043 % B 1M
2011 & 1 A

/- - B < Vol. 43, No. 1
Chinese Journal of Theoretical and Applied Mechanics Jan., 2011

£ TR TAMEHILHEIMELET

FRE-D 1 &' HFkR-
(BT A A% 5 LA REHB, 7% 710072)
FOREER T A T 45 59T A AR %, K3 116024)

WE s TRAPAES DBV E T ERRREIL, K& ot BT BE SR S5 Mt 8t
I, RRAGEEAE A BN T k. ST RER A SIMP 7k, 42 H DUGS A Z2 M BE b o 22 B/ IME
A EAR. BAGRL R & S A Bt i MU B . Gl ) B AR R B R R A KIS, RA
Hog FL Rk SCE AL ) R B SR . BE SRR T B SR LA B i) IE A Ve R SR A e, RS A e R
GG R e, BT E R R SR ML RE RS 45 ) 45 H SRR AR e SN B A R A

XA BBk, mIMU, 20, feuEE, RS

mESHES. 0342, TU311.4  CERERiIAAE: A

]

il

KL BRRR. DU A TS AR i, HE
FE A A, A S 2 B B AT AR AR
B S AR BB R TN P, X LL R X 45
M) TAEMERE = R B, H2 SBEEHRI
R, Bt TR ot B A P R
XF S PERE B R, B T RE R SR BB R S A B
MBS BE, DUYR & 45 A R Ao e B U sh 2R b
FIRE 7. HHTOC T A0 B E P 0 g5 40 et AR
FEA A 25 ¥ 0] SR M AL (reliability-based design
optimization, RBDO) F1&# M ¥+ 4t4t (robust de-
sign optimization). W3 H) 3 2 HI L T M E R
[, o, ArEEpk et Piik i B SR T 0 R T AR
LIS, THE RN BT B M B A 2 M RE R 2R
KN,

E R R A E & N NP P PR Y
BB AR RE, R A R 1 B 5
T, BS54 B AR B AN s M 1) B0 3l U .
B 1 RS ] T e B Rt B, BAR
HHUEE H AR PERE TR bn (B ARk B0 BAME BB A,
T A2 36 F (8 B sh 3 B e D i e ot . B kb i
i KL Taguchil® 7E 20 4L 80 4 RAK R A T
WA= MRS BE, T2 2B EE et

2010-03-09 HF%E 1 i, 2010-08-30 HeF 5 Bfi.

NEHRS:

0459-1879(2011)01-0227-08

W BN AR IR T KK T/E.  Lee il
Parkl®l Xf LU PERAL 7 RE, 38t DA% U Ak o
ZE/NKE BRG BT . Sandgren il
Cameron®, Youn 2% ], Lee %% [6] 4335% F Monte
Carlo J7 3, PEREFEFA S 77 ¥ A R BE 48 I8 7 ¥ AT &
B b ¥ 3P4, Doltsinis 2% (71, Beer 1 Liebscherl®]
W T B A e LR Re MR 3l J7 e P 1) 45 4 B e PR A
f ) fE. ZEN 7T, Anténio Fil Hoffbauer®!, Hou
e D) JUEAT TRIRE AW, BEEARTENE
BEPEBET. UT S PR 4 A BF 58 T4 7T W, Ben-Tal'!
M Beyer 25 121 sk, RiiZigH, CF K& HEEEM
B 5T TAE 45 1 T it 850 B TR AR SR A KA.
B 25 4 D04 T7 R0 BB B 50 I RN DA R B

minimum of minimum of variation

target function

target function

small variation f [Z=3222772721222 :

large variation [

design variable

wE 30 wE 30

B 1 gEstkot s mE

Fig.1 Schematic representation of robust design

1) Bx BRI E4 (51008248), BEFG4 A AR H 4 (2010JQ1008) AITHIL Tk K SRR E 4 (JC200936) #BIWHH.

