2025 4F 8 A
FA3EE AW

[ DA N e 3

Journal of Northwestern Polytechnical University

Aug. 2025
Vol.43 No.4

https.//doi.org/10.1051/jnwpu/20254340702

H M= S ITH &

) 1,2 15,7 221,2 1,2 1,2
E2K EEY, BET, LR, 5E

1,2,3 = 21,2
K& 7, BEF T,

FRRIME IR R

LKA T KA ey RGBT 58 REF ] R S0 %, Kt 300384
2R TR ML TR ER R LR AARE G, KA 300384;
3 AUHBLTOR A Tolk i QFr st Tl {5 S AR R 5802, JEat 100081

W E A FEWAREAIURGE BRI PR SR e AMUAL T B xR R B W SN R AR IRAT 4
FEBRRRATT oA 5RE ABFIRT A B AR, 83 Sk AL 5 AT T A AT 45 My ik R ARAL
DR B BAF A 3 AP R A ik R IMEAL R R B A AT R R 4T, 43 5 & Bk IE AME AL 8
FERABHFESW T EMEREAT E P EMBERBREF T ERGRABZ SR AR S RE. %
DI Fe % BHCT A -2 M — R Ie AMAC A 2 SR B A MEAL IR AT R 50 2N T i SR dE AL
Tk AR R A AR R EAE AR BREE T AR B EEAT E R SRR KRR @
Fats B Ky &6 ke BALLE LT 00 3% SR B IMEAL T R AT R RAEAE

x #
RE 4SS THI22 MEAFRAERD: A

e it Al kR R b RS S
AT T I SIS i g A, Horh 25 4k
I3 R RSP JERIEA s Mife, BT, Rk
A SIEARAAR R 38 B AR S5 A w0 20 it 7 &8
e S, BRI T 382 18] B9 3 BB ELE DL e A8 #4 8L
O3 AR T ORI S R A A R, MR
MR PR AT 2R A S M Be i B 2 S A A1 B AT Ry
) —FP AL T i, AR Jo R AE TG 55 4 23 ] vh i
1R A R S B AP SR 0~ 1 R
H AT, & aAR s MIE A 7 Ak BLEL G B 25 M HE SR Y
[ R E B A AT R, A > 6 3 S AR S5 4 1) 1 T S A
TP RCAURR, e fb 45 R AR e HOA 2 sk,
U, 75 1988 4 ¥ 5 Ak A T SR 4R FME AL 1Y
e, ESRFMEAL T A LU Otk
AR EA R B W B, AT AR B AR LTI
AR QR RS R LA 7 A T B N D 53
G AR RO I SV R SUNEAN

&5 B #9:2024-10-12

EET A EXK AR (32171902) BEH)

EE R k& (1981—) Rl ¥z

BISIEE AT (2000—) AT L-AF 50 A
e-mail ; 1315663463 @ (q.com

1 BT LK dRAMEAL A RAL
X EHHS .1000-2758(2025)04-0702-21

JEAUAL  FEA R ROBE AR 31 b S 22 4k, 15331
IfUff TR RS ML BT TEM ALK |
ACIIZ B ST AR e A G AU o Tz Y
BEGF AR AT R 23 O O LS SR AR 9
XA RSB e AT SR M BT,
SR E R 45%, T T Hrp i EE, Xiong
SV IR A0 GRS Mk 5 STk A BT IR AR 2 G, 43 )
XPIRAE AN B 2 B i v 45 A AT ML B, B
I 4.98 kg BARES RHZ AR RIEMS
BABIRUAR SCHR ) LA BT 7 X T RE IRV 4 25 3
s R T R AL B, BTN 1710.3% 5 8% 5
S5V Kriging MRS RAUE TS A DR A
FE BRI RAE A R ) i i AR R A B AR A
RIGEAT LT B, SE 9L T AG 2R 45 M 9 2 B ARIA F MG
it

