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SLP #:x iz bR e o —R#Efic B 2 BER N EE O UG
IMPROVEMENT OF NUMERICAL INSTABILITIES IN THE TOPOLOGY
OPTIMIZATION USING SLP METHOD

R oK M,

Daiji FUJII and Noboru KIKUCHI

In this paper, we present a method for preventing numerical instabilities such as checkerboards, mesh-dependence and local minima occurring in

topology optimization in which SLP method is used as optimizer. The method presented here is that a function based on the concept of gravity (we

named “gravity control function”) is added to the objective function with a weight. The distribution of density of the topology is concentrated by

maximizing this function, and as a result, checkerboards and intermediate densities are eliminated. Some techniques are introduced in the

optimization procedure for preventing the local minima. The homogenization design method is used to obtain the optimum topology. The validity of

the present method is demonstrated by numerical examples of the short cantilever beam and the MBB beam.

Keywords: Homogenization method, Topology optimization, Numerical instabilities, Sequential linear programming method

Two dimensional structure, Finite element method
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FILTERING METHOD FOR TOPOLOGY OPTIMIZATION ANALYSIS
USING OPTIMALITY CRITERIA METHOD

Daiji FUJII, Katsuyuki SUZUKI and Hideomi OHTSUBO

In the topology optimization analysis based on the homogenization design method or the density approach, the checkerboards, that is the formation

of regions of alternating solid and void elements ordered in a checkerboard-like fashion, often appear in the optimum solutions. Therefore, the

filtering method is necessary for these approaches. In this paper, we present an effective filtering method for the topology optimization analysis

using the optimality criteria method as optimizer.

In this method, the value of the gravity control function is controlled as a constrained condition.

The gravity control function, which was presented by the author in the topology optimization analysis using the SLP method®'?, is defined from the

relations of the density of an element with that of its neighbor elements. This function imposes the penalty in the checkerboards and the gray scale

density, that is, if the function is high, the checkerboards and gray scales disappear in the optimum solution. In this paper, this filtering method is

applied in the topology optimization using the homogenization design method and the density approach. Several examples of 2D and 3D problems

are shown to demonstrated the effectiveness of the present method.

Keywords: Filtering method, Topology optimization, Optimality criteria method, Homogenization method, Density approach
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FREHESOVTHBERA vy 2 2BSEL, SbICMBER
WHENWIXIRZLEBVETTETT 4 THEHRFERE X
bhd, ZOXHRLTELNMERELIRERZELHE
WCHERLDLRoTWEY, SHHEITAMEEE X FRLHMD
FTEZLWHBERSD D, oFEE LT, HERFHESH
EHECLDMHEEEEFHRIC T ANVE Y T ERRAEDED S
EBEBEZOND, ZOXDR7 4 NF U U 7EICE L TIEIIR 14)
ICEBINTBY, BEEL LM, 1I00CF LV T LE ) I
EREBLTND,
EHEOMRELETTANEZ Y VTR, —DOEZRORLOR
EIZEAL, Z0ERPPETHONTADICHEERN, TOE
ERERTHNITRRICERBEF T2 X5 2BREEET 5.

SRR TERIRE B - ek (02)

Dr. Eng.

** HRCRTF TSR A BB SR BHdR - Ph. D.
o BRURFERETRRY B - T
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ZLTC, ZOBMEETRTOERBICHOWTMATZBEE (EH#E
BI%) ZHIET 22 LT, Fxyh—R— ROV RNIEZ
KD B IFETH D, 3CHK9),10)TIE, 2 keI O ¥EALEREHE T,

Z DIk E SLP IEEMAG DY D FEE R L RAFRERE/S T
Do LU S, A Stk 2VE 5 0> B OV f KAL R E T IX

SLP ik & 0 & feilitE B UEY (Optimality criteria method) 077 28 FH5L
P EARITH D, Lo, AFIEL L & o s
GO ERFNTILERDH D, £72, TOTANE Y VTR 3
WOERMEIZE T L7256 ORICHOWT OB T 50 ER H 5

%:f,$mifi,ﬁﬁ%ﬁ%ﬁm%$m*#&#émm%
LRI % e 2 AV TR HEERL, Zo kol
FIZEY, 2 RERBLV 3 REMEICEBNT, Foy I—FKR—F
WOBE AN, REEICHMARERE 52 D003 KD 5
nodZLERT, 2 WuMBEONAERE#ELTEE LT, it
WAEZILEMELE L, Mﬂ@iﬁu%&@ﬁ@k%*bﬁr%a
S L T DB EALRRFHE 10D0% I B, 3 IRSTHE T
RN EOEE D b BEALRFHEZ M L, %%f@%ﬁm&
TR DR E BT D LARET DB DI %
AW5g, 7ok, STk I2IZBWT SRt HEEEZ ANT0 523,

DA X TE HIEBI % & STk 9),10) & FEEIC B BRI ATN L
T THWTEY, KgUIrRT HiEE EDRTRR D,

PUF, ARGSCER 2 =ClE, WHEARGHEIC L 2 2 RockEiEm o
AR LR 4, 5D B EE 4 A0Sk & L CRd i i uE
HETHL FiEERT, $3ETIE, BEEICLD 3 RO
WL % FRE e 5L iR HEERd, B4 TETIE, H2 =\,
B3 WO L2 HiEOFMEE 2 Kotk L O3 oDt il T
Y, BSETHEHU EOE LD ERRD,

2. HMEEHIEICE D 2 RaBEOHEREL
2.1 BB ERLL
WEALRGGHETIE, X 1R T &5 ICRRGEHEI 2 A TR R 58
L, BEROMEIN, BedRHMOREET S AN EMIC
WHSEI7utEzfA4d5b0LT5, LT, HEEDIZ ol
WORORKE S ab LA ZHFERL LT, MEBOXLERLE
IATIERB/NEL, BETRVWEZATIRHIANKRELIRDZ L
ZFRH L TEEY D2 Rk 5, BIEORIbZ B &
288 DA EORELFBEIT RO L o icERbah s 219,
mmI:dTKd:.

acL

N (N
,2N), ZU—&MSm%

a 3k F A% {a,a,, 0,8y,0,b,, .0} T, a.b iXiFAR
BROI I alEORORESERL, NITARERHTH S,
B, X7 uiEEO RO A ETA RO OTET RIS ET 5
HOL UTRIEBNOIEIRINT L9, 2, (HAD dITHiRE
M7 M, KIZ2ERE~ M) v 27 X, LiIdEx b4 %
W THRREROES, mg (TEE (22 TIIREEN) O

L={@0smsl (i=1,-

el e
— ey,

METH 5, 2k, D)X AdKAIZIHANTOLEFERETH L FH =
TIAT U AERLTEY, WAL IR LTEHL,
C(o)=d'Kd @

(A& RN THE B2 BB A I DB R T > & 0 L72gwn
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Bangnic), MEREZIZo& ) SE@HEeFHoRADHE

NI A ERT D 20,
@-La(e)/2m ®
Z 2
glzilpfn+u—pJO—pJJ O]

72720, p=1-ab THY, miZiBHOEHELDELILFT L
%ﬁf,W%®¥$T@4,m%%@gﬁfi%ﬂuT&&a
£, GRDGIE, 0<G<lLth?

X 1

BYEAGRRFHEIC X DAL s (b

B2 0%, B p 23 1,05,0 &2 DIBEION T, (4RO B% g,
OEERLTEDDTH D, K bbhnd X D12, ZOEKERE, i
FHEENBETHVERDSAOLS, 130 FHEHENETH
WEZBROBENRBIENEL 2D, F= v —KR— FROM
X2 DONRE =Y T 50T, ZOBKEMAEL 2UET = v
H—AR—RIEPT 5, £/, ZOBEKORHELT, FL—XF
—b (B 0.5 OBE) ICbF AT o —Rikah, §C
7L —OfEE, TRTRELFITATALY EWES 2D, L
72> T, QOROBEFIENRE L X, F= vy h—FR—RFROE
ENAn R LnbAROIF-> & LEMANEON D,

p e el el

g, 6=3 ¢=2 g=1 g=0g=05 g=10 g=15 ,

# & % # H ] [ - ] - | H 1 - ]

9.=2 =2 g-=2 g-=2 0-20-=175 g=15 g=125 g =10

# & % Eﬁ H ] [ H ] 0 - ] H ] 2 ]

. g=2 g=3 g_4 g, _35 g,:3.0 g,:_2.5 g,_:2
p=1:Black, p=0.5:Gray, p=0:White

X2 i FBEHERLZOEBEROKELL & B g, 0B&%



ZIT, TITI, QORDG BE X LML BT B &R
FTZLLT D, Z0HE, ORTKRDO LI ICET S,
m1{1|:C :|

)

Mz

L={a\0ga,gl (i=1,---,2N), (1 ap)<mg, Gzé}

T2, G IEEIHIEBEEOHIKIM T, 0<G <1 O#FPHTH 2 5,
2.2 REMHRERICL DHBE

(5RO % Bl EEIC X - TAE< 19, Bol MR L CI
)R DOMEZ f#E < 7212/ A D Lagrangian % %7 5,

L(a):C(a)—A(i(l—aibi)—ms]—Ag(G—G(a)) (6)

2L, AA BT 7TV aRE (4£0,4,<0) THY, 77
T UV = TR D BRI AR T IE RIS R D, L
T, OREHRALKET /T VR HICH L TENE LD L
LY, mEEHELZRD D, ZoHAIERE D,
[ac(a)+b,A+aG(a)Agj§a,

04, 04,

[a (a)+aiA+MAg]5b, )
o, o,

M=

SL(a)=

[. (1-ab)-m jé‘A*(G*G(Q))&Ag:O

(NRFEOAXDF/MEDERMETH D, (1)L Y, sa,6b (i=1-,N),
6,64, DAEFNED B IRADIL Y 3L,

+
'MZ

Mz

. 3G (a)

bA - A, ad+ = Ay

TR T xe@ ®O
0 b,

1 & G

m—sg(l—aib,)—l G(a)—l (10),(11)

BREVKRD KD PR EEL LN TED

G (o) G (o)

bA+——= bA+——=A
e L M e
oCa) oCa) @
aai 8ai
« 5 (12)
b_<k)A(k)+aG(a ))Agm
wn _|_ 3" ® =l N
=& = GC(a(k)) g (I_ IR )
aa

22T, BITRRGIEROEHR 2 T 5 N ERBKTH D, (12)
KL FROEBEIC LY, RAD LS BRAREOND,

v s
a® 40 JraG(OL< ))A o
i w
(k1) b, ® -
bl =| - o) b (i=1-,N) (13)
b
r 8
ton | 1< ), () ()
A= 3 (1-a“B")| A (14)
=
s 8
(k+1) _ (k)
4, _{G(a“’)} A, (15)

