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Developing a Bidirectional Evolutionary Topology Algorithm for Continuum
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ABSTRACT: Topology optimization of structures, seeking the best distribution of mass in the design
space to improve the performance and weight of a structure, is one of the most comprehensive issues
raised in the field of structural optimization. In addition to the structure stiffness as the most common
objective function, frequency optimization is of great importance in automotive and aerospace
industries achieved by maximizing the fundamental frequency or the gap between two consecutive
eigenfrequencies. The phenomenon of multiple frequencies, mesh dependency of topology responses,
checkerboarding, geometric symmetry constraint, and occurrence of artificial localized vibration
modes in low-density regions are the most important challenges faced by the designer in stiffness and
frequency optimization problems which influence the manufacturability of the design too. In this paper,
Bidirectional Evolutionary Structural Optimization (BESO) method which is a successful approach in
stiffness problems is applied for a frequency and stiffness problem separately via creating a software
package including a Matlab code and Abaqus FE solver linked to each other. Also, in this paper, the effect
of geometric symmetry constraint is considered on resulted topologies from stiffness and frequency
problems. So the BESO method is applied for modeling a 2D beam and its stiffness and frequency
optimization and finally, the optimization results of both objective functions will be compared with the
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1- Introduction

The main objective of structural optimization is to improve
the functional and technological design of load-bearing
structures by considering objectives that are oftentimes
contradictory, like minimizing total mass or volume,
minimizing stress, maximizing stiffness, maximizing
fundamental frequency, etc. Topology optimization as the
most comprehensive type of structural optimization is
performed in the initial phases of the design process. The
purpose is to determine the best material distribution in the
design space, with respect to objective functions in order
to improve structural efficiency and reduce weight [1].
Various optimization methods such as homogenization [1],
solid isotropic material with penalization parameter [2-6],
evolutionary structural optimization [7, 8], and Level-set [9,
10] have been presented over the past decades. Evolutionary
structural optimization methods (ESO), is performed for
discrete values of the design variable. It can be said that
only two conditions are considered for a material used in
the design space. In the BESO approach, first introduced
by Yang et al. in 1999 [11], unlike the original methods that
gradually eliminated unnecessary elements from the finite
element model, the possibility of adding deleted elements
was provided at the same time too.
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In this paper, the Bidirectional Evolutionary Structural
Optimization (BESO) method is modified (MBESO) and
developed for frequency problems while solving it for a
stiffness problem. The proposed MBESO is applied for
stiffness and frequency optimization of a 2D beam via
creating a software package including a Matlab code and
Abaqus FE solver linked to each other. Also, in this paper,
the effect of geometric symmetry constraint is considered on
resulted topologies from stiffness and frequency problems
and is considered as an effective factor in the convergence
of the objective function for symmetric problems. Finally,
the optimization results of both objective functions will be
compared with the initial structure.

2- Topology Optimization Problem Statement
Topology optimization for stiffness objective function and
a given volume of material is stated as:

1
C=—f"u
x4
Minimize: N 1
. V'=>Vx, =0 M
Subject to: =

where f'and u are the applied load and displacement vectors
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and C is known as the mean compliance. If we assume that
the design variable x, continuously changes from 1 to x_.
(soft-kill approach) the sensitivity of the objective function
with respect to the change in the design variable is:

a’ = (lul.TK_Oui) when x; =1
2 ‘ )
0 when x, =x_.

The natural frequency o, optimization problem can be
stated as:

@;
. . N
Maximize: V* _ Z Vx =0 3)
Subject to: i1 o
xi = {Xmin ’1}

An alternative material interpolation scheme can be
expressed as below to solve the artificial localized vibration
modes in the low-density regions:

p(xi)=xipel
1-x xPo—x_ 4
E(x.) = min - P __ ~min min El
( l) [l_xr‘zin l l_xrflin ]

From Eq. (4), the sensitivity of the objective function w,
can be expressed as:

2

1 T 1 a)j 1
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p

3- Sensitivity Number Improvement

In addition to the sensitivity filter scheme [12] used in the
BESO method in order to solve numerical problems, based on
the computer experience, averaging the elemental sensitivity
number in one or two successive steps in the optimization
process, improves numerical instabilities:

a +a”
. ai T —
First Step: 2 ©)
k|, ~k-1
Second Step: a. = M
1
2

4- Numerical Example
4- 1- Topology design of a 2 dimensional beam for frequency
and stiffness