T, E SRR M TE R B AL B TP
FAE—E I R IR, R 2O LA B — X RN K
THBR TEZ2 RE 233 e 2 28055 1 R 3[R
SRR ML A Ak 7 i AR AR I BF 5 S
Bk, R sd e o3 B HLARES # # ML A BT Y
FHICHER % [ N Ab DL 1A et H bs i 2 24
FFMAL T3 12 K IR AT H R, 45 H Al 45



o541

SR A T ) A A BT Y SRR FMIC AR 5 1 - 703 -

I SR S LR
1 XE AT o4

il 1 g MU E R AR S M BT
FEBUAR , #EAT SCRRTT 2, 75 CNKT e J7 J7 26
SR R R FMIE A D B SO TR R 3R
743 754 RIATFRFR P GETC, DL RSk 45
PRI S IrdML e o A, DLSiA, | S EE iR |

S E SR R A PR SR, W
R RPN, 1531 340 A ROCHR , A BE &
A anE 1 s, 1E Web of Science 5540 SCEL
e LA MG Ay T2 Y SCRR EA TR 3R 3R A
4 388 FATF R FRIINLIB L, LL“topology optimi-
zation” N “ continuum” h TR, DL 44 SR 1
B IE SO TR B lightweight” R BRE 2544, R B %
AR RPN, 1531 393 A ROCHR , AR BE A&
iR 2 s,

3
HE
v
o
it
o
EN
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
KA
Bl T e A g5 A BT i SRR PN AR AR 53 R SCOCHRAE B e S A ST ]
er
HE
=R
g
R o2

o L rs
1996 1998 2000 2002

1 1 1 1
2004 2006 2008 2010

1 1 1 1 L L I}
2012 2014 2016 2018 2020 2022 2024

B2 A B I S A MIC AT T SN SCCHRARBE e SCR A G4

HT P& 1 ~2 TR, & SC o AT I 3 Sz ket 4 s
PEACIE B #5122 2 W R T, & U ki
TR R A, BT SOk oo L2 E 51
KR, R H VOSviewer B AF X 40 $MIG Ak 77 1T #4) SCHk
TIPS 5 00, 19 B R FibR 2
PRI AR 3~6 Bz e A3 3 A OC B 1) 32 A0 4%

WAMILAL GEZRS Zka it  — it iar
W AR R M 2 RO A SRS FM
PRI 5 A T 32 2 S vk A BRIT 3 A7 8
) 22 ] i Al 3 b ] i S — AR BT A D5 )

AR

thfeiit Wit
1 Lk
EIERE .t Rt
o P it AL it
i o [ b
ZHENN LN A
bt f itk HEME SRR L
s witle e L T—
ks LY ke
4 ik 4
2T o J3h A
BEHH R i L ES N i 3niTen
(02220 g BB H N
Y/ o ML S v HEMA
ICMik > ICMi |
73 HELRLE P AR frfe LKL e ARG
fith pree'rs itk prve~
iR K BT e MR BARBA TR G
s A
L] o2 ety wollf£:1
SEHH UAHH
WS AR Hdiskit kg ORI

K3 sk M e
SRR R

Wik
R

: —
2005 2010 2015 2020

B4 pSCCR MR
g R 4 A L

K5 AhscsclkbamddMiie
SR R



. 704 - [ A N AN

¥ 543 4%

topology

homogenization

o
&
2,

'0_‘

weneh Jightweight

ot freguony
constraints

topology optimization
optimization -

Structuralo

Lightweight design

relaxation

‘‘‘‘‘‘

..........