7220, a,b, A, A IIZRKOHIKISEF 85 5 DT,

21

0<a <l 0<h<l (i=L-+,N), A<0, A,<0 16)
12)~15RX L v, KXOKEEEFENELND,

ai(ku) — mil’l {max {0, S;I )} 1} (17)
bi(k+l) :min{max{o’ Sér)}’ 1} (18)
. 1 & ’ (
ksl ; 5 k
A mln{O, [m—sg(lfa. b )} A )} (19)

_
k) _ o G ®
A, mln{o, |:G(a(k')} A, } (20)

(v
[
™

®
b}(k)A(k>+aG(°‘k )A 0]
i (k) 9
oa. K
s | _ i a® @)
al BC (a(k)) 1
aar(k)

s =| - ! b (22)

AD()ZITIE, & BICHHEKOLEBIBOHK (move limit) %
Y. ZOEBBOHIFNIRD X 5 I2ET 5 19,

max{(l—{)ai(k’,o} it s,* <max {( )a }
+1 ai(k) if max{ } S “
a.(k ) _ S <mm{( )a< } (23)
min{(1+¢)a ) g min{(1+¢)a". 1 <s,
max {(1 £)b®.0 } it s, < max{(l—g‘)b,(k),o}
. @ if max{(l —{)bi(k),O} <s,®
b = Sp gmin{(1+C)b'(k),1} (24)
min{(1+)0" 1} ¢ min{(1+¢)b®, 1} <5,

22, CIEEEBMBEOHKIME (move limit) THh D,
EHIT, A,A, TRBELEE LFTHROK AT v 7 ORMONL—T
THIGRE R Z1TH 19, T72bb, ’RA

r s

k) 9
oa,'
sU =| — i a (25)

s =| - ' b (26)

N6, 23),eHRIC KV BEFHELEEZTEH L, ZhhH(19),20=R
0 AA, EREERT D, ThE25),260RUTAL, (23),24)
HICE Y FBALEEEHTL2L 0D LR —T %0 KT,
7272 L 2 0M(25),26)2 D 8", b® 1ZHH L7220,
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U LoREOFNEE DD E, (23),24)XTHIAT v 7 Of#EH
DRERAHEBOWBEEH L, 2N 5(19),_0KICE-~TTFIT v
T REREEZEFHT 5, £ LT, (25),2600R% AV izNllonr—7
W&V, BIREEEZHRET 2 K 9IS DICRFERDOTEHZ1T I,
INERAT v T OFFEKE LT, FHa L TIALT VR, E

w (REBEL) Z3HE L, BEREE RS, BO23),24)RC

uﬂﬁﬁ%ﬁﬁTéo;@I7@$M§%51%ﬂt17/7
BE T IET,

B, QURFDOFEE 2L TT4 T AC ORFFEHa BT 5

BERKIFIRADOL L TROBND,
o(d"'Kd
ng—t——l:mggufszég (27)
oa, 0a; a, Oa,
7L, BALR7 ML d iRk o v R
Kd=f (28)
fRCh Db, 2)ROMLEHIIELK a TRMIT DL,
ad _ K
— 29
aa, 6a 9)
ERDHDOT, ThEQRDNUTRAT D ERKNERD,
6C:AdT@Sd:—$ﬂ§Eidd:—dJ(j BTQE—BdQ“JTi (30)
0a; Oa, 0a, o0

»yny
[N TN

K, d% 120 FHEROBEHMME~ NV v 7 R &R
N7 b, BIRiFABEROOTH—EMEK~ S v 2 X, D"
BB L o> TRO DN DHEHIE~ N v 2 2, Q71X
FHBEROEKEZRT, 2B, DY ICHLTIEI 7 afEoRo
KRESabICHTEF—FR_R—2 52 bbb UDIER L T X, &
FIAEEUT T D REAREIEE OB AT 52 &Ik - T
KD, ok, KM TIHEIM DERUET —FX—2%H 5
(a,b 2B LTS5IX51 oD ZEHE LT —FN—2X),

3. BEXKICK D3 RaMEDMEREL
31 REEEMEDNERXL

R PN RO SRRV DN FE L O~ & FelZ L
DEBEEL, K3 ICRT XD ICHAREROEE L it A5 L
L CIRBNARZ RO D2 HETH D, Zd, BHEAHRFHED RO
RESZa=b & LTHMBOFELFEEZEELEZSDITHIRT D,

Element

3 BEEIC K DACMEREL
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(5N L FRRIC, BEETAIC K 2 & O LA s L gk X o
WER LSS,

min[C(p)].  C(p)=d'kd

(]

N 3D
Zpiéms, G(p)= } (

i=1

=%m§“§10=huNx

,_,

IS, pIIREROBELL (o, 0,0y} T, EOMOELILS)
KERUTHD, LIELEEETIE, 2FRIE~ MY v 7 AK I,
WREELOBKE L TRO X I ITREIND,

K(p)=é(pipK“)

o, A REERIE~ FY v 2 20@EREbEEE TS, K

(32)

- -
[N,

i RABEROUNE~ LY v/ ATHD, E72, plESERIGHK
T, AL CHIH 19 LA p=2 &+ 5, £72, EAHE
B G 123)N L FRkIcIRATER SN D,
N N
G(p)=2_9:(p)/ M (33)

g PERIIGOXELFLTH D,
BIFTHHEET, NHOEFETIT 6,
FEed,

3.2 REMRERICK DR
GO A& Bl MER BRI L - TS, £77,

2T p b a(=1-p) ICEET S,

m, i3 i % B OB L
SRR O B TIL T L

el
— e,

AR 2 RAD K

min[C(a)], C(a)=d'Kd
N IRNEE)
L={q\oga,sl(i=1,---,N), > (1-a)<m,, G(a)ZG}
i=1
7L, p=(1-a),i=L N TH D, ZOLIRETIZLY, (34)

KIFG)RXOROTEEELLL LT, ZOROTEERGEKIZT
LT EinT S (2720, HWEAETE, WEEBIIEEDO N
ESRMAEUTITAR B, FoltERIEEOSA, EHIE B OH
KEDBRPORIERE ZDOLICRET L2 HR T4 LZ ) v
T DRNER RN,

(34).? Lagrangian (TR & 725,

N

L(on):C(on)fA[Z:(lfazi)—mS

i=1

(35

J-4,(6-e(@)

W, BREBRHER LT VT UV =FTHRICEH L TEDE2 LD D
Licky,

§L(a)=i(m67w+/l+%m/lgj§al

il a; i

(36)

_(g(l_a‘)_ms]&l‘(é—G(a))&Ag =0

(12)R & [FIERIZ, (36)D ¢ (i =
DEEMRIEZAED Z LR TE D,

N), 84, 64, DB H IR

K s
Awu_% g(k)
(k+1) Q; K _
i I aC((x(k)) ai() ('_1"' ’N) (37
oa
1 g g |
ot | Lo 0y 0 4 e ®
A {msg'(l a )} A9, 4 {G(a(“)} A% (38),39)



F72, o, A, A IFRA DR S
0<g;<1 (i=1--,N), A<0, 4,50 (40)
NHBHOT, BN~BHX LV KXOFEHERENF LN D,
& = min{max {0, s}, 1} (1)
A — mindo [Li( ):|/i AY (42)
mS i=l
_ B
A" =min{0, G ® (43)
9 > G(a(k)) Ag
ZZiz
i
A(k) 0 (a(k))A (k)
k) _ 30%(” ’ (k) 44
S = W a (44)
aa_(k)

HEALREHED A LFRRIZ, GDRUTIT, REEEOLBIE O]
KERT, £z, A,A TR LR LEATHOF 2T v T ORMO
=7 THIAGI R 21T 9.

BB, P TIAT A C OBRFE o BT 5IREREUT

KAD LS ITRDBND,
ol(1-a p Kel
oC R L 6K _deiT (( a') )dei
oq; 6(1 oq; (45)
Ly (p(liai)wl K¢ )dei
4. fEHH
4.1 /\°3 A —BDEFE

BHEYEETIE, UTFORTA—ZOBRENLETH D,

1) (19)-(22),(42)-(44) D~ & AR B

2)  EEHABROZEEHEOHFIME (move limit) ¢

3) @E%ﬁ%%ﬁ?é%@ww7®@0 ABEIE-4

4) FREAE FH L WL — 7 08 v I LRk
ko, 2 ~5’%Y9&m?‘é7‘: 2, 4.2 HIZ7R 3B RE CHU FEER
7otz £, DE 2D B, IE, W LRI EROLBIEE
T 2HDTH D, 42 IR T T 4 V& V) U T ERROTZBIET
A LA R, move limit Z5% T 72 WGE1X B3 025 LN C&Y
RN OND Z ERbhote, 22T, BIL025ITREL, ¢
WL THMAELL E ZAR UHIETIE 0.1 Ol Th/ho ¥ =
VITAT VARG LN, E T, 22T =0.1IZEELE,
WIZ, 3)DREREZ THT 2 4MUl 0L — 7 Dk ) 3K LR
30EIFEE TR m o T4 T ADEPMFIE—EICRD, L L
Z DB CITRR R AR X 8)-(1 DD ME R HE AT 2 LTV
728, 225 move limit ¢ % %Y =¢®/1.1% (k=30,31,-)
ELTKRYIAZ N —F VA0 BIETERVIRTZ &L & Lz, 2, &
JERE DR E Z LARVAMOL—T1E, 100 BEIFRE TEEHIFIM
TIT 4725 (HFEICE L D), LaxLagnn, HEI
BRI A S AT v S TT /T4 7T DL, ZOHKIBNEIRIC
DETECT, HEFNPORESMNTLED, LENST, A, D
BT IR I

HBRL AR $I8ERDH D, €I T, AV

23

075 AT, Al
ENZEEE LT,
4.2 HEALHEHEIC & BB
BBEALHFHEC BT 57 4 V2 ) v T OB FEERTIZ0IZ 2 &
STERVEONT B A ", AIRERE LT, TAMMIMEIZRE LT
IR 2T o T2 4 BT A Y 8F XA MY v 7 EHREH D,
FP,MEOICELBIFENTWD K4IZRT X 9 72 MBB
30 OMODFEYT B A R ST IR R E A R L C 12 BT,
ﬁ@%%“ﬁ X, TOEETTI5X25 & Lz, REELOSIIMEIL
mg/N=05 (2FEkE 1 L LEHED50%) & L, 72k,
P~ R v 7 ATFHEIEAMEDO b 02T D,