2) E-mail: yangjunluo@nwpu.edu.cn



228 ) £

= i 2011 4 £ 43 %

IHHEEE TR AEIE R, A2 &R R TR
LW PG B R BT SRR R A 8. EA 4
PR &P B B — A F B, SRR ML A Bt
A TR B BRI RS, AT Z R R
g R AR G B IR, FERMETK
R W B ML B T e B A A e (18
SIMP (solid isotropic material with penalization) J5
¥ [14715] 'ESO(evolutionary structural optimization)
i ik 6] 2%,

ATFSE, 5405 R0 e e 2 Xt B
gt EERm VTS Fk, AR EAESH
BN B B IR A e R R, e, TR
Bt B O S T aMmmirii, BT TS
HIMEAL 3 (reliability-based topology optimiza-
tion), ‘& BEMR 35 5 B 1 AT 4 ML K OF ok T 4R 45 44 e AR
MBI R, S THEBETFIMAES (micro-
electro-mechanical systems, MEMS)'9-20) | f& H %
% U s e B B3 T . (B, BT X T &
Bt itk R T R R R E, 41
N B Be 2 RS B M 1 A SR SCRE AR A ARl R
R ZE.

AT RIR &R P v ARSI AR 2 TR
SRS HIE MU R, 7RSI BE R BT B BOst %
S8 B It B2 AT B RE L B AR Ak, JE 3T A B A KA
BEE T,  DABH 25 44 30 F0 48 B0 7 78 B ASH 2 PEA
&, AT DR UE 55 2 1o H IR 5 4 L R 4 A kA
etk SCEHET SIMP A, ZEBEAMULAH
FEVER AT G 0L, @S T DUMOREAR X 85 B A % 1A
B, SR EREEZR DM B, BEEBRY
WA R, S 5 sk R AR, RA
st 27 MMA (method of moving asymptotes)
SKARGAL 0] R 25 H B BOE B0 36 GE T AR SCHR Y Y
e AL R R S35 1 A 3k

1 BRREER

MR BRI AT TR B R A ZHORH e
HIBEMLAS AR AE. EMERAELR T, Ao tkfs
B R o B — @ e GE % EA ) 1
RENLAS BB BE LY, 254 HARTERE (Mg, 7
PIRME, B AR 2R R e ALY, A&
SCR A 3R 40 1T BH 8 R DAL 45 48 AR Pk R 1 40 70 4
.

Bz = {z1,22,...,0m )" FBRMEMHIE

ADomEELAR R, dA

zi~ N(Z;,02), i=1,2,---,m (1)

Her, NO) AESHHTE, 2z floo; 954 i 1
WA ERbRE 2, W Z5H 1 B AR RE AT R R A BE AL
AEc MEH f(x), BIRINESSAH N(f,0}). X
B, f R oop 40104 E bRk Y R H ) 28 (4 R bR v
#.

VFZBUH 77 30T FORSR R BARMERE I 2 17 &
%, W Monte Carlo 778, PENLABRTHESE. AT
TR A B, — B T A 2 AR oKy S A
PR IEASBEPLAS B, AP

T; — T
U; = ;

i =1,2,- 2
O'l Z b 7m ()

MFHERBKEMIEESHAILEZR, TN H
Rosenblatt 28 #: (221 s 7 kREAL

w = {ug, gy ey U} =
{&71[Hy (21)], 871 [Hs (22 ]71)],

&V [Hy (2 |x1,x2,---,xm_1)]}T
(3)
Hep, H; (zi|ry,ve, -, 21 ) BRADG B GA0 IR
B, o) AHEIES BB RN KK S, 3@
T3 (3) WtREN ARG, B A e AR & B AR #e
A ELB ST AR HE IE S 4 T AR

2 ZSTRTEREREHEIMLILER

FEBAN LA G BT 2 F, A Qoonia ER
HA AR 7, M8t T BURA LT
Favrt B R R S A AHRIE TC B O R 2R
B

x(8) =

1, VS € a
(4)

0, VS € -Q\-Qsolid

T B S A M A IV RS KA 3 A 4R S BETE
A G EM AT (B ER) AT K RANEIMN
P (B KRB, 35 K A5 2R) ) . R 25 4 e o5
HATE MR 45, KA SIMP J7 2 it 4 [ A B,
BRI B TR ARL B R IR Ol BT AR AN B R I
RHeR L, A