In this example, a simply supported 2 dimensional beam
structure shown in Fig. 1 is considered for a prescribed
volume fraction of V.= 50%. The rectangular design domain
of 8m x 1m is divided into 320 x 40 four-node plane stress
elements. Young’s modulus £ = 10 MPa, Poisson’s ratio
v = 0.3 and mass density p = 1 kg/m’. A Newtonian force

64

is also applied at the middle of lower edge for stiffness
optimization. BESO parameters are selected as: ER = 2%,
AR =2%,x =10-6,r =0.075m and p=3.

max

4‘> le

8m

Fig. 1. Two dimensional design domain

4- 2- Geometrical symmetry constraint

Du to the fact that elemental sensitivity numbers in
stiffness optimization are of energy dimension, geometrically
symmetric elements will have an equal chance of elimination.
In frequency problem sensitivity numbers of symmetric
elements are not the same due to their angular dimension

(Fig. 2).

Fig. 2. Non-symmetric first mode shape in 27" iteration

In this paper the geometric symmetry constraint has been
applied at the stage of removal/addition of elements.

5- Results and Discussion
Fig. 3 illustrates the final topologies of the structure for
single-objective stiffness and frequency optimization.

/N AN\
=D o

Fig. 3. Final topology of the 2 dimensional beam for maximum
a) stiffness and b) fundamental frequency with 50% of volume
fraction constraint.

The evolutionary history of the stiffness and frequency
objective functions and their corresponding volume fraction
is shown in Fig. 4.

6- Conclusions

In this paper, a modified BESO algorithm has been
separately implemented for both stiffness and frequency
objective function on a two-dimensional beam using a
software package containing Matlab and Abacus linked
to each other. As a result, while reducing the weight of the
structure to half, the stiffness and natural frequency of the
beam were maximized. It’s seen that stiffness maximization
leads to improvement of the frequency response which
is a positive occurrence, but on the other hand, the natural
frequency maximization weakens the structure stiffness. This
point must be considered when both bending stiffness and
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frequency are important.
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Fig. 4. Evolution history of the objective function and the volume fraction for: (a) the stiffness problem; (b) the frequency problem
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Fig. 2. Mass (p=1) to stiffness (p=3) ratio in material interpolation
scheme (9), for xmin=0.001

Sl Sy ilwaisry Plue ) 4251 Sy Dby dal,
ol el Jbo opll el 03,8 poud |y 395 3950 3)Slos  Sew
slade 2 &) Jds @ (i3 Jlae > g ol @y abai ]
2ol ol ede o)liingeg clale o5 (Sly > (e (el (S35
o>yl L) e 4 (g7 deyye pelil b) o (oYL Jlasn s
el o 13 5 3800 (S8 o ) il o oy 5 (p=F
g )l0)95 0 (il B (Gilodinsge Bluo 3 okl (gl p3Y (2l
ol s b pusie calisee polie (gl 4 cuns (pl ¥ JSKS Sloge5 50
ol 0L

S &0y Dyl e o LT3l dygug0 LSS o261 5
(1) alasly )l 2,08 o1 )5 iy 5 eSSl 9 45 5 39,00 ) &
oS Yl (Il 4y (s 4y p > Connad &5 3 5 Mol gl S 4y s
b e a4 ol Jlde b () =) b e
s 5] s o & Al o 35 2l e (X2
o3lo g8 Alaly sl I pp 585 i o bl Jos 4 55l
darl) 058 Lol (B 5 p 2 O G Sl 398 byd il &S0l
2905 o0 Byl 55 Oygods (VW) sdz Mool

p(Xi ) =X; pel

l1-x xP o—x (\V)
E(x.)= min 5 p __ 7 min min El
R T A

yor

dog > ol calisee palie sljl 4y odle b ygyd (e 1Y JSWI

Fig. 1. Material interpolation curve for different values of the penalty
parameter

).uu.a )I U’UL O )ygody odlo d‘); OMULJ uo|9> UT N9 .))].) .))g)lf
Db ol X (Al
p(xi)zxiqpel (g=1) (& -)