. I
—

DEF D bR\ Y —fRATE

B9~ TETIE 100 A, A, (ZBIT 2 THIL S

X 4 MBB I

X510k Z40FY) U TOMRERT IO, EOFIEHBEED
HlFME G 2 2L S WG A ORERE R L T D, KT G 13k
R\ 31T 5 A A B, mITEOERICI T AR L R

~3(1-am) /N

3

(46)

Thb, £72, CIC 1L, T4 NE VU T ENFZHBEDEY =
VFIAT AR, G=0DRFADFEE 2T T4 T A EC,
LDOHTRLIELD TS, ok, RITEILV—RAT—1LD7 4
NE D TR ERT I, BEROLEWELZ 0.1 L L, £h
PIFOBERIZIBRNCWD, RInbbhd & 51, HAHIEHBEEE
ZHFILZ2WEAS (G=0) X, F=vh—FR— RIROBESA
NI, EZ2E82 0 FIEL0nEo%0 Ly, ZhicxtL
T, HIEBEROKIKMA 0.8 Ll EOBAIFIEFITIT-> XY Lzl
RGN, BB CHERERE 5252 ENTE D, iz,

HIFMED 0.8 LLETIE, FEH= 7T T v AMENRLIZEL 7
D BGEARED DTSN DD, HEEO T VI RER S, LI
DEM 2E L BERDHEAITIE, 20X RAMHEBIFHATE 5,
2B, K 50c) (6G=085) T, b)DfE (G=0.87) NEHIR
DIE, RPFECBORL TWa v tEx b5,

X 61X mg(=mg/N) % 0.3, 0.4, 0.5, 0.6 IZZ/LS WA ORE
Bt (&AR) 2R/ LTW5, 12721, EAHRBEREEOHKEG
3, RO T T AT AN, K LW LI LT
RES LB LAVRHATED TS, £72, KT, #HELKOL
TUVMEIE 03 &L, N TFTOERIIRVCND (FRMICITZ
OREDOLEWVEZFRETIIEEIV), bbb ki, &o

W2k LT H IR HNATEY, KR TRLE
TUANE ) TEREHTHDLZ ENbND, ok, EHIEE
BotFimx, 9, W2 LOBAEEZRAEL, Thnb 0.05~
0.1 F2J 72 CHIKTIUE, FHar 7oA T o A ilEk K& L
EFp e, LrbEERARMEIEOND,
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(@ G=0, G=0.73, Mm=0.50

(b) G=08, G=087, Mm=0.50, C/C,=1.02

(c) G=0.85 G=089, m=0.50, C/C,=1.08

(d G=090, G=090, M=050, C/C,=1.18

X5 MBB %Y O A (G # 2L S HA

(@ m =03, m=030, G=0.85 G=085 C/C,=1.05

(b) M =04, M=040, G=085 G=087, C/C,=1.08

(©) Mg=05, mM=050, G=085 G=089, C/C,=108

_q‘,";* dbh #j"’&

(d mg=06 m=0.60, G=08 G=089, C/C,=1.03

B 6 MBB LV D&M (Mg 22 (LI E25E)

4.3 FEERIZK BEHTHI
WIS, BEEICBIID 74 NVE Y T OMBERT, BEIEIC
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L DRI VD FRER & LT, B0 &4 20085
LTWAIEIREEICS & 3L 8 BimBEFHEZEEZRAT S 12,
Fiz, K777 A TIIRBBGIEA AL 225 K 5 ICHE 2
KOV & LT Element-by- Element {512 % & -5 < RijALELf $4% 4
Flik WEHNCWD, ZOFIETIE, @BEOAYaroAEY
256Mbyte NC, 50 JEZRRE E TOMPTAFRETH D 12, 2P
BELETCIE, ERBRSE LWGEE, ERAIE~ MY v 7 20K
FHEOMIEMN /e, HBAFEOFHESRBIEFFITR N,

£, 42HICR LI MBB XY OfIEE Y U o NEFE TN L
Tl AR, BEEAEEIET 75X25X1 L L, REBELOHIKIMIZ
m=05&tLTW5, M7IX, Z4NEY L TOMREERTIZD

, EAHIEBEEOHIME G 22 b ST BAORREERL T
D, 708, 3 WIMBEOMMHFRIEHRTH DD, ZITHE,
Open-GL ZAWTHERR LT/ T 74 v 7 XAV 7 MLV kiR E R
RLTWD, 2D L—Ar— )LDFRIZ LTV, 72,
BIELOLEWEIZ 03 2 LTW5S, bbbk r>7 ¥
Vo ZapidienEs (6=0) X, BWERFHIEICL2MEY
HELICHEEICT = v h—R— NROBESHNBND, LoL,
G 7%, 0.75 OHFA IR 5 Db) &, 0.8 DEFEILK 5 D(c), (d) & FE
LZAHRE SN TN D, Fio, REEL M IZTXTOEA Tl
FEIZ—FH LT D,

(a) G=0, G=0.61, M=0.50

(b) G=0.75 G=0.84, M=050, C/C,=1.04

(¢) G=08, G=0.88, mM=0.50, C/C,=1.21

X7 #EVEIC LD MBB I3 Y OB R

X 81X mg(=mg/N) % 0.3, 0.4, 0.5, 0.6 IZZ/LX WA O
Bt (&2AK) 2R LTW5, 12721, EAFBEBEEOHKEG
L, Ty —AR— FoMMIIITE A DHEICEREL TV D, £z,
i, BEHOLZWMEIX 03 &L, THLLFOERITFRNT
W5, RIZBWT, Mg=03DHET, G & C/C, DENKEL
o TWDHDIX, MEELNNSWVWHETIE, FoyI—FR—F
WOMEOEF THANS (R E L) MIPEE &) 5 70k F



HRNC AR B0, BAMIEDTF = v b —FR— FRW I W2
LIGERT S, MY, M6 OBERIHEDR RICILE T 5 &
REZEA\LDOBREDRTEDLN, 74 NE2 VU TOHEICLE
FEECRBNTHENR Y ICHMERMAANE DN D Z &N b2 D,

(@ m =03, m=030, G=09, G=0.89, C/C,=1.49

(b) m,=0.4, M=040, G=0.80, G=086 C/C,=1.10

Y AR 2

(¢) mM =05 m=050, G=075 G=084, C/C,=1.04

gil!irpiil”dllllhﬁ1lﬁc‘ﬁgliﬁ

(d m =06 m=0.60, G=0.75 G=0.84, C/C,=1.02

X8 FEEVEIC LD MBB 1TV O RN (Mg &2k SE72545)

44329 1)— T —2A D DEHB

BEMFIEE LT, 1227 V=7 =2 EBELLH
AT %, BREHERIER 9 IR T b0 L L, FFHEITMNESS
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CA-ESO {12 & 2t o (o AH Fesw b
TOPOLOGY OPTIMIZATION OF STRUCTURES
USING CA-ESO METHOD

3 Sy N A = A - | R
Daiji FUJII and Masatoshi MANABE

Recently, many heuristic methods for topology optimization of structures have been proposed. However, the heuristic method has not been adopted by
general-purpose software, because there are several problems in the computational efficiency and the reliability of the solutions. In this paper, a new
heuristic method using cellular automaton (CA) and evolutionary structural optimization (ESO) is proposed for implementing to general-purpose software.
In this method, the design domain is divided in same FEM elements (cells), and in the optimization process, the elements are deleted by extended ESO
method, and the elements are generated by CA method. The performance of the present method is clarified by comparing with SIMP (Solid Isotropic
Material with Penalization) method under the same FEM model and the same conditions. Several numerical examples are shown in order to

demonstrate the computational efficiency and the reliability of the present method.

Keywords:  Topology optimization, Heuristic method, CA method, ESO method, SIMP method, Structural Morphogenesis
frkffci(l, FERATFE CAYE ESOUE SIMP ik HEEIEAIAE

1. [FC®IC Bk Ch D, ZOBERE LT, #EDE, <IX-ZREOHS
BEFIEARTET T S WO R OB RO AR £ TRk T & 241 B, BoNLMOEEN - ZREWRENEL LD, 22T, Kif
TR AL TR, B dh DR Bk o S E O TR BB AN A 7 B iR IA FEClE, WA Y 7 b0 FEELREGIC, FEERELMOGEENE - &
SIEHAPEATWD. ZO X9 G BEFIEE, K& EHE TEME % FA 2 7o B 7= 72 5 RN A BB L FIE A 1RET D
HHEICS L O HELFERMFEICL L O HED 2BIIHES L ARFESCTIRET D FIEE, CA k& HEIE ESO k0 ZhE o Fl A
L. BEERHEIEICD O HIEE LTE, BN I 7 aiEofl EAE DT SO T, LLT CA-ESO kLS. RFETIE, HEHR
DR EEZFEFEHE Lk 3 2 ¥ E(LE (Homogenization BREIZOWTITFEZN RO BVEE ESO kD Vv — VA B L, 5
Design Method) "7, BEFROMEMEEE 4 %Gt A% & L CRaEkT 2 ERRIZOWTIHRERZ OIS N L - TEDEHRE 2K T 5 CA ik
SIMP (Solid Isotropic Material with Penalization) ¥ ¥, LUl ¥ v DN—IV BT 5. KFEIL, CAEICHE L TEHEZENRL
NS FALE 2 WV TRl T 5 Lokt w BB (Level Set F7c, PEIE ESO IBICHE L TSN EH#EZ W Rnizd, Y7 by
Method) V772 ERNREFMTH 2. —F, BRMOFIEICEH L3k T ~OEENES LD, SO, RPECIREREMRNT 7 02 b
LTI, ARERMITZ MK L, BHISEORNERZREL T L7272, FERFHEIEIC & & O < Fik & O MEREIMREE S i
< ESO (Evolutionary Structural Optimization) % ®& Z U CEFE A4 I, AT L WIS IBREN RS L e .
Feb— b Ze (0 L7285 18] ESO i 21936 X OMER ESO ik 'Y, AR TIL, CA-ESO RO FHHNRMOFE ML BFET 5720
FOERN - BREZXNGER & ZORBIERE OISR L - TITH BORFHETEIZ S &S HEE afREZRIR Y [F US4k T T 21T 5
CA (Cellular Automaton) £ 79, JEIIREEIC L 0 BHRAEEO 7V HERHENEIC L &S FEELTUL, EHEO— AR L7 4V
=TT, TN—TTEDERK  REZEENT AT ) XL TIT 2 R RO SIMP ik VR WD, Fiz, REIIRT

9 GA (Genetic Algorithm) ¥ 797 ERREHTH 5. CA-ESO ¥ETIL, Zo SIMP iEL &MY 50, FUARE
ZOW, BERHENEIC L E O FIEIL LAY 7 Mob EESR, FERAW, Ay vafEBELRE—-ET 5. £z, EEOBRICE
T B OS2 CICIRK R STV S ZHICH LT, WCHREFREDOY A v a3 fThT, BREERIC OV TIMEEE

FRFIECS O HET, —RICFEHEVER L THROON % 0 IZIEVMEIZT D 2 & TR ZAT O .
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MUF, KX 28T, HEICHWD 2R a x4 L L
SIMP {EIZ K AR (b FIE4 R 9. 3ETIEL, CA-ESOEIZL S
AR (L TR A R T, 4 BT, CA-ESO {E & SIMP ¥ D fiffrid
BT 5 2 & C, CA-ESO MEDMEREEH 5 ICT 5. 5T,
PbkoEEdrik~5s.