Ee :P5E07

Hrp, E. A% e MATTHHMERE, pe € [pmin, 1]
AT B AR B,  Eo A58 SC bR ik

e=1,2-,NE (5)



1M

FHES: ZTHT

S g ML BTt 229

BiE, p ARITTEF, FHCUSEEX AR v i 2 R i
N, —BH p > 35 pmin R4 E KIMRHARX 8T
M, HAERRA T 84 A Moo oo A &
A G R . X T A T E A S
UL, ASCHESASEHHIMULER AT BEA 4
TR 2R I - 100 2 I 58 22 0 £y e /N i) R
NC )
mgn C:;FZdn
st. Kd,=F,,

n=1,2---,NC

NE
ZpeVe S fr : ‘/0
e=1

O<pmin§pe§1, 6:1727...’NE

Y

He, HIrEE C AGHWE THRIRFEZRM, NC
ARTOE, F,fMd, 55A8% n DNTH TSR
FRRW M mE, K &g R HERE.
W' p = [p1,p2, -, pve] A FICEIRORHE X &
B, Vel Vo aRASE e N EIG AR BT
BUAAETR,  fr ASEERSEOMEMER L.

ﬁ%ﬁiﬁ'ﬁ‘ﬁﬁgﬁiﬁEﬁ@ﬁﬁ’]ﬁﬁgﬁﬁﬂéﬁﬁﬁ
R TN, BT EERBREEN &SN
1&1@3’51&7@(@, BRErR B R A BN, B—T
T 75 B AR UEAE & S B s BT, it S
AT A, BPARREEATEE. EXTER
SN AN E PRI SR M AL B, AR R &S
BRIAHEST MBI TR, Wik, 8 Emitan
FMIE AL 15 BB AT LA g SR

NC )
min o{C} = a{ n; FY(x,)d,(p, mn)}
st. K(p)d.(p,xz,) = F,(x,), n=1,2,--- ,NC
NE
Zpe‘/e S fr : VO
e=1
0 < pmin < pe <1, e=12.--- NE )
(7

e, x, e R™ AHTH n BB AT EESH
mE, m, AT n BMAFHESHEM, o{C}
RS R R bR, BT S KN AL
AR A H b R BB B B AR

3 (7) 00 R SRR 1 A o 2 T B TSR
Fl Monte Carlo J7 #4748 113K 4%, HItHE R KK,
FEACA o] B A R AT AT, AR SCER X BURT KN BEBLA
W PERS 0L, SRABENLA BRoCT 2, DASEBLXT A 2R

IR JRE A o 22 v B U HE .
o 5480 5 SR PSE 75 R AE B AN € S B W B 1

z = {Z,%2,,Znc} IAT—Hr Taylor HKEjE
¥+, B35
oC
C=C(p,@>+£\ (@ — &) =
ZFT mn pamn)+
Z(aFTd FTad ) (m ) @®
= 6$n na n n

AR T B kA RGP TR Kd, =
Fo, XA T RER T & B0 A E S HOR T

od, OF,

aa}n - 6$n 9 - ]‘727 7NC (9)
¥ (9) AKX (8) #, HBH
C= Z FT (@n)dn(p, )+
OF} OF, _
nZ::l(@mnd d};c’)mn)- (@ = @n) =
Z FT (Z)dn(p, Tn)+
OFT _
22(8mn )a;" Tn = Tn) =
Z FT (@n)dn(p, Zn)+
NC myp
233 (o8 — ) R (10)

n=1 i=1

Het, 2, BREn ADNLTHMNE i MAHESE.
fRi% &3t Rosenblatt 28 #ef5, K8 ff BEALAS &

MBS, BERSE T IE AR, S RFRIN
FEH) T 22 R A

NC my,

var{C}_4ZZ{(

n=1 i=1

),

. Var{xm}}
(11)

n



230 i) £ % i 2011 4 55 43 %
it BINFERE B N i(i = 1,2, my), 24510
o{C} = /var{C} =
K =200 ot m, (1)
NC m, aFT ) 8xn,i
? nz:llz;{(@.t n,i ) |5n.az"'i}:
_ A (16), £33
NC mn
20> { ], o2} (12) Mows _yr (Fu 0Ky iy
n=1 i=1 ape i ape 3Pe =1,z , My
g, d 6Wat£ FnATRT, "
2 i T g AR T R EBRARE S LHBRER, H OF./0p. = 0.