E(x,)=x,"E, (p=1) (0<x,, <x, <I) -9

2 &by S odle Kb Joro 5 JS> cigw By o) ol 3 oS
Sy ys836 3,550, b a8 ladss 3 P g G deyys pdlie i ojlw
(Jdo oyl 5l eolatnl b siloss 48,8 a5 0 Y 9 ) iy o it Plue
25 ol glfee 2j JSS 4l pldlp e 5 (e e yile
Me(xi)zxiqul (qZD (Jli\’)
(')
(@-V)
K,(x)=x,K, (p=1) (0<x_, <x, <) '
. . . - 1
Ol sl Gl (5 g pr puale i Ky M, oS
s e i e Ay i ojlus 3 ath 54 o0le by MolS
dlne pj Oyg0bs dgioxe sl (o) p (e oS Sl WS e
:JJJ;L;O
N
M :le.qul
e=l
N (")
K =le.pKel
e=1
Gl ly (@ -R) daly o sadddl)) sole g doxie Y JSS

Ad o i b pste ol



YEE B YER aocio AYRQ Lo o) o)l @Y o5 ppsS peel SlSo usino &y

b il (gilotinge Do Y > a8 Splodl Coslus 5IUT L
9> (JolSS 3,09y (58,5 a5 3 bl Jo B (o gite (sln3S0)
B ol (sl Vg X &S e g3 ) b s > (sl
SiPng Silodiry Plas > Cowlus a0 58 odlitl Gl 9
olis Ban b L bl o 1) aplall ji> pas b )i Coenl @Bly)
sty s |y g B celoplell b by Camlas se 11 103 o
R B e

1do,

ey

p dx,

1

i

1o =X g @} 1 _

_ min
B pl_yp 2
1, xba-x?
—ul( mn K1— T MDu, x, =x_
i D i i J i min
20, I-x2. )4

Sl 338 (V7 ale (633) 88 oy 4 Xy S )90y

2] 03 ) 03l S yguods Slol]

)
W’
L d ZLUJT (Ki'——"Mi')ui x; =1
_laaw;, jea; p ‘ \s
__juj'-Miluf xi :xmin
p

5 Spbises ol X (sl pho jlde a5 55 arg ol
oledl JelS b 48T g e 4B S 5 3 X, ol e olizean
Moy lde wa (Bl 5l 5 0ad (e3ae o) lubl 4 e J> )
ol jlade gy dnlesd  pw yws BB sabcdis sl bl ol sbasls
e SeoS plie slil 4V USS hgel 4 a2 b P2V A
a9 ol 3 ) clals oS (2l iledae )3 (g3 3 Sles (b
Sl g a5l eale 3,Ssg) i b gl duglie Sl 3,0 walb
Gl odbodlatl g =) 9 p =1 lade 5I[VY]

Camwlus dlael dgus —0 =Y
Suly 9 (38 (20l Al @) lp drgwgd (JolSS 3509, 5
J bz S59lg95 Silwding 34 OMSEe (3 oo &S Gie 4 gl
ey ol b a8 2gd e oalitw] Sledl Cumlus slael dops (slys b,
e 9 Bgd g0 s @ o )5 Cawlus lael 4 Sl glacawlus

lbo,S 4 il olass] slisl g ) el b ol due o

4 39 o0 0duel yild plad a5 Ll o 5 pastiie glas Sy pols

60

Medified Mass to Stiffness Ratio

L L L ! 1 1 |
o] 0.1 (2 0.3 0.4 [} 0.6 0.7 0.8 0.9 |
x

o35zl (Y de o yial)l L) (5w 4 () dagjpr jel)l b) oy o 1Y S
X o= [N il 4 (VY alaly) esle mje dlasly yo

min

Fig. 3. Modified mass (p=1) to stiffness (p=3) ratio in material interpo-
lation scheme (12), for xmin=0.001
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Table 2. Displacement vector of element 2
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Table 3. Displacement vector of element 3
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Fig. 6. 3 selected elements from the design domain corners which are
symmetric with respect to central horizontal and vertical axis
Table 1. Displacement vector of element 1

Ul U2 0,5 o Lo obedl o leis Ul U2 0,5 ol Obedl oles
y/a-f —-+/fY-Y Yy -Y/AQ# -+IYY \
Y/NQ# AR A\RA -y/a-¥ —+/fY-Y Y
vy )
AN AR Yy =-Y/IVO -+ [fP0Y ARAN
YIVO A td\ 48! -Y/VO4R BIARA S Y'Yy