2018

Ble Shscocik b MRS i pr s tiiEl

2020 2022 2024

2 ETERMA R WL M
figit

TR M BT, A ) B 5 R KR

Jra AR SR ORI 5 Herh SRR AR
SR (8 HE BRI FMICAL BT 7 Bk R i DA A 2
JeX H bR BRECE A SRR, 0 BARHERTTHEA T HE A
SUSUEE S/ gy WIDELT (AR iEN S PR E Y N U R LIS BUBES
AUOEAAE TRDRE B ) 8 A [ 0 A (B AR L, T
S AL R il O de & 30 A0 AR BT 25 R A of
Btk
21 ERMRUETFE

W UL R AL A 125 A0 45 W7 2R 45 F DAL T (evo-
lutionary structural optimization, ESO) '"'"3! Fi g 37 4
22} (independent continuous mapping , ICM ) 55 |
RS SRR Z5 R DX 3R] o0 v 22 /N BT, A A
FEFE XS BB TTHEA T it , B BT R B
ZHAR MRS SR AR S L BT AR AL R
W B SR MUAL DT 125 R R 1 FR

F1 ETERGUEMNESEFIMLT ERES S
. " PR ok
0 Jy i A A SRR i A ML T
A7 B T 40 97, W0 6 T 28 24 g i
e
- ﬂfﬁi?gifgf?ﬁﬁ MR R RS S R
o zm; R TR Rt 175 ] T R HERER R R
A SR P B 43 A1 T e 2 25 )
e AR 5 5 52 Y ]
- *ﬁiﬁ;;?;;f;gﬁ i mp TR BRI 6 i, 04
o PRI 2 AES - & BEHEE ZEAEN R SR

Hr it 25 ALk

ESO VEMR 98 52 b T2 2R XF 45 18 i 17 o4k i
T, PR UE G AR RS P T AP ()[R, T s 1
IR IA) SO A 3 B MG AL 25 2R n] A A R DT
SIFTRAE . Ah, ESO BT JRy BB AR A | BB IR
HIBL DL R AR SR 5 AR AR S0 55 T T itk — AP
etk

1) JRrwBiRAF, Ja BB 2 48 7[R — A S5 A 1T
P R TP R U [R) W R (B I, 45 2 A SR MG A 45 2R
TR R, 23 H BTG S0b LB T 15 )
TEM ., ARAZIA] T Querin 251208 ESO 125 5 Wik
ARG G 45 3] — M ] K TCRU R R
T, HOURHN A A ROk BB TT R AT K A B XL 1) i i
2ER A7 ( bi-directional evolutionary structural opti-

2.1.1

mization, BESO) , fHi it Ab2h B A7 & TR PRy 2,
Yang 55 VK BESO 5 R SMHTk LSS %P
T RE ARG T ML it — R A% il
WERH T 1% 05 72 B4 301 ; Huang D00 BESO 25
RS M A BB R AR 25 G 38 5 T 1 T S 2
VEFITT 4548 130 M B3 B Wi Sl p A 1) 1
TR EHE A5 SR BESO 3 X A A0 45+ A7 45 4 10k
PR B, A T G, iR i) 28.6%,
BN B P B AR DX S U 5.4% 5 B R AENY
HH e XSy i i A R A v S PR SCC HE S 35
TRE DAL G ML BT T %, 55 BESO EAH
L IZFEAEAR R 2SR SR T REA R S Z A I EE
2) BrARRIA G, ESO Wk o 75 B i N X
BHATTHEA TN, A 45 #4328 7 2% A B A0 Y A1 J=y 1B



o541

SR A T ) A A BT Y SRR FMIC AR 5 1 - 705 -

X, BOAC)E  AE R BB 3 A o Sk fff D B A bR
1 B 18] 3T Mirzendehdel 5% 7K SE 4 45 5 ESO
DAL A B —Fh &5 0] SR AR ES R R FME AL T
5, 1 I B A B B E T % 3R B9 A R ; Wang
EAEE T ERY BU R ST = Brid VA L &I E AW N LU
WG AR Y T BESO J7 e 45 i RSO
[, RRARR T i) i o R v A LT 152 22

3) WIS UM S AR N, FER — it
B rp, SR FHAS IR WA ROSE A TR AR BT, P21
PEACZE AN, H 450 55025 Hh IR B0 AR 500
W, et A 2 SR v ) 2% AR 5 A A 0y 45
"m0, W 3 N RS R B AR MG BT R
P AR ML 25 5 0 JLART T AR, I8 ok 2% B 4 (A
R RCE TR T B, PR FR FME AL 25 3 1
T, AN SR RS A B T B AR W] A%
WG A S AR, B8 A R T R4 SR 4R M ki
T .

