensitivities from Eq. (11). We now observe

(uka) = (uk) | = WkmTm, (17)

where () denotes a material derivative of the quantity enclosed with parentheses.
Using Eq. (17) we have the material derivative of the stress components as follows:

05 = Cijir(uk,)
= Cijr(ur) 1 — Cijritg,mTm,i (18)

Using Eq. (18), we can modify the integral of ¢;; in Eq. (11) as

oh . oh .
6(x — 2°) dQ = y — 25)d
o aoijO']d(JC z )d /gzanjC]kl(Uk)’la(x z )d
h .
- a—cijkluk,mxm,l(s(l‘ —2%)dQ
Q aO'ij
oh ] .
= - 0(x — 2°)| Ciiprur dQ
[ [gaste =] cuni
h .
- a—cijkluk,mxm,l(s(l‘ —2°)d) (19)
Q aO'ij
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Then, Eq. (11) becomes
I:l(;iZ+%¢)W+lﬁﬁ+%l@%%@@—fﬂ9
_ Z/ (8%) Coynainnd(z — =) 9
- Z/ %q‘jkmkayl(m — 2%)dQ) + Z/ h§(z — 2°) dS
S Ja 00 S JQ
—E:/éyulﬂmkW%”ax—z ﬂ%+§:/h5x—z)ﬂ20m

We consider the following augmented objective function instead of Eq. (10):
P=J+1 21

where I is the integral of the left-hand side of Navier’s equation times Lagrange
multipliers A;, (j = 1, 2, 3) over the domain, as follows:

1= / Mot i ) 22)
Q

where Cj;; is the elastic constant tensor. Integrating I by parts gives the following
weak form:

IZ/)\jtj dF—/ A5,iCijriug,; d€ (23)
r Q

From Eq. (23), we have

J’Z/Ajtj dr+/Ajij dr+/Ajtj dr
r r r

—/ ()\;‘,i)Cijkluk,l dQ—/ >\j7iCijkl(Ui;,z)dQ—/ )\j,icijkluk,ldQ
Q Q Q
(24)

Again, we observe some relationships for the material derivative of the Lagrange
multiplier as

Xj = Aj,rni'm (25)
(Aji) = Ajuim@m (26)
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Using Eqgs. (17), (25) and (26) into Eq. (24) and applying integration by parts give
I' = / Ajm&mt; dT + / Ajt; dD + / Ajt; dT
r r r

- / ;i Cijrrtugng dT + / ;i Cijki Uk m Ty dT
r r

+ / N, it Cijr g dSY — / N, it Cijht Whe,m T dS
Q Q

_/)‘jﬂcijkluhli‘mnmdf 27
I

Thus, we obtain the gradient of the augmented objective function P, as follows:
0 . 0 .
PIZ/ (—g—Tk>deF+/ (—g—Tk>deF
8uk T 0 U
dg . g .
— + X\ | t;dl’ — + X\ | t;dl’
+/Ft(ati+ )t +/ (6ti+ )t

oh
—2%) — (—) Cijrid(z — 2°)
N

1o}
+/Q{Cijkl)\j7il+§ 8—k5(

80’1‘]‘
oh .
— ﬁcz'jkl(syl(x — Zs)] }deQ
ij
+/gd'r+/xj,mi;mtj dr
r r

—|—/>\jtj d.1“+/7'kuk7m5cmdF
r r
—/)\j,icijkluk,lfﬂmnm df—/ A, it Cijll Wk ym Ty A
r Q
—|—Z/ hé(x — %) dQ
— Ja
—Z/ o CijrlUhk,mTm 10 (x — 2°) dS
Tij

3 /ﬂ W — 2*) d (28)

where 73, is defined as the traction corresponding to A; as
Tr = CijriAj,imu (29)
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Notice that u; and #; are also known on I',, and T, respectively, whereas 4; on
Iy, u; on 'y, and 7; in  are all unknown. Therefore, in order to eliminate these
unknown sensitivities from Eq. (28), we consider the following adjoint problem
for \;:

S ah S
zgkl>\] il + Z{ aUk ) - (W]) Cijkl6(1' —Z )
% 1

— ﬂcijkldl(l‘ — Zs)}z 0, xzeN (30)
aO'ij
0
TR(x) = a—i(aj) zely (€2))
99
Ai(z) = ~ ot —(x) z el (32)

Equation (30) is the same as Navier’s equation with body force terms at discrete
points. The boundary conditions given by Eqgs. (31) and (32) have the same type of
the original boundary condition given by Eqgs. (2) and (3). Therefore, we can solve
the adjoint problem very efficiently using the same coefficient matrices of BEM.