2. SIMP kI & % 2 RTtEED R 2
2&%%&(@%%%)@mﬁ%ﬁmﬁ,4%ﬁ74yﬂﬁxb
v BHREANS. L, VYT —ayx o a2 dInEIR
ﬁﬁ% YEEZRND.
SIMP ¥ (FER) ik, EFROMIMEIZEIT 2 ir¥h EREE L
EFL, i FHEROEWE~ Y2

ki:(pi)p.k:) 0<p, =1 (1)

IS, p b KL B EROEREE &M%wﬁ e~ R U o
AxFL, pHEREELZRL0EF LICEST L7200~
ER|BHTHY, ZZTHp=2LLTN5.
SIMP 5 TUL, ()ROERBE p, it B e LT, WA DR
LR A A7 <
min  f,,(p)=C(p)=d'Kd

subject to  m( Z p, <im 2)
p={ppﬁ5,-,aw~,pm} 0<p<l, (i=1--,N)
22T, ClEaryTIAT A, A, K IRESZEM Y bV LAk
Mt~ R U 2 A, m IZRERE, mITREEOHME, N ITERR
BThb.

SCHR 200 2RI HIETIE, 08 1 OBOBEE (FL—27r—L)

F =y H—FR— RIROBESHZS TeDITMBO 7 4 V2 ) T
FEEAVTWD. ZoRE, QXNo BRI £, TR0 &5
BEXBZIOND.

Ty (9)=C(p)+w-C°[1/G(p)] )

T2, wiTERME, COEH (BWEEE) oar oA TV
2, G(p) TR TERINLIMETHD.

:Z::g[p,-pﬁ l—p,-)(l—p,)]/iZ:jn,-

2L, n i BHEREDEIFETHIEFEORTHL. HRDG
IX0<G <1 OFPHT, VL —Ar—LRF = v h—R— NIROBE
DAANPEZ L LN NS e 5B TH 5.

HrB% A Q)X & L)X D FoLEIL, CONLIN {E% v
I ENE TR PN D . ZOWE, REEREERE T 5H NG
BHENRBNREDT 7= 703550, FELIEXM 200455
I E iz,

“

3. CA-ESO EIC & B fufimidEit

2 IR L FIEICH LT, CA-ESO 1T, HAHMREROISS
IR L L CEBORE - ARA#IE L, FEAIZ BRYONHE% K
5. ZOHE, SIMP EFOHBHEE & B LT, BEMYTO
VR, RERTAES CR VBB b EICEA CE 5 &0
IFERD B,
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ZITHE, 2EIDRLEFIEL RIS EGHEEEDEDLTD, (1)

X EFEROEREEZRAER LT D, 2 LT, RELOBRETY
Ay a3 AT, FEER (EITERER) OBEL 1, BRE

BEROBEE L 0ICTVMEE T 52 LI > TEMOMHEZRD S,
B, APETE, BRIEHDBRE - EROEE LR 5120, W
NS R0 T ETUSHICTEENE LRV L ) ICREEROERE
21100 L, (DRD pliE1 & LTEHETS.

3.1 ESOEICKDEZRDKRE

CA-ESO #:ClE, BHEEREICE L TIE, $53E ESO ko L— L& H
W5, PEE ESO % DT, A ZEFE D Von Mises it /1

= \/O}Z +o,} +(0'X —O'V)Z +67,° )

FERBEICHET2IEEE L, 0B ASMKEROMIE X, SRR
BLEHBRESND (K158,

Xp=0,-1¢ (6)
2L, o, & ¢ IXFAFESR D Von Mises i 71O E & R 724 T
D, WArLHEIND.

;_ZLM

22T, o™i HEEED Von Mises I5 ), N, IZFEGFERR (6
FE110° USNOEEE) Thb. £72, (ORD n I IEEOKRERL
HET 2 HHER TH S,

¥, (ORD X, X, TSI OREEREONEE TR & 72
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O, SN FEEMEICHF SN TS D E@mWBIEE 2. £z, il
M g DR E > & ERDER
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X, UFD
WA PR E

Von Mises I 7153 4fi FRIREH ONMH
K1 ESOEIC L BHEHRRE
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1
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FCTCIE, i FHEFRO Neumann 4% (D EILFTLER) I
XL T, WO — IV ERAT 5.
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EEL, o BEFEROISHEHE TR o, b REICHES
N5, Eh, n X@ORTERSNIDERETLERK (A~
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i slgELE HIHEUT
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(@) CAEIZHWT, RIPEHMENIE(LET, AT v 7Bi#EALTH
BWRAERMTONRVEENS D720, B m »SHKIME m
DTFICR2BE, 27 v 7T 1% I EHE o™ %
Wb EHD. 72, B ENHKIE A X TR Tt R L,
B, HRELL TS/ 5 & Rk B2 N2 5.

b) ORD 23 1 FRFCHESNZHE, 27 v 7T BREATHLESR
BREENZ IR LA2WVEAERH 5720, n<l DFE, K
IZ CAIRIZ X B2 ERAERBITONIHE Ty=1I1TRET.

() CAMELESOME 1 AT v /T EICHVIRL, I LN
GRS L2, ZOX D@ IRLNE UGS, iRk
15 ETOIAATHEMIES. 28, 1 A7 vy 7T DKV
UAMEER SN D Lz 0.1 DTy 2D S5

P EOHBEIZBWC, FEbicB+T2 AhT —4 1%, R LitE

E¥ (A7 > 780, REEHKWE m/m®  (m® (IO EBE %G

NBEROBEETRT 1 & LEBEOREE), OXD AT

HDH. ZOEIE, AFEOHET VY XAFEFICHETH D

720, 7a 77 A AOERELBODTCES THD.

4. fEHHl

RETIE, 2FITR LIBIEEEEICD &5< SIMP k& 3EIC
R LUTEFERMIFIRICE & 3< CA-ESO HEIZ & A R4tk L, CA-ESO
EORDEZBRFET 5.

4.1 BERMTLARAT B

F7, BEOMICHB#HE I VD ERB A FIEICH LT,
CA-ESO £ & SIMP DD L 21T

4 1Z3CHER 2D)ICHY BT STV D R E SRR D D 2 W EEA
HIZRBIECTH 5. BHESEIRIT 16X 16, ¥ V7 {REIE 200GPa, &
TV UHIE 03, BUEIZ10mm THD. K5 1%, CA-ESO i%E& SIMP
EOROEEN 2R LTS, 7272 L, REBERIFIL mfm’ =04 &
LTEx, A7 v 7# (9 R LHERIE) 13, CA-ESO % 30, SIMP
540 & LTW5. £72, CA-ESOIED(6)FD 11X 1.0, SIMP {ED(3)
KOwiL 0 ELTWD. &2, P C/CZar T T4 7 v A
T, COILSIMP EDOQ)RITREN D0 (BSEEE) oav 774
TUATHD.

73, LLF OfENHI T, CA-ESOIEDED =TI T A C
%, SIMP{: & G:ba bW bW, BREEEDOHEE S 1/10°L LT
AELEL TS, £/, SIMP HEOEROIMIEE T m/m" &L,
CA-ESOVEDBERPMBEELIL 1 & LTV 5.

L 1000N

7 A

1000mm

1000N
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4 fEHTHI 1
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KXY, SIMP & CILEREENZRITIT 0/ 1T/ 5202, 7
U —FE DO BEFEERSY T CA-ESO k& OEWR R LN L, Mg Xk
IR WBESTICR > TWAZ ENbnD.

[TT

CA-ESO SIMP
m/m® =0.406, C/C°=0.344  m/m’=0.400, C/C°=0.341

5 f#brel 1 ofig (im/m°=04)

wIZ, 6 13k 14)ICEY BN TWaBIEThH L. ERS
EH L 30 X20, ¥ ZEREIE 98GPa , AR T Y L HIE 0.3, HRIE 1L Imm
ThD. K 71%, CA-ESO L SIMP {EDMRODHE 554 %o LT
L. 2P, REERIKIX /M =04 L L, A7 v 7L, CA-ESO
%30, SIMP{#%40 & L7=. %72, CA-ESO¥® 1% 1.0, SIMP {ED
wiZ 1.0 £ LTWA. BRIV, ZIFFEMHECTEE LRI G L
TWHZ ENbnd.

7

Load =6.86N

(for each arrow)

40mm

|
! 60mm |
6 AT 2

SIMP
m/m® =0.400, C/C°=0.343

T BB 2 OfE (m/m=0.4)

m/m®=0397, C/C’=0.340

/i 8 1%, K 16Ty EIF b TWARIETH L. HHR
SYERAT 50X25, ¥ ZREUT100GPa, A7 Y kI 0.3, REIE
10mm TH 2. X9 %, CA-ESO & SIMP {EDFED L /3 % 7
LTW5A. 7200, REEFMIE /M =03 L L, A7 v 7T,
CA-ESO # 40, SIMP £ 40 & L7-. £72, CA-ESO D 13 0.6,
SIMP 5D wid 1.0 & LTV 5. LY, REIETH, EELRIR
DIEPEFELND Z ERbhrd. 72k, ZORETIE, % 07 Uk
CLTBE, m/m® 203 12725 F TONEMNELS, BLNTMHED
AV TIAT VAL EPoT T =06 & LT-.
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1000mm

500mm

!

8 fEHTHI 3

1000N

m/m®=0304, C/C*=0.179
9 fiRbrel 3 ofE (ai/m®=03)

m/m® =0.300, C/C°=0.181

4.2 EBA v alzxd BEHH

WIZ, FEMRA v = OBIEICHT B IROHE AT .