F b3 SRR AT 0, SO #E RT AT R4 A ph 28407 43 A
T 2E5 A it O ) AR ] AL, AR Al 22 P AN () A a5 122
SR F A, A3 BN 5 H 4R FMEALSS F . 1T BESO
2 AT I T N AR RE SN ) R IR A SOk R
PATCHEAT PR 2 , AR R T 5 3 bRk R 4G
AN AR ML R A AL A )
L ESO 155 M 5 vk B A RS AUk A, E—
PR EZ T IS PR O i — DA SR A
2.1.2 phEifgwk gtk

ICM #: B FR B2 T 1996 4FE 42 1 1% 05 By
R AR LR BT X 38R 4 3 50 H 75
()35, B T3 24 B Te A, A h 22
AFERITCH PSS RESE . ZEOLA S R v 38
J it fe/ IMEAE R B bR RS RV E S 2R A, AT
FAXS B FEAE MR & p,, BUBEEE N 0 ~ 1, H
i, Y p, = 1 I, FRZ AT e M RHATE ; Y )p, =
0 i, FRRIZIT N A EHE S M0 < p, < 1 NJER
INEIATCAFAERR S MR, 7E 1CM b R i Ak i3
R R ARCR  FE N e TN K B R
TR S % S B2 AR (1) PR

findp = (p,.ps, 00y )

N
min W =3 f,(p,)w]
i=1

Ujg[Uo:I’ j=1’2"“5]
s.t.
) F = KU
I—CEEP Nﬂ‘j;ﬂﬁﬁ,w %*ﬁﬂ%mﬂgﬁxﬁi,ﬁﬂ(p)

(1)

R g SR 0! A i AR A T A B
FER U RS A A i B R iR AH 5 [ U, ] A
(% F = KU W& 12 e, i F U LK
O RGBS T i AN RS ) R I AR B

2T F4 45 2 ST T LN AR fil 24 R AR R I ) 24
FA AR S ], BePfad 24 3 3 s AICR: S
FOTHE R A M AR B SRR 4R —Fh Rk
WSCS A G B S bR B8, T 3R R ICM 7 I IR Sk
R 2R A P D ST SRR I 81 R K
ARG A, LA AL PG B AR e, DA A
RV E R, IS AR A, X K & shplnt R
AT TR, HBTE /) 166 kg,

25 b ICM A i 7 b BT R4 i B AR
FEVE e R — Bk, (R TIZ O R G A
Y ) B OB R ) e e R b TR B A A T AR
T I U PRI R B AL R 2R B AR 2R o R A
B, ] e JE 58 T TR AR SE B TR R R e
ol M, O T — 25 R
22 ERMAER

AR A Y AT B %o B EOR 1 T U S A 1
AT BRI 3 5 0L AR (A sk, O
DIZ BRI R A4 % i 128 [ A7 i, PRk, e 4
Al AR BB ] R AR, B S
FRFMIEAL T4 5 R | AR A TR J7 o 428 1) 246 08 g
MM R R A,

1) ARBRAA R ERAR R — i T AT R A3
A AR ()T (B | LA 48 4 ) B S T B ROR 1 4

ok FESER R AL R R Tz, RS
AT SR Kriging AR H bR 844 5401k X 48 iR
TUHLAR S HRE AT 7 5 Ak T, S 40 5 i i /)N
4.96% ; B HERFE K Kriging CHE R R 51 —
UKL ARZE A X G ML R & S B T i
BT, LR /N 3.1% 3 25V 45020 3 3ot v
I FRAREAE IR 45 4 B kAT T VA, IR R
WAL D AW F L5t TR e ik
T, HoB i eI AR 080/ 14.12% 5 B2 B fo. 55004
FREPEEARIE AR | 2 B bR s 44 5 AT 51 ik BRI 5
U SRt D T N ioe S A R Ty T e a ) WA =10
FEHR BRI/ 15.2% ; Xiong 2551 B0k T HEAL AL B
VA ) i e AR AR AR R ke R 0 S B 4 B A 1
MGE A, X B UE AT 30 SO A BT, R
7.92 kg, LA 4 Jey L3 W BE AN o 25 — B #1576 4 %
AR ER T 0.56% F1 1.18% ; I 745 32 SR F A% 1) Jik