By using \; as the solution of Egs. (30), (31), and (32), the gradient of P can be
calculated by using the following expression.

dg . g .
P = 2L 7)) i dr 2 dTl
/u<am T)Ud +/rt(atz+/\>td
+/gd'r+/xj,m5cmtj dF+/Ajtj dr
T r T

+/Tkuk,m'{cmdr_/Ai)jai]‘-{cmnmdr
T r

%

where u; ; can be calculated by using

aui aui 8ui
T e T g 34

Uij =

with

aui—i t-—#tnn- - Ln»oz + ngoy %
om G\ 2(1—1/)]€kz 1=y R T ) 5a

14 8uk
- (mnzﬂk =+ nkﬂz) 3 (35)
The formula to calculate ); ; is obtained by simply replacing v in Egs. (34) and
(35) with A.

WIT Transactions on Modelling and Simulation, Vol 52, © 2011 WIT Press
www.witpress.com, ISSN 1743-355X (on-line)



Boundary Elements and Other Mesh Reduction Methods XXXIII 129

3 Numerical examples

We consider a rectangular plate, subjected to a roller support on one end and a
uniform tensile stress ¢ = 200 [MPa] on the other end, as shown in Figure 1.
Young’s modulus and Poisson’s ratio are assumed as 216 GPa and 0.3, respectively.
The size of the plate is initially set as L; = 0.1 [m] and Ly = 0.02 [m].

The functions g and % in Eq. (10) are given as follows:

g=0 (36)

h= %(ul(P)——(100004)2 (37)

In this example, we observe that changing L yields a different value of w1, thus,
L, is chosen to be a design variable to validate the derived formulas.

The boundaries of the rectangular plate is discretized into quadratic elements
uniformly. We show in Table 1 the sensitivities of the objective function and errors
obtained for different number of elements using the present approach.

Next we consider another rectangular plate model, as shown in Figure 2. Both
sides of the plate are fixed and a concentrated force F' = 2.67 x 105 [N] is applied
at the center of the lower boundary. We intend to change the von Mises stress at
internal point P to the target value ¢ = 30 [MPa] by changing the x5 coordinate
of the nodes a, b, and ¢ on a part of the boundary I' 5. The related functions of the

Table 1: Sensitivities and their errors obtained for various number of element
discretization of the rectangular plate model.

Number of nodes Sensitivity P’ Error [%]

24 —4.9434 x 107 3.37 x 1071

48 —4.9397 x 107 4.49 x 1071

120 —4.9622 x 1079 5.02 x 1073

240 —4.9619 x 1079 2.82 x 1074

W >
» _
| (o} - - —- - - t

~ P g

L

Figure 1: A rectangular plate subjected to uniform tensile stress.
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Figure 2: A rectangular plate subjected to a concentrated force.

Figure 3: Final shape of the rectangular plate subjected to a concentrated force.

objective function are given as

g=0 (38)

h= g (om(P) ~ o)’ (39)
where oy (P) is the von Mises stress at the internal point P. The entire boundary is
discretized into 30 quadratic elements uniformly. The concentrated force is given
as an equivalent traction at the node placed at the point where the concentrated
force is acting. In Figure 3 is shown the final shape of the plate obtained by the
present procedure for calculating the shape sensitivities. The von Mises stress at
point P in the optimum shape is found to be 3.0034128 x 107 Pa, which is turned
out to be very close to the target stress value.

4 Concluding remarks

A shape sensitivity expression for objective functions appropriate to evaluate
using BEM, has been derived based on the adjoint variable method. The objective
function consists of only boundary integrals of the displacement and traction, and
values defined with the internal displacement and stress at discrete points in the
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domain. The differential equation of the adjoint system has become a Navier’s
equation with body forces at the discrete points in the domain, and the boundary
conditions are of the same type as those of the original problem. Therefore, the
same coefficient matrices can be consistently used also for the adjoint problem.
The derived adjoint variable approach was applied to some numerical examples to
validate its effectiveness.
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