%m&ﬁ%mﬁﬁﬁﬁ%uﬁﬁ O s
B wn, FIARHEE.

3 BRBHBRYELSN

B AR g B IMUAL B (T) FTRA®
B b2k o PO kR, BBLTRE AT (12) B
7 B AR R O Bt AR R B RO . RV AT
FEAWMITE, BEBEEMERNE. BB
HES ORI DNBEEMR, MAHEMEEZET
HEAETRBHEME TR, 5kitZBIHTER. X
T UL ST A X 85 B O et AR B 3R AL R, i
WRBRANEE, NEHRAEEERG. B, A3CR
PR, SCBLEEH B SR ARHE 20 et 2R & (B
BRI BE) B RBUE T

WA (12), Y ASRRETE e DB RER
S, FIAEARBHRFENE

EE {0, )

90{C} _ o ope Na Ton

Ope o{C} ’
e=1,2,---,NE

N AN RE

(13)

FBIEE n AT T AHESEUCL B EE 2, BT,
SR OB 7 R A

Kd, = F, (14)

il (14) Xt Rk S E
od, OF, 0K

o2 d, 1
Ope Ope Ope a (15)
z5):d
o(%Fn g
adwn,i _ ( 8331 n) _ aFE adn _
Ope B dpe B 0x; Ope B
OF. __(OF, 0K o
6~Tn,iK (6/)6 _87p6 n): 1_1727'“7mn

(16)

P 444 OB 83 B ) S0Pl
RIS A6 B S ALBE TR A, IS (18) T3t — 2
5%

Op,: o wOK° .
ape - (An z) 3Pe d 1= 1727 y M (19)
HoAr, NG A, 43 BT B 1) 2T A

ﬁﬁ%,Kfiﬁiimﬁﬁ@.
Rk, 25450 (13) fisk (19), FEAH 240

mﬁﬁ%ﬁT&ﬁIEWi@E YA

do{C} A

dpe
NC myp

SO D CRETH
- 210} ’
e=1,2,---,NE )

(20)

AT, A B ORGSR
> mg MEBE G REI A AT, BRI ER

n=1

4 BEEH

4.1 “FH REEMEINEIT

mE 2 Fros R RECFE R R Bk, &
P B AL E S, RPA 20mx20m, BEX
0.05m. SEARFRL B PR RS 200 GPa, JAHA L
0.3. FEJB I T 3415 S BA /KPR B W 4 A 38
ER, 8K Fu, Fy BRNIEZSBENL 216, BIE
ik Fy = 50kN, Fy, = 200kN, tr¥4i2ZH 01 = 09 =
2kN. BRI AZ R THAEM, Imlwmm$
Bw F, T2 ERARBREBAN . SR
A 0.15, X% P T80 25 M 3E 4T $ LA 5 3t



FHES : Z T &R MU BT

231

10m

rFl
F

2

B2 BRI B

Fig.2 Design domain for a hanger structure

BB B Bl 800(40%20) AN 8 4 P
N BRJGHIT. EEETIR T p = 3, Pl st At
RHAXTERER 0.5. B 3 Frs 43 B A0 M Btk 4
ML ZE R IFORAR X & R =, B ERE
ZER AL TG OB B IR . S TS AR L, R
AN s Tk R X G5 A R I S M R R, B bk 45
BB AT BEERL. RH 2x10° ¥k Monte
Carlo HEIUFFATLE I, WIFl ST 45 5L 1 B2 33
BOMERILE 4(a) FIE 4(b) Fras, Hep, #hehk
Bt BB B2 E 0 35.03 Nm, ARdEZEA 0.94 Nm;
B R PR I R E R (E A 35.91 Nm, $rfEZ=
A1 0.71Nm. B[R, REEE BRI E A
B, (AHARAEZEEAN, BEWEA Bt