- 706 - Wodb T ok ok

¥ 543 4%

PRAICRT Kriging £ FHAST YT i 1)y [ 40 56 25 44 417 4k
FMRAC B, T B 9.40% ; Yang %5 B AR,
HRIRIROR SEMR AL S A 2 & ) X TEHR Bl 4% A
IR R A AT A i A BT, SORLRTAR L, BT
N 11.7%,

25 LR, G TN 52 A LRSS A i O Ak i)
RIS A3 2 ke ], AR AY gk w5 it
DRSS BAULA TR B 5 1 AR e R Y G
F, R A 24 19 05 B0, DAk 30 4 e 152 3
W DB A H Y, SR, HARAS R R K
TR i BRSO E K, AR R JE T 58 424 2
P52 ZMOR G BT A A0, S B TOORG B R R, i
e /D ST AT A (1 [R) B 4 v DR £ 45 2R 1 G 2
JER AR A FE R

2) PHAMZERAL, 2 R —Fh iy £
ML ERTI N Sk e R R K PN Lk U EZPTH
ISR TT 3, T I T R 2 i g R o 22 T 2% 7
TR HLLSE 4 T AP BE E A 2 A TR BE 2 T 1Y
N TR AR SRR RS, HEE 2 W 25
ARB R A 22 0 28 1 e 7 TR F ML AR BT
e, K AR S EMIL LT RS G, 7T

TEBT 0]t 2% 11 T 4 i 9 Fh A0 A 13T R
Sosnovik 54— RO R B 2E ] BER 5 )74
A4 ) ] 14 B4 B E 11 85 Y (solid isotropic material
with penalization , SIMP ) EESE N OIRES , RN
B A Sy RIS A 8 1) 8L, 4 v T AR AR AL s Zheng
AEE SIMP A R B HE XS U-Net BEALEA T
lER O S URSPUR S S U PN S S g
SEF Y B A0 = 4 # FF 7Y ; Chandrasekhar E AR
SIMP 5 1 28 P 5 AR AR 25 5, SR A 28 0 465 14330
I R ECE A SIMP 1495 52 pR 4, 10 LA F M A &G
W, I S TR, £ BRTR T
Lo 2R AR A A 2R PR B S Ko [ 3 27 ) S I RE G
S, PR W E RS A ML TT 3 S BT RUR
SR, P 22 I EX A R 5 R B Ry B2 2% T PE R S B0
L5 = N5 NS IR N - 2o B A5 e S U o
GBI LR AR T bR ) Y G B T B, B Rl &
2% ( convolutional neural networks, CNN) PR 7E [ 1%
FEAESZ I F ARSI 75 T ) LR B, o 1A
B S BIF 58 8 2 — 7 3l 2ol I 22
ZERR AT AR R R RE A NS AL R e
TR, M MBI ENE 2 FiR,

K2 WMEMBRBEEBALTTIE

T RAHE TR VR o bR
TS IR bR, o
ol g T X DL
| PERBBEZOEE LRES %igi:%m%%iwﬁ%%% @Zzi;§%21§
T TS T i L) LT E N e ek
Tt 2 - R ESH M
LA S 74
’ e 2 5 1 B
Rl A REGE  BRUZ. 2452 2 0
B & Bl 25 AR B B AL B AP 2 K o . N
RERR e pmmmoms  ampr 0 i;ifﬁm%mw U e, skt &
924 4 1 e
14 0 VI 2 0 R e A, T
BRUE ARS8, i /
VR BRI 5 — éfég T m;g;;ﬁ&ﬁgﬁ 95— {5
IR RE RO e ¢ % ELINZm Tl
7 77 0
1445 B
: SN, S AR RO SR
R T PO
ERBEIT Zg?ﬂ*ﬁ%*gﬁ GRUR MR e Semrimat I A B
DA