10 1, SCER160)FIZRY EF o TV AHIETHS. ERHH
T 160X 100, ¥ > 742 %1% 207GPa , AR 7V > Held 0.3, HE1E Imm
ThbH. X 11,12 1%, CA-ESO L& SIMP{EDF AT v 7RI 55
ERARDOEER LTS, 2L, B ERIT m/m° =03 L L,
CA-ESO#ED 1309, SIMPED wix 1.0 & L T4,

7

100mm
3000N

—_

160mm I

10 fiR#r {3 4




20 step 25 step 30 step
35 step 40 step

12 SIMPEIZBUT 26 AT v 7 DEE SR

pogd

CA-ESO (17=09) m/m =0.15 SIMP  (w=1.5)
mfm® =0.148, c/c0 =0.123 mfm" =0.150, c/c0 0.134
CA-ESO (7=09) m/m =03 SIMP  (w=1.0)
mfm®=0.305, C/C°=0.225 mfm" = 0.300, c/c° 0.267
CA-ESO =1 0 m/m =0.45 SIMP w 0. 5
m/m® =0.459 c/c“ =0.351 m/m® =0.450, C/C®=0.363
CA-ESO (7=1.0) m/m SIMP  (w=1.0)

mfm° =0.609, C/c° =0.486 m/m =0.600, C/C"=0.491
13 fEHT 6 4 OfiF

X 11, 12 £V, CA-ESO ¥ETIE, HIHIBME DGR & 7o
THNLDIZx LT, SIMP ¥ETikm (k) Lo TndZ en
brd. LhL, BEiicix, Bikixed Be 2 BRNAH OR35S
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CA-ESO #E & K7 VA REZRF = V72 3 koot o Wi AH i1k
TOPOLOGY OPTIMIZATION OF 3D STRUCTURES
USING CA-ESO METHOD AND VOXEL FINITE ELEMENT METHOD

1 /NI A 1 IS A =
Daiji FUJII, Ryo OKABE and Masatoshi MANABE

Recently, topology optimization of three dimensional (3D) structures is paid attention again by the development of manufacturing technology using 3D
printer.  Therefore, in this paper, an efficient topology optimization method for 3D structures is proposed.  In the proposed method, CA-ESO method is
used for the topology optimization and the voxel finite element method is used for the stress analysis of 3D structures.  In this method, the design domain
is divided in same rectangular parallelepiped elements (voxels), and in the optimization process, elements with low stress are deleted by ESO
(Evolutionary Structural Optimization) method, and peripheral elements of the element with high stress are generated by CA (Cellular Automaton)

method.  Also, in the voxel finite element method, the stress assumed element, CG solver, and element by element method are used. ~ Several numerical

examples are shown in order to demonstrate the effectiveness of the present method for 3D structures.

Keywords:  Topology optimization, CA-ESO method, Voxel finite element method, Three dimensional structure, Structural Morphogenesis
firfefau(l, CA-ESO ., K7 B/ VEIRESRNE, 3 Wochs, Mhsiegt:
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TOPOLOGY OPTIMIZATION OF 3D STRUCTURES
USING CA-ESO METHOD AND VOXEL FINITE ELEMENT METHOD

Daiji FUJIT*, Ryo OKABE™* and Masatoshi MANABE***

* Prof., Faculty of Engineering, Kinki University, Dr. Eng.
** Graduate Student, Graduate School, Kinki University
*** Staff Member, Kimura Architects and Engineers Office, M. Eng.

Recently, topology optimization of three dimensional (3D) structures is paid attention again by the development of manufacturing technology using 3D
printer.  Therefore, in this paper, an efficient topology optimization method for 3D structures is proposed.

In the proposed method, CA-ESO method is used for the topology optimization and the voxel finite element method is used for the stress analysis of 3D
structures.  In this method, the design domain is divided in same rectangular parallelepiped elements (voxels) (Fig.1), and in the optimization process,
elements with low stress are deleted by ESO (Evolutionary Structural Optimization) method, and peripheral elements of the element with high stress are
generated by CA (Cellular Automaton) method (Fig.2). Also, in the voxel finite element method, the stress assumed element, CG solver, and element by
element method are used. ~ Several numerical examples are shown in order to demonstrate the effectiveness of the present method for 3D structures.

The results of the analysis of the numerical examples (Fig.3~Fig.14) show that because the total number of elements are reduced in the optimization
process, the computational efficiency of the proposed method (CA-ESO) is better than SIMP method (Table 1).  Also, because the iteration method (CG
solver) is used for solving the simultaneous equations, the optimum solutions can be obtained stably. Furthermore, because the element by element
method is used for CG solver, huge memory of computer for the global stiffhess equation can be saved.

The comparison of CA-ESO method and SIMP method (Fig.6, Fig.10, Fig.14) show that the compliances of the optimum solutions of CA-ESO
method are lower than that of SIMP method in all numerical examples. ~ Also, the topologies of CA-ESO method are more natural than that of SIMP
method. Therefore, it can be seen that CA-ESO method is more useful for the architectural design than SIMP method.

(20144F 2 H10H 5fs 2L, 20144E 6 H 2 HERMPLE)
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TOPOLOGY OPTIMIZATION OF 3D STRUCTURES
USING IMPROVED ESO METHOD

BN CEECET, R R E AT R K T
Yohei NIITUCHI, Shinya MATSUMOTO and Daiji FUJII

In this paper, an improved ESO (Evolutionary Structural Optimization) method for the topology optimization of 3D structures is proposed. In the
proposed method, the idea of BESO method and the idea of extended ESO method are combined.  In this method, the design domain is divided in same
eight-node brick elements (voxels), and in the optimization process, for solid element, it will be removed if the strain energy is less than the threshold value.
This threshold value is obtained from the equation proposed in extended ESO.  This equation consists of the mean value of sensitivity number and the
average deviation of sensitivity number with a control parameter. In the proposed method, the evolutionary volume ratio (reduction ratio) is given as
input data, and this control parameter is determined automatically in the program so as to satisfy the given reduction ratio approximately. Several
numerical examples are shown in order to demonstrate the effectiveness of the proposed method for 3D structures.

Keywords: Topology optimization, ESO method, Voxel finite element method, Three dimensional structure, Computational Morphogenesis
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TOPOLOGY OPTIMIZATION OF 3D STRUCTURES
USING IMPROVED ESO METHOD

Yohei NIIUCHI *, Shinya MATSUMOTO ** and Daiji FUJIT***

* Grad. Stud., Graduate School of Systems Engineering, Kinki University
** Assoc. Prof, Faculty of Engineering, Kinki University, Dr.Eng.
*** Prof, Faculty of Engineering, Kinki University, Dr.Eng.

In this paper, an improved ESO (Evolutionary Structural Optimization) method for the topology optimization of 3D structures is proposed.
In the proposed method, the idea of BESO method 67 and the idea of extended ESO method 89 are combined. In this method, the design
domain is divided in same eight-node brick elements (voxels) ¥, and in the optimization process, for solid element, it will be removed if the
strain energy is less than the threshold value. This threshold value is obtained from the equation proposed in extended ESO 89. This
equation consists of the mean value of sensitivity number and the average deviation of sensitivity number with a control parameter. In the
proposed method, the evolutionary volume ratio (reduction ratio) is given as input data, and this control parameter is determined automatically
in the program so as to satisfy the given reduction ratio approximately.

Three numerical examples have been shown in order to demonstrate the effectiveness of the proposed method for 3D structures. It was
found from the results that the proposed method had the following advantages.

(1)  The parameters of optimization process are less than BESO, CA-ESO, and SIMP method. There are only two parameters, that is the
evolutionary volume ratio (reduction ratio) and the scale parameter 7, in the filter scheme. Therefore, it is not necessary to do the
preliminary analysis for setting the parameters. In the three examples shown in this paper, the evolutionary volume ratio A is all 0.1,

and the scale parameter r,, isall 2/, (I, :element’slength of X direction) .

(2)  The number of steps in the optimization process is very small compared with BESO, CA-ESO and SIMP method. The number of steps
is 16 in example 1 (refer to Fig.5), 22 in example 2 (refer to Fig.9), and 20 in example 3 (refer to Fig.13). Therefore, the computational
efficiency is much better than the other methods.

(3  Simple designs can be obtained by the proposed method. The topologies and compliance ratios by the proposed method are similar to
ones obtained by SIMP and CA-ESO method. Please refer to Fig.4 and Fig.6 for example 1, refer to Fig.8 and Fig.10 for example 2, and
refer to Fig.12 and Fig.14 for example 3.

It can be seen that though the proposed method is one directional method which does not have additional process of elements, the resultant

topologies have sufficient performance to give a hint to the architectural design.

(2015 4 10 7 8 HIsAR=2 B, 2016 4 2 7 17 HIRAIUE)
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COMPUTATIONAL MORPHOGENESIS OF BUILDING STRUCTURES
USING IESO METHOD

Natural shape of buildings which resist vertical and seismic load

AR PR R E WYYk R oK
Yohei NITUCHI, Shinya MATSUMOTO and Daiji FUJII

Biomimetic technology (biomimetics) has recently attracted a great deal of attention in engineering field. ~Also, in architecture field, as represented by
shell structure, biomimetics has been used for a long time. In recent years, the buildings which floors are supported by the structure such as trees or
seaweeds have been built (Tod's Omotesando Building, Sendai Mediatheque).  On the other hand, it is conceivable that the topology optimization can be
used for biomimetics in architecture field, because it has been observed that the shape obtained by the topology optimization is relatively close to the
natural form. Therefore, in this paper, several numerical examples of computational morphogenesis of building structures using IESO (Improved
Evolutionary Structural Optimization) method are shown in order to verify the application possibility of the proposed method to the biomimetics.

Keywords : Topology optimization, ESO method, Voxel finite element method, Computational Morphogenesis, Biomimetics
NrFRfGE(L, ESOL, A7 BRI, WEVREALE, N A IAT 47 A
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COMPUTATIONAL MORPHOGENESIS OF BUILDING STRUCTURES
USING IESO METHOD

Natural shape of buildings which resist vertical and seismic load
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*l Grad. Stud., Graduate School of Systems Engineering, Kindai University
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Biomimetic technology (biomimetics) has recently attracted a great deal of attention in engineering field. Also, in architecture field, as
represented by shell structure, biomimetics has been used for a long time. In recent years, the buildings which floors are supported by the
structure such as trees or seaweeds have been built (Tod's Omotesando Building, Sendai Mediatheque). On the other hand, it is conceivable
that the topology optimization can be used for biomimetics in architecture field, because it has been observed that the shape obtained by the
topology optimization is relatively close to the natural form. Therefore, in this paper, several numerical examples of computational
morphogenesis of building structures using IESO (Improved Evolutionary Structural Optimization) method? are shown in order to verify the
application possibility of the proposed method to the biomimetics.