A2 SN s S BB NLRRIEXT G546 40 D IR S i,
EHABRA BB, ARSCHHIXTEE 1 ADTHE
TiARHEZE 01 = SKN, 10kN 15 BLBEAT B4 1 3 Fh ik
. BEER AR EZE MR K, B 5(a) FIE 5(b) B
REMEINERE D K AEMAE. £ 1 FHA &R
T4 Monte Carlo #5345 8, 24 0, = 2kN
I, ZRMEEARAE2E LU e 1k i D 24.5%, T2 01 =
10kN B, ZRNBEFRAEZEWAD T 66.8%, B AEAH &
PEAR SRR BE R R, BRI FMIE AL i 5 SRR A .
Bl 6 4 T AFER T MmAEARE, RUAE
R PE M LB S R 4F.

(a) Deterministic optimization

frequency

frequency

(a) BHEMAMAL (b) B

B3 miMLLE R

Fig.3 Comparison of optimal layouts

x 104

3.5
3.0
2.5
2.0
1.5
1.0
0.5

0

30 32 34 36 38 40 42

compliance /Nm
(a) BHEM: BT
(a) Deterministic solution
x 104

3.5
3.0
2.5
2.0
1.5
1.0
0.5

0

30 32 34 36 38 40 42

compliance /Nm
(b) ket

(b) Robust solution

B4 ZHRMBEG RS (Monte Carlo #ifl)

(b) Robust optimization

Fig.4 Frequency distribution of structural compliance (by

Monte Carlo simulation)

#* 1 ZWRIGEE Monte Carlo iU R LI

Table 1 Comparison of results for the structural compliance by Monte Carlo simulation

Deterministic design

Robust design

Case Mean Standard Mean Standard R:ililgté?n

value/ deviation/ value/ deviation/ standard

Nm Nm Nm Nm deviation
o1 = 2kN 35.03 0.94 35.91 0.71 24.5%
o1 = 5kN 35.12 2.04 30.28 0.92 54.9%
o1 = 10kN 35.41 4.01 36.69 1.33 66.8%
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ROBUST TOPOLOGY OPTIMIZATION DESIGN OF STRUCTURES WITH
MULTIPLE LOAD CASESY

Luo Yangjun®?) Kang Zhan' Deng Zichen*
*(School of Mechanics, Civil Engineering and Architecture, Northwestern Polytechnical University, Xi’an 710072, China)
T(State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, Dalian 116024, China)

Abstract In practical engineering, the structural performance always exhibit some degree of variations due
to the fact that the applied loads fluctuate dramatically throughout its service life-cycle. Thus, the need is
highlighted to account for uncertainties in topology optimization stage of the structural design. Conventional
deterministic topology optimization searches for minimum compliance without considering the uncertainties in
operating processes. Recently, the robust structural design has attracted intensive attentions because it can
reduce the variability of structural performance. However, existing robust design methods are confined to the
size and shape optimization problems. This paper aims to incorporate the robust design strategy into the
continuum topology optimization problem under multiple uncertain load cases by minimizing variation of the
objective performance. Following the SIMP approach, an artificial isotropic material model with penalization
for elastic constants is assumed and elemental relative density variables are used for describing the structural
layout. The considered robust topology optimization problem is thus formulated as to find the optimal structural
topology that minimizes the standard deviation of structural total compliance under the constraint on material
volume. To avoid the difficulties associated with directly evaluating the standard deviation of the structural
compliance, a convenient computing formula of the objective function is presented based on the stochastic finite
element method. In addition, an adjoint variable method is employed for the efficient sensitivity analysis of the
objective function. Then, the gradient based optimization algorithm (Method of Moving Asymptotes, MMA)
is used to update the design variables in the optimization loop. Finally, three numerical examples for topology
optimization of 2D and 3D structures illustrate the applicability and the validity of the present model as well
as the proposed numerical techniques. The computational results reveal that the robust topology optimization
could yield a material layout with less variation of structural compliance than the conventional deterministic
approach. The novelty of the proposed robust topology optimization approach lies in that it introduces the
conception of robustness into earlier stage of the structural design, which may be considered as especial useful

in some circumstances.
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