FrE R A

P L3R SCHR T 4 o 228 ) 28 AR 5 ) A AR 4 M
et it A A S B E ot R RS
PERE I [ 2, nT R 2R 0 B3, i de ™
AT SR BT R . AR, TR

HAT—E B E M, BRI Zroid e o 5 25 i N 45
BT S B BN ZR AR, o] £ AN
PERIZAPERERY TS B, 48 R HRRCR IR L
AT A, e 2 MR Bk AR ML A )i



o541

SR A T ) A A BT Y SRR FMIC AR 5 1 - 707 -

PR — BRI T5 1

3T R B SR
igit

TG R SEAR I MU SE R B A
SEPLGE, N TR — ] 3 R LA T S kAT
ORGP AL 3L, AT Ao 280 455 5 552 B 2 72 8 2R B DI A 46
Ao BRI, FE T B I MR B O ik AT A
Mg Ak B — A B R e i B A A i 45
WA LI | T S A M B M AR BE . FRT,
BT SR IR ML DT B2 i S

WG 2 2, BaaXh S i e R il S5 T DR
TR | FAT o 5T R0 0 RS - [ 6] il 34 2546 19 40
SR PEAL SO0 S, 5 B X5 SR 7 Al 1,
8 3 B Dy g e B e SRR A R
KNP T, G54 30 B A B L 28
BN IR . KAy B R Y [ =50 B A T 12
m#% sh v 48 4 F ¥ ( moving morphable
components, MMC ) W 2 —Ff @ X2 B8R T7 16 %
Dy i i — RN s ] AR TE B LA S8 A A8 4 B
AL o Xof B R i 230 AR A i SR M AL O
2 MR AT X LG A 3 R,

3 AR R B SRR S AL T i R AR b
o o o TTER o
ZE £EER WrER eBEE AORENT LS

K B 6 B

EERIE T RRL TS O  R

gt A VR 254 1 LI I 4 o
BRR T ﬁ; RS TN T [ b i

e

B R — 5 9141
gy BT AR B RERBL UL S
i GPRE BSILER BERRT LTS - I RLEa

BT IR R A

31 [ERmREIMAL , Sy Y
Kastin BRSO A R RIE R SR )T 9 ol

s 38 AR TN B R A R B E s A PR RE

BB AR % A 2 A i 5 | A BRI o 4h & ¢<o0 7 9¢<o0

ST R I 2% B T 15 1 M 0 WK ) b=t

ROFAF G PERE TR | 86 T (6560 M i o A / v

FERL S 20T Ty, \ )
KPR TR A HiA i I ik >Q5Qy/ DQzL&/

TR 128 o 5 3o o 2328 30 00 L 7 0 ST PR

FE R AL B Je g 2 A A5 sk P B FH 32 % KOF
LR b (1) NAREERREL, (v, 0) HEBITHEAN
(T S AR, H AR R R J U X iy B,
XoF 7K P-4 BR B T AL R AE T | BT S 3G I A X6 42 i
FES EOLM R, KR BRILLTETE 19 CAD
BRI AN 7 iR

&L 7 TN, KP4 1% 3k 7R s ) v 3 g
— B A PR SIS R i DAk A R %05 T
AbFRAE AR MR 38 i SR M Ak
HARAAE RGN (2) KPR

K7 OKPEREDUALRETIS CAD RN Heos &K

d(x,t)=0,x € S (2)
d(x,t) <0, x e D/W
. WOREERG SEORBERLIT &5 A 1 XIS i Bt
S ={x|d(x,t) =0} FE_ZEE AT SFHT ;D K
TR, S S A PL A 2 b BT T RERAG 2
HI T 7K 1 B 12 70 A5 B 4 3R O T A v 2

|d)(x,t) >0,xe W



- 708 - Wodb T ok ok

¥ 543 4%

Sethian %R KPR T N TS5 AR A MEAL BT
i BOCEE R B B R g RS I S BT R H
(3l , ik 2R OLAE AR