In IESO method, the design domain is divided in same eight-node brick elements (voxels), and in the optimization process, for solid element,
it will be removed if the sensitivity number'? is less than the threshold value. This threshold value is obtained from the equation proposed
in extended ESO21®. This equation consists of the mean value of sensitivity number and the average deviation of sensitivity number with a
control parameter. In the proposed method, the evolutionary volume ratio (reduction ratio) is given as an input data, and this control
parameter is determined automatically in the program so as to satisfy the given reduction ratio approximately. Furthermore, in this paper,
finishing algorithm is added to IESO. In this algorithm, first, the converged solution obtained by IESO is input, and then, the elements
about 5% of the total elements of design domain are added according to the rule of CA method. Specifically, in order from the element which
the sensitivity number is the greatest, the elements of the von Neumann neighborhood are added, and if the number of additional elements is
greater than 5% of the total elements of design domain, this program is ended. Finally, the calculation of IESO is executed again with the
smaller reduction ratio than the initial analysis (about 1/5~1/10).

Several numerical examples have been shown in order to demonstrate the effectiveness of the proposed method, and the effectiveness for
the application to the biomimetics. By the numerical example which is used for design competition for a new train station for Florence
(Fig.3), it is shown that natural and simple topology can be obtained by IESO (Fig.4), and it is also shown that if the finishing algorithm is
added to IESO, the compliance of the solution obtained by IESO is less than CA-ESO (Fig.5~8). (It was shown in the previous paper? that
the compliance of the solution obtained by SIMP is greater than CA-ESO.) In the next numerical examples, the structural morphologies
which support the single or multi flat slab from various base support points is generated using IESO (Fig.9~18). From these examples, it is
shown that the structural morphologies like natural trees can be generated by IESO.

It is concluded from these examples that IESO is one method which can be used for applying biomimetics to the building design.

(2016 4F: 6 7 8 HIEAR-ZHE, 2016 4 10 H 17 HERA PuE)
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COMPUTATIONAL MORPHOGENESIS OF BUILDING STRUCTURES
USING IESO METHOD

Application to facade design
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Mizuki MARUYAMA, Shinya MATSUMOTO and Daiji FUJII

In this paper, we focus on fagade design of buildings used prefabricated walls, and we propose a method to design the prefabricated wall using topology

optimization method. In this method, artificial design elements are added to the topology optimization method. In this paper, 2-axis symmetry and

continuous pattern are adopted as the artificial design elements. Improved ESO (IESO) method is used for the topology optimization method. IESO
method is improvement of initial ESO method, and in this method, benefits of BESO, Extended ESO, and CA-ESO methods are combined. In this

paper, several numerical examples of computational morphogenesis of prefabricated walls are shown in order to verify the application possibility of the

proposed method to the fagade design of buildings used prefabricated walls.

Keywords : Topology optimization, ESO method, Computational Morphogenesis, Prefabrication, Fagade design
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Recently, buildings or its components are starting to be constructed by 3D printer?. In the near future, if such
technology progress, buildings with various forms will be constructed. On the other hand, topology optimization method
(software) is becoming widespread as a method to create a structural form with mechanical rationality. Also, topology
optimization method has high compatibility with digital fabrication technology, and this method is adaptive for developing
new form of buildings or its components?.

In this paper, we focus on fagade design of buildings used prefabricated walls, and we propose a method to design the
prefabricated wall using topology optimization method. In this method, artificial design elements are added to the
topology optimization method. In this paper, 2-axis symmetry and continuous pattern conditions are adopted as the
artificial design elements. IESO (Improved Evolutionary Structural Optimization) method23 is used for the topology
optimization method. IESO method is improvement of initial ESO method?, and in this method, benefits of BESO®,
Extended ESO?, and CA-ESO® methods are combined.

In section 2, the outline of IESO method is shown. In this method, the design domain is divided in same eight-node
brick elements (voxels), and in the optimization process, for solid element, it will be removed if the sensitivity number is less
than the threshold value. This threshold value is obtained from the equation which consists of the mean value of
sensitivity number and the average deviation of sensitivity number with a control parameter. In this method, the
evolutionary volume ratio (reduction ratio) is given as an input data, and this control parameter is determined
automatically in the program so as to satisfy the given reduction ratio approximately. Furthermore, in this method,
finishing algorithm is added. In this algorithm, first, the converged solution obtained by IESO is input, and then, the
elements about 5% of the total elements of design domain are added according to the rule of CA method. And the
calculation of IESO is executed again with the smaller reduction ratio than the initial analysis (about 1/5~1/10).

In section 3, the methods for adding the artificial design elements (2-axis symmetry and continuous pattern conditions)
are shown. Also, the finishing algorithm is improved. In the new algorithm, if the sensitivity numbers of elements are
greater than the average, the elements of the von Neumann neighborhood are added. This finishing algorithm is repeated
until a clear solution is obtained.

In section 4, the numerical examples of computational morphogenesis of prefabricated wall are shown in order to verify
the application possibility of the proposed method to the fagade design of buildings used prefabricated walls. Fig.5, 6 show
the results of analysis with 2-axis symmetry condition. Fig.7, 8 show the results of analysis with 4-continuous pattern
condition. Fig.9, 10 show the results of analysis with 2-continuous pattern condition. Fig.11~16 show the facade design
image of buildings using the results obtained Fig.5~10.

It is concluded from these numerical examples as follows.

(1) In the voxel finite element method, it is easy to give the 2-axis symmetry condition or the continuous pattern
condition, because the arrangement of the elements (voxels) is uniform.

(2) The clear and simple solutions can be obtained by application of the improved finishing algorithm.

(3) The solutions with more robust form can be obtained by addition of the 2-axis symmetry condition or the
continuous pattern condition.

(4) Facade designs created from the solutions are not uncomfortable even if these are used for apartment houses in

urban areas.

(2017 4 2 H 10 HEAS=23, 2017 455 7 26 HIRMILE)
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COMPUTATIONAL MORPHOGENESIS OF CONTINUUM SHELL STRUCTURES
USING IESO METHOD

B /A=A 1 R /A NI R (R 1 S N
Koichi KAMIMURA, Masatoshi MANABE, Shinya MATSUMOTO
and Daiji FUJII

In this paper, a simple method to find an optimal shell structure is proposed. In this method, a rectangular fixed design domain with
given boundary conditions and body forces is modeled by voxel mesh, and strain energies of elements (voxels) are obtained by voxel
finite element method. Next, elements with small strain energy are gradually removed by the Improved Evolutionary Structural
Optimization (IESO) method. Finally, we can obtain a shell structure that shape, thickness and topology are optimized. In this

paper, several numerical examples will be shown in order to verify the effectiveness of the proposed method.

Keywords : Topology optimization, ESO method, Computational Morphogenesis, Continuum shell structure, Voxel finite element method
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Fig.16 Axial forces acting on catenaries in Fig.15
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Fig.17 Optimal configuration in Case 7
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Case 7 Case 8
Fig.21 Cross sections of results and corresponding catenaries
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COMPUTATIONAL MORPHOGENESIS OF CONTINUUM SHELL STRUCTURES
USING IESO METHOD

Koichi KAMIMURA*', Masatoshi MANABE **, Shinya MATSUMOTO **
and Daiji FUJIT**

*! Grad. Student, Graduate School of Systems Engineering, Kindai Univ.
*? Staff member, Kimura Architects and Engineers Office, M.Eng.
*3 Assoc. Prof, Faculty of Engineering, Kindai Univ., Dr.Eng.
** Prof, Faculty of Engineering, Kindai Univ., Dr.Eng.

The appearance of a concrete shell structure has developed the construction of free curved shell structures as many attractive architectures.
However, in design of such continuum shell structures, it is difficult to find an optimal structure analytically. Because, in the optimal analysis,
shape, thickness and topology of shell structure become design variables simultaneously. Therefore, in this paper, a simple method to find an
optimal shell structure is proposed. In this method, a rectangular fixed design domain with given boundary conditions and body forces is
modeled by voxel mesh, and strain energies of elements (voxels) are obtained by voxel finite element method. Next, elements with small strain
energy are gradually removed by the Improved ESO (IESO) method. Finally, we can obtain a shell structure that shape, thickness and topology
are optimized. In this paper, several numerical examples will be shown in order to verify the effectiveness of the proposed method.

In the IESO method, the fixed design domain is divided in same eight-node rectangular elements (voxels), and in the optimization process, for
solid element, it will be removed if the sensitivity number is less than the threshold value. This threshold value is obtained from the equation
proposed in the extended ESO method 2.  This equation consists of the mean value of sensitivity number and the average deviation of sensitivity
number with a control parameter. In the proposed method, the evolutionary volume ratio (reduction ratio) is given as an input data, and this
control parameter is determined automatically in the program to satisfy the given reduction ratio approximately.

In section 4, several numerical examples are shown to demonstrate the effectiveness of the proposed method. A basic numerical example
shows that IESO can obtain a natural and simple topology. In addition, we analyze the case of giving vertical body force (gravity), analyze the
case of giving the vertical gravity and vertical physical strength of 0.2 times the vertical weight in the vertical direction, and conduct the
morphological creation corresponding to the seismic force. In next numerical examples, a cylindrical shell is created due to the setting of
supported areas as parallel lines, and a spherical shell is created due to the setting of supported area as a circle. Therefore, various optimal
shell structures can be generated by the IESO method. Moreover, it is shown that the complicated structure is created in application example.

From these examples, it is concluded that the IESO method is a method that can be used to create a shell structure.

(2017 4 8 1 8 HJsAa=2 3L, 2017 48 11 ] 21 HIRHE)
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Topology optimization of frame structure using the ground structure approach
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Daiji FUJII, Shinya MATSUMOTO, Y oshinobu FUJITANI, Noboru KIKUCHI

In this paper, a topology optimization method of frame structure using the ground structure approach is shown.

In this method, the finite element with the spring for bending in both edges, is used. By using this element, it is

possible to analyze rigid frame, truss, and semi-rigid frame.

In the ground structure approach for topology

design, the problem which minimizes the compliance (maximizes the stiffness) for a given total mass of the

structure is solved.

In this paper, the SLP method with move limit is used to solve this optimization problem,

and the method for removing the members which have relatively small cross section from the optimum solution is

shown.

The effectiveness of this method is demonstrated by some numerical examples.