5l @gdze slinl Glusbre )3 3 Fcelusly ©ygods linlee 5 (5,518
ol Gl eolayed g e &S Wi Hyed g SlSS Culus D0
ol oS 5 o 2,50 sl 5 (6t Jgo 53 45 el
op ¥ USS j assls g ol Jleel 0956 g wtin ()65 Dlue s
a8lsl 5 BBl w9, ‘_')T 08,5 a5 50 e Cawl ol 030> Ui dges (sl
O (slase JS5 4y g 39500 b o)lEL ©yg0ts gl
Sidng » GHlil LIS 4 pxie pel (pen g 50 Jol
1 i 55 M 45 ool 33,5 o (338 (elog bl 5 odelcasnas

wlals oy 5l 5l 398 a5 5yl Sl colus dlasl 5 adsy ol o)

5 S5 3 a8 albo,S olas b1y (WFAY 53 ojlass clayloll) g3508
D go bl dwiia | wiloads jasuie

i A gl de JSS l po5de laglll b bsye plxale Sy
o 039 3,5 celudl &ygod o)S i g LY B Y Jgls )
U S L (st 2213 phio LS5 s 51 85
(ol Lol Bis wily8 £905 51 8) wlodds gl el

o Cusbge (38,5 Jla5 )3 5 YUY ol glaodls g b
Cans ¥Y+ 5 ) ojled salall a5 23,5 o astin & S 5l o )S
2 B jeome b Cand WWFAY 5 ) ojled slalodl o 5B joome &
iy Jdd @ baglall cpl Ll i) J1E pleale jlaijl o)lite cunsy

oyl oplizels o 5 3B I VY 1S5 5o o lizels gl o S5 2V IS

Fig. 7. Non-symmetric first mode shape in 27th iteration

yov



VEF B YFR dsmio YRR Jlo ) 0)led DY 093 «yusS el SilSlo i 4y 23

LRERTSS - BB
/AN ¢ K//KA NN\ D

L;'LP(' ()90' (CYQ (u Ve (LJJI)‘)SJ)D .\.o).)a' &Mgwdmebbb)b 6)5J9.’9JJ.AKJ :A‘Jsm#

Fig. 8. 3 selected elements from the design domain corners which are symmetric with respect to central horizontal and vertical axis
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Fig. 9. 3 selected elements from the design domain corners which are symmetric with re-
spect to central horizontal and vertical axis
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Table 4. Comparison of results for the optimal and initial structure for the maximum stiffness objective function
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Fig. 10. First mode shape of the final structure with natural frequency of 147 rad/sec
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Fig. 11. a) The evolution history of the volume fraction b) Evolution histories of the first three natural frequencies

S Ny e 1S5 o5l kb (ad) oS Hlude T ol o oS ol g0 S ie Bua ml (gl lade ol .l LS dulee (V) alayl,
D 0 bl N =0 \JW Gl Gt uzes dis ol o Blod duo g3 /) Gudod
OO Ak Baal iy siloaite Jl Jols @l ¥ Joa 5 N N

ch -+l ch—N +i+1

el 5l i ojlw b o yd B0 ez A g (sdmgd 4 ol B

r= i=1 i=l (Y')
kswlf)B .))S.Lo.c W)X )9]4;.94) Llodes MLQA d)9j5)9.: LS)L*’W ZC
k—i+l1
Sl Ve S ) e B ab b 55 Ll ol oudlS 5 sl ol io

Yod



Lo yd B oz 1B b Aty Jgl (ormbo (il 5 s @b bt Ty 1 Y JSW

Fig. 12. The optimal topology for first frequency objective function subjected to a volume constraint of 50%
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Fig. 13. Eigenmodes of the optimal design: (a) the first eigenmode with o1 = 170 rad/s; (b) the second eigenmode with ®2 =173 rad/s [17].
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Fig. 14. The results of two optimization methods: (a) 1 = 170 rad/s with the BESO method; (b) ®1 = 174 rad/s with SIMP method [17]
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Fig. 15. Evolution histories of the first three natural frequencies for a frequency problem with: (a) BESO method; (b) SIMP
method [17]
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Table 5. Comparison of results for the optimal and initial structure for
the maximum natural frequency objective function
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