TEAMIE R BT U2 Al W R B 45
PRI FLI S5 4L, 3k BB 45 48 14 T B 3l ok ek A
A A A A R A LA SRR D 1, AT HoAth
M TT i KPR B D0 32 2 A T T RE

FINZE R JELAT V35 T £ 340 53 5 2 g LA 5 L, FLIE
T2t Bisfifl , (BRAF I I 00 THReR
RAFRE, D BE IR AR, 7 27 3 1 Be Bk 5
Z 4k R Bt ] i A FL AT A AT AR, A
RO KOS AR S A i H A R 5T
5 SR BUIR IR 4 B

®4 SREEFHEEAHEMEBILEZRENARRK

HEH o7 FH R
e SCHKL 45 1R TR MU X i Yt 2 B SR AT e M A BET 32 1 — b 25 SR Rl 2 24
WA S BT T BAKCFSERIMIL T 5
AR ML SCHR[ 46 ] $ th T —FSUUEE 23 JZ B REUAR, 2R AR STHEL N 1 /Y SIMP 53R 0% 2 5 00
ARSI FHET R R AR Ak (s A
(O SCHK 47 ] 2R KB R R st Fid A LU B R TR AR, O 2R A1 bR X035 A PR 7F: 8] Fr)
AR LR AR 20 R R LU/ TR S N A A R AR S ik
Sk s SCHR[ 48 ] A PR ] 175 SRR AR 5 B AR HEMITE AR SS &, % 2R B JE S5 R A7 # 4h
SRR NN S ot 22
AT 45 R R 1207k TR m AR
AL SCHKL 49 1 5R JFH A 1) 5 o KO0 T T 58 7K - 5 oR K000 3 52 3 10 47 48 (8, 7F 51 A Hamilton-
Jacobi TR, SR =200 ROLK il AEANRERUE AR EVE R ATER T R s eseR
e SCHRL 50 ] SR AIKPAR D7 i AR R SR AL B b B S TR BRI ZE &, SE L T
AR T i AoT A S TFAL, $ TK P AR Rk i Sl
SCHRL 511 R RIS 10 24K A K P Bk A M AL T ST 1, 3w 1 id R 1
IS Tk WS JERE AR AL AR KPS pR AT B IR A, B DL RE RE S 7 A B AL, AR
TS R fE RS
Vel b SCHR[ 52 ] SR 2 A7 4 R EOSCHC X IO (9 7K T B 7 4544 19 e 7 30 3O R4 2 T K- 4

IR HEMEAL BT, TR R AR GE NI AR B i PRIIE T S 2k it

H 2R 4 AT KB A S — B B aah B4R Fh
PeAb 5, oI A R0k A DA% e F I AR T v 1)
NRAS G AN, 7KF-ER 538 13 7K 4R pR A A
SRR ENEAL, , 456 Z2 R BUE 7 B a) i
AT A, AT R0 R XA R R 31 B bR, fE# AR
540K, R4 K - B D7 1 7 S T AR AR AR Ak
AR b BT S 3 LA H A S B o, FH A A T i
PR, ACPEE TR E SR R IR A
PSR, b B = A IR R A2 2% S5 A B A7 R 5K
FARLAACE RATE FRE, BT, BT K%
EROISY I NE 72 2 I/ S s e N AR 1 (R SO R ) K e}
RIS ECRURIE T Z v, B B 8 R A
KPR, BRG] 7oKL N TS 7, PR, i 7