Keywords : ground structure approach, topology optimization, finite element method, frame

structure, SLP method
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TOPOLOGY OPTIMIZATION OF FRAME STRUCTURES
USING CONLIN OPTIMIZER

i 30 Sl N A NI e Nl 2 O ==l
Daiji FUJII, Katsuyuki SUZUKI and Hideowmi OHTSUBO

The Convex Linearization method (CONLIN), that is a dual optimizer based on the convex approximation concepts, is often used to solve the

structural optimization problem, recently. The CONLIN optimizer has many benefits, for example, the handling of constraint conditions is easy as

well as the SLP method, and the performance of convergence is excellent as well as the optimality criteria method (OC). In this paper, the

CONLIN optimizer is applied to the topology optimization problem of frame structures in order to investigate the performance of this optimizer in

the topology optimization analysis. The ground structure method is used to obtain the optimum topology of frame structures. The characteristics
of the CONLIN optimizer are clarified by comparing with the SLP method and OC method. Several examples are shown to demonstrate the

effectiveness of the CONLIN optimizer for the topology optimization analysis.

Keywords: CONLIN, Dual method, Topology optimization, Ground structure method, Optimality criteria method, SLP
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"T Y RANT I F AP & B RGO RERIA
COMPUTATIONAL MORPHOGENESIS OF BUILDING STRUCTURE
USING GROUND STRUCTURE APPROACH
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Daiji FUJII, Masatoshi MANABE and Toyofumi TAKADA

In this paper, a ground structure approach for computational morphogenesis of building structure is shown. In this method, it is difficult to obtain

exact solutions by general non-linear programming methods when the members of ground structure increase.

In this paper, some examples that the

solution dose not converge to exact solution are shown, and a method for solving this problem is proposed. In the proposed method, SLP or

CONLIN method is used as solver of the optimization problem. ~Several numerical examples are presented to demonstrate the effectiveness of the

proposed method.  Also, it is shown that this method can be used for computational morphogenesis of building structure.

Keywords-

Computational Morphogenesis, Topology optimization, Ground structure approach, SLP method, CONLIN method
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TOPOLOGY OPTIMIZATION OF FRAME STRUCTURES
USING ESO METHOD AND GROUND STRUCTURE METHOD

[IEVE S R A S I A I VNG A
Kenji KOSAKA, Shinya MATSUMOTO and Daiji FUJII

In this paper, a simple method for topology optimization of frame structures is proposed. In this method, ESO (Evolutionary Structural Optimization)
method is applied to ground structure method.  An exact optimal solution may not be obtained by ESO method because it is a heuristic method.
However, the approximate solution useful for structural design can be obtained by this method. In the proposed method, the ground structure is
generated by connecting all nodes by beam elements (but it is possible to limit the maximum length of the elements, and it is also possible to remove the
unnecessary elements), and in the optimization process, the elements with the lowest strain energy are deleted based on ESO method. In order to
demonstrate the effectiveness of the proposed method, in several numerical examples, the solutions obtained by the proposed method are compared with

the solutions obtained by the density approach method (mathematical programming).

Keywords:  Topology optimization, ESO method, Ground structure method, Frame structure, Computational Morphogenesis
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TOPOLOGY OPTIMIZATION OF FRAME STRUCTURES
USING ESO METHOD AND GROUND STRUCTURE METHOD

Kenji KOSAKA*, Shinya MATSUMOTO ** and Daiji FUJI***

* Grad. Stud., Graduate School of Systems Engineering, Kinki University
** Assoc. Prof, Faculty of Engineering, Kinki University, Dr.Eng.
*** Prof, Faculty of Engineering, Kinki University, Dr.Eng.

In this paper, a simple method for topology optimization of frame structures is proposed. In this method, ESO (Evolutionary
Structural Optimization) method is applied to ground structure method. An exact optimal solution may not be obtained by ESO
method because it is a heuristic method. However, the approximate solution useful for structural design can be obtained by this
method. In the proposed method, the ground structure is generated by connecting all nodes by beam elements (but it is possible
to limit the length of the elements, and it is also possible to remove the unnecessary elements), and in the optimization process,
the elements with the lowest strain energy are deleted based on ESO method.

The algorithm of the proposed method is as follows.

@D The ground structure is analyzed by a static-elastic finite element analysis, and the strain energy density of all elements

are calculated.

@ The element number of survived elements are arranged in ascending order of strain energy density.

@ The element with the most small strain energy density is eliminated. Also, if there are multiple elements which

densities are equal to minimum one, these elements are eliminated all.

@ The process from D to @ is iterated until all the elements are eliminated. (See Fig.1)

® The solutions of all steps are displayed by visualization software (for example Micro AVS), and the user (designer) select

an adapted one from these solutions.

In order to demonstrate the effectiveness of the present method, in several numerical examples, the solutions obtained by the
proposed method are compared with the solutions obtained by the density approach (mathematical programming method). Asa
conclusion, the following knowledge were obtained.

(1) In the topology analysis of truss structure, almost solutions obtained by the proposed method were coincide with ones
obtained by the density approach. Also, even if a different solution had been obtained, both solutions were similar.
(Fig.2~Fig.10)

(2) In the topology analysis of frame structures with rigid connection, the matching solutions could be obtained, if the
adaptive parameters (for example mass limit, penalty coefficient, etc.) were given for the density approach. (Fig.11~
Fig.13)

(3) In the topology analysis of frame structure for facade design, the perfect matching solution could not be obtained.
However, the solutions of both methods were similar. Therefore, the user (designer) can design the facade concept of
buildings using the solutions obtained by the proposed method, because the solutions of each steps show that how receive
the force each member. (Fig.14~Fig.18)

(201549 7 10 HUAZRL, 2015 45 11 7 26 HIRMPUL)
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OPTIMIZATION OF PLACEMENT OF RESPONSE CONTROL DAMPER
ON PLANE OF HIGH-RISE BUILDING STRUCTURE USING ESO METHOD

PR R T, RS AR, I BRI, M R R T
Masataka NOMURA, Shinya MATSUMOTO, Yoshihiro SAKINO
and Daiji FUJII

Recently, response control dampers are used to improve seismic response of high-rise building. In general, it is required to arrange
the dampers efficiently on the plane of high-rise building structure. However, it is not easy to obtain the optimal placement of the
dampers, because the damper’s performance depends on the dynamic behavior. Therefore, in this paper, a method to obtain an
optimal placement of the response control dampers on the plane of high-rise building structure is proposed. In the present method,
first, the dampers are placed on all possible places in the frame structure, and then the dampers are gradually removed by
Evolutionary Structural Optimization (ESO) method. The accumulated damping energy of the damper is used to determine the

removal order. The effectiveness of the present method is verified by comparison with general placement plans.

Keywords: Optimal placement, Response control damper, F,SO method, Ground structure method, Topology optimization
FomftE, RS 3=, ESOE, 772 RR NI 7 F¥ik (itffaE(t
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Fig.1 Removing process of dampers in the present method
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Fig.4 Ground structure of numerical example 1

107

Step 1 Step 2 Step 3

Step 4 (model 0)

Fig.5 Removal process of dampers (solutions of analysis)

Step 5 Step 6

model 1 model 2 model 3
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Fig.6 Analysis models to be compared with the solution of Step 4
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Fig.9 Maximum inter-story velocity of each step in Fig.5
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Fig.10 Ground structure of numerical example 2
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Fig.11 Removal process of dampers (solutions of analysis)

31

26

21

layer 16

11

6

1

0.02 003 004 005 006

0.07

0.08
Maximum inter-story velocity [m/s]

Fig.12 Maximum inter-story velocity of each step in Fig.11
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Fig.13 Analysis models to be compared with the solution of Step 60
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Fig.15 Comparison of maximum inter-story displacement
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Fig.16 Analysis models to be compared with the solution of Step 60

Table 1 Comparison of maximum displacement [m]

L model model model model model model model
0 7 8 9 10 11 12
2 0.050 0.050 0.050 0.051 0.051 0.051 0.051
3 0.097 0.098 0.098 0.098 0.098 0.100 0.099
4 0.146 0.146 0.146 0.147 0.147 0.149 0.148
5 0.198 0.198 0.198 0.200 0.199 0.202 0.201
6 0.251 0.251 0.251 0.253 0.252 0.256 0.255
7 0.304 0.305 0.305 0.307 0.306 0311 0.309
8 0.360 0.360 0.360 0.363 0.361 0.368 0.365
9 0.415 0416 0.416 0.420 0.417 0.425 0.422
10 0.471 0.472 0.472 0.476 0.474 0.482 0.479
11 0.530 0.531 0.531 0.536 0.533 0.542 0.538
12 0.590 0.591 0.591 0.596 0.593 0.604 0.599
13 0.650 0.651 0.651 0.657 0.654 0.665 0.660
14 0.713 0.713 0.714 0.720 0.716 0.729 0.724
15 0.776 0.776 0.777 0.784 0.780 0.793 0.788
16 0.838 0.839 0.839 0.846 0.842 0.857 0.851
17 0.900 0.901 0.901 0.909 0.905 0.920 0.914
18 0.961 0.962 0.962 0.971 0.966 0.983 0.976
19 1.020 1.021 1.022 1.031 1.026 1.043 1.036
20 1.082 1.083 1.083 1.093 1.087 1.106 1.098
21 1.142 1.143 1.144 1.154 1.148 1.168 1.160
22 1.200 1.202 1.202 1213 1.207 1.227 1219
23 1.255 1.257 1.257 1.269 1.262 1.284 1.275
24 1307 1.309 1.309 1321 1314 1.337 1.327
25 1.355 1.357 1.357 1.370 1.363 1.386 1.376
26 1.400 1.401 1.401 1415 1.407 1431 1.421
27 1.440 1.442 1.442 1.456 1.448 1.473 1.463
28 1.476 1.478 1.478 1.492 1.484 1.510 1.499
29 1.508 1.510 1.510 1.525 1.517 1.543 1.532
30 1.536 1.538 1.538 1.553 1.544 1.571 1.560
31 1.559 1.561 1.561 1.576 1.568 1.595 1.584

WIT, Figl7 13, oot R & eE o B HE B o0 s B
ZHWTREFEOMBIT 21T, 7 0 /38— 53% 60 &2 D% R LTz
bOTHD. £z, Table 2 13, & HIFERE (Taft EW i KN EE 175.9gal,
J\JF NS 229.7gal, JEHL 641.7gal, B 262.7gal, REA 1156.9gal)
\Zxt4 % Fig 17 IZRd 4 v /X —fidi& & Fig.13 12777 model 1~model
6 DX U N—FBICKT DIRKIGEEM A LB L= D2 RT.
Table 2 \Z77% X 912, Fig.17 OfEl%, model 1~model 6 M X H 72—
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HDHDS, Figll OBRE/MGEVVEE 2> TS Z ERbn5s. £
7=, Figl7 XV, X —0EitE L, MHEEIZ Lo TRRSZ
LMD, ZHUX, Figl8 \RT X I ICATIHIEENIC L > TRK
[BREEOE S FROSMNRRERLI-OThHD. LIEi->T, K

El Centro NS Taft Hachinohe NS

AAAAAA

a

7

Takatori Miyagi Kumamoto

Fig.17 Optimal placement for different ground motions

Table 2 Comparison of maximum displacement [m]

Fie 17 model model model model model model
s 1 2 3 4 5 6
El Centro 0.280 0.284 0.287 0.284 0.283 0.284 0.288
Taft 0.322 0.321 0.321 0.327 0.321 0.322 0.326
Hachinohe 0.325 0.327 0.327 0.329 0.326 0.327 0.330
Takatori 1.202 1.215 1.217 1.206 1.207 1.210 1.219
Miyagi 1.368 1.372 1.372 1.371 1.369 1.371 1.375
Kumamoto 1.055 1.058 1.053 1.076 1.058 1.061 1.068
Table 3 Comparison of average maximum displacement [m]
Fig 17 model | model | model | model | model [ model
& 1 2 3 4 5 6
Taft 0.173 0.173 0.173 0.176 0.173 0.173 0.175
Kumamoto 0.559 0.560 0.560 0.568 0.560 0.562 0.567
HKD129
--------- El Centro
----- Taft
layer
= = =Hachinohe
=+ = Takatori
— — Miyagi
— + + Kumamoto
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Maximum inter-story velocity [m/s]

Fig.18 Maximum inter-story velocity of each seismic wave
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OPTIMIZATION OF PLACEMENT OF RESPONSE CONTROL DAMPER
ON PLANE OF HIGH-RISE BUILDING STRUCTURE USING ESO METHOD

Masataka NOMURA*, Shinya MATSUMOTO **, Yoshihiro SAKINO **
and Daiji FUJIT***

* Grad. Student, Graduate School of Kindai University
** Assoc, Prof., Faculty of Engineering, Kindai University, Dr.Eng.
*** Prof, Faculty of Engineering, Kindai University, Dr.Eng.

Recently, response control dampers are used to improve seismic response of high-rise building for long-period ground motion. In
general, it is required to arrange the dampers efficiently with small number on the pane of high-rise building structure. However,
it is not easy to obtain the optimum placement of the dampers on the plane of structure, because the damper’s performance depend
on the dynamic behavior of the building. Therefore, in this paper, a method to obtain an optimal placement of the response control
dampers on the plane of high-rise building structure is proposed.

In section 2, the proposed method is shown. In the present method, first, the dampers are placed on all possible places in the
frame structure (ground structure) of the building (Fig.1a), and then the dampers are gradually removed by evolutionary structural
optimization (ESO) method (Fig.1b~Fig.1f). The accumulated damping energy of the damper in the dynamic analysis is used to
determine the removal order. In the dynamic analysis, finite element method with numerical time integration method (mean
acceleration method) is used. The dampers are modeled in dash-pot (Fig.2 and Fig.3), and the accumulated damping energy is
shown in Eq.(3).

In section 3, the effectiveness of the present method is shown. In the numerical example of the building with 3 layers and 3
spans (Fig.4), it is shown that the optimum solutions can be obtained by the present method (Fig.5~Fig.8). In the numerical
example of the high-rise building (Fig.10), it is shown that the effective solutions are obtained compared with general placement
plans (Fig.11~Fig.16, Table 1). Also, it is shown that the optimum placement obtained by the present method is changed by the
types of seismic waves (Fig.17). Therefore, it is necessary to use long-period ground motion for the analysis in order to obtain the
optimum placement of dampers in high-rise buildings.

It is concluded from these examples that the present method is useful for determining the placement of response control dampers

on the plane of high-rise building structure at the structural planning stage.

(2017 4F- 4 7 10 H)GRGSZEL, 2017 45 9 7 5 HERIHLL)
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TOPOLOGY OPTIMIZATION OF COMPLIANT MECHANISMS -
. USING THE HOMOGENIZATION DESIGN METHOD

BEHE oK M, B B, i Ao
Daiji FUJII, Susumu EJIMA and Nobori KIKUCHI

In this paper, wé presenl‘ an effective method for designing the compliant mechanisms by the lo;;(;iogy optimizz;tion technique vusin'g the
homogenization design method. In this method, a new multi-objective functlon which maxlmlzes the, relative comphance between input at the
loading point and output at a prescribed point is defined. The topology optlmlzanon problem formulaled using the homogenization demgn method
is solved by SLP method In this algorithm, with the size of the hole of unit cell, the angle of unit cell is made to be a de51gn vanab]e The local,
minima occurring in topology optimization in which SLP method is used and the gray scale densities of optlmal so]unons are 1mproved by .our
presented methods. The effecnvenesg of the present method is demonstrated by numerical examples of vthe topology opnm]zanon on a short

cantilever plate.

Complzant mechamsms Homogenization method, Topology optzmzzatzon Sequenual linear programming methad

Keywords:
Numerzcal mstabxhttes, Mulnﬂbjectzve function

BMATUR, HEIGE, um%ﬁm,zxﬁm%@&,ﬁ@mxfi}zawmﬁ,i

CBELEACRS UM AWK ETHICAT AR EE TS
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. CREATION OF LINK MECHANISMS
USING TOPOLOGY OPTIMIZATION METHOD OF FRAME

%#jﬁi’lﬁ*, J5 Hl _% ?ﬂé**, SEH %@ Lk kk
Dazyyi FUJII, Takuya HARADA and Yuichi HIRATA

In this paper, the topology optimization method of link mechanisms is shown. In the link mechanisms composed of rigid bodies and hinges, the

displacement of the output point can be controlled by the load of the input point. In the present method, the ground structure composed of beams is

used in order to obtain the optimum topology of the link mechanisms. In the optimization problem, the sectional areas of the beams are chosen as

design variables. The stiffness between the input point and the output point is maximized under the constraints of the displacement of the output

point, the relativity displacement of the output point and input point, and the material usage. The optimization problem with different initial design

variables are solved using the SLP optimizer, because the solution of this problem depends on the initial design variables. The initial design variables

are given by random numbers or GA. Some examples are shown to demonstrate the effectiveness of the present method.

Keywords: link mechanism, topology optimization, ground structure method, SLE. GA
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| CREATION OF DAMPING MECHANISMS
USING TOPOLOGY OPTIMIZATION METHOD OF CONTINUUM
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In this paper, a topology optimization method to create damping mechanism of a building is shown.  The topology is created on continuum

divided in finite elements.

In the optimization problem, the densities of the elements are chosen as design variables.

The stiffness between the

input point and the output point is maximized under the constraints of the displacement of the output point, the relativity displacement of the output

point and input point, and the material usage.

because the solution of this problem depends on the initial design variables.

examples are shown to demonstrate the effectiveness of the present method.

The initial design variables are given by random numbers.

The optimization problem with different initial design variables is solved using the SLP optimizer,

Some
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TOPOLOGY OPTIMIZATION FOR ELASTIC STRUCTURES WITH FINITE DEFORMATION
USING HMPS METHOD AND IESO METHOD

FERHIR, L FER2,  (ERERS
Daiji FUJII, Masaki YAMASHITA, Masatoshi MANABE

The topology optimization method using voxel finite element method can be used for computational morphogenesis of structures.
However, in this method, it is difficult to consider geometric nonlinearity, because the convergence solution cannot be easily obtained.
Therefore, in this paper, we propose a topology optimization method using particle method. In the proposed method, HMPS
(Hamiltonian Moving Particle Semi-implicit) method is used for the particle method and IESO (Improved Evolutionary Structural

Optimization) method is used for the topology optimization.

deformation are shown in order to verify the proposed method.

In this paper, numerical examples for elastic structures with finite

Keywords : Topology optimization, ESO method, Particle method, HMPS method, Voxel FEM, Finite deformation
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Fig.12 Analysis model for three-dimensional problem
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Fig.15 Topology optimization results by finishing algorithm
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The topology optimization method using voxel finite element method is an effective method to create various morphologies
from rectangular parallelepiped design domain. Fujii et al. [1,2] created morphologies of building structures using such
method. Also, Fujii et al. [3] applied such method to create link mechanisms that amplify input displacement such as toggle
damping device. However, these link mechanisms increase manufacturing cost and maintenance cost as the number of links
increases. Therefore, it is desirable to develop compliant mechanisms that amplify input displacement by elastic deformation.
However, almost topology optimization methods to create these compliant mechanisms [4,5] are based on the infinitesimal
deformation theory. Therefore, in this paper, we develop a topology optimization method considering finite deformation in
order to develop a vibration control device using compliant mechanism.

In this paper, we use a particle method instead of finite element method, because when using finite element method, the
computation time becomes enormous, and the convergence solution often cannot be obtained because the calculation becomes
unstable by the large distortion of elements. Manabe and Fujii [6] have proposed a method that using CA-ESO method for
topology optimization and MPS method [11] for particle method. Also, Manabe et al. [7] have developed a method using Level
Set method for topology optimization. However, these methods target two-dimensional problems, and methods for three-
dimensional problems have not been developed yet. Therefore, the purpose of this study is to extend this approach to three-
dimensional problem.

The proposed method in this paper is an extension of the proposed method in ref. [6]. That is, HMPS (Hamiltonian Moving
Particle Semi-implicit) method [12-14] is used instead of MPS method [11], and IESO (Improved Evolutionary Structural
Optimization) method with finishing algorithm is used instead of CA-ESO method.

In Section 2, the formulation of HMPS method is shown so that our created program can be understood. In Section 3, the
outline of IESO method with finishing algorithm using HMPS method is explained. In Section 4, we verify the effectiveness
of the proposed method by numerical examples in which jumping buckling occurs. In Section 5, the above results are
summarized.

The conclusions are as follows.

(1)  Inthe analysis of infinitesimal deformation range, the solutions of the proposed method almost agree with the solutions

of the method using voxel finite element method.

(2)  Inthe analysis of finite deformation, the solutions corresponding to buckling cannot be obtained by IESO method alone.
However, the solutions obtained by IESO evolve into solutions corresponding to the buckling by the finishing algorithm
(CA+IESO method). Also, the two-dimensional solutions have the same topology as the solutions in ref.[7],[9]. And,
the shapes of two and three dimensional solutions change according to the magnitude of the load. Furthermore, the
solutions of two-dimensional problem and three-dimensional problem show similarities in topology.

In addition, the proposed method is very robust and the computation time does not become enormous. Therefore, the
proposed method can be practically implemented as a three-dimensional topology optimization method that can consider finite
deformation.

In the next step, we plan to apply the proposed method to the topology optimization problem of compliant mechanisms.
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