NSEMA AR R Y [ I, 4 s D0 A 45 SR AR E P2
KR L R R EE T 1),
32 BRXBFEMEKE

HFRAHIMEIL L R L 54 AT 5 CAD

ES VA N YE: ) | I = N % N R S w s i

e S UR A S G [ R R Ay R S g
PeAZE SRR T O 7= A B LI, 3 DL A 8 B FL
TN S i T = WIR I USSR 2k N K s ]
T b 3 B ) AT A Rk g e IR R, 2014 4R,
Guo " HE I MMC 35 R AL e =X e Ak 7
2, %0 e s [l v n] B8 3l R AR T 1 25 4 FROTHEA T
i X SHE T, 8 e i e se ER B K
SEERAEA AR AMILAL , HIEA T IR & 8 TR
Weiss 2500 SIMP ¥ H1 MMC BS54, R
B B B Y 24 5 pR BCHIIN AN [ R AN ) B
RFAE A fe /N ] 3 RS 5 RS 26 SIMP Ak
SR WL MMC W) 3R A7 Jay , 32 S —Fh 46 A o
BB R R M ARl 5 AR B AR
S R G B R s /N R ST 5 ZEAEFR SO LRI B
e KAE M BT E AR, R MMC 345358 25k 55 1%
TIRVREERG A TN BT, 76 A2 5 B B W)
BORB RIS, BT X 2540 9 52 i ATt Tk 4L 0
DT MMC 32 528 % BRI 45 4, ST Otsu B4



SR A T ) A A BT Y SRR FMIC AR 5 1 - 709 -

=

o) HIERLEH b) APEREE
T o) kR U d Pl

Fl8 MMC J: A JF

AP S e H AR A RS R TR IH BR T SIMP
J7 i B R BT T BB I T %07 R
AR

£ L g, MMC 3535 T R AR ML Y G2 —HE
2R, AT 3 AN () 2 B Y 45 A R R E 2 X
MMC ¥ BIWTFEA R, 7 % W 9 B ik — 2D i
MMC B4 TR RCR B BEE 1A AR Y
S, LA AT RO AR, I, MMC % e
IO T R B A2 2R T AR A BT A A Ak B WF
FERHL

4 ETHR-Zl—FUEsEEn
MR IR

TERURES A | A 2 32 R 20 2 7 5 1 1 A0 i
R4 R B S i A A5 2 PP 2R MRS 461
or BT AOGE FE M Z IR AR AN 45 H B PR RE T
J1o PRI, 56T APRE -850 — (R AL B3 2 A 4 M
WA R Wy B39 R 28055 207 255 75
JE , TR S5 — AT ML BT A B AHL S,
XA RHG SR 58 AR T BEA TR Bl R 42, 2 S B
PEREZRF A 38 11 G
41 ZREZH—ELHRIMIL

TERS ARS8 B LSS Hh e B, SO RS A
AR5 e 38 LA 22 MO A5 B AT a0 A, TR R B 1 i
Herh PR RS U E L TE 2 RUEE B X254
FTUHEATOTTE , 0] S8 7042 IR A5 R 1 A [ RO L 4
RETE N o TEESMAR ML B B B
Hyey i KR RO 2 T ROML B R A TR
RUBE ] ) S IBC MR 15 B 8L | ] S s 44 15 R G 5 ]
FEAL B RIS, B SI TR RIS 5 BE VA X AT RHA TR
LRGN, FRRE fe /M it FAR i AR

T2 NS T, DTS2 BLAS 14 3% AR PE B 1Y
otk B, 2 REESSH AL BA b e Ak 5%
RALZE BB A ek AR A2

4.1.1 R % REZEMMA

il 22 R S5 R4 tH—Fh sl Z A s 14 BT A
JARATE 2CHES i 22 ROBE 254, SR 2 R
FEZERARAL T 0] 22 RUBE T LA 2 A8 i i TR oK
Gu 25T — Rl () SIMP ¥k | 127 %6 AT 6} 22 W
SERIEATR 43, T8 AN () 285 B8 1~ DX, a1 % 7 08
SER RN T IS A R s AT AR AR AT Wu
SO R Z LA B L, X LR AT 22 R 4
Mt 15 3] —Fh A iE R 2L A5, MO 254
B e 22 ROERAL T 8800 T BEHrY 52 4k, #2
TR T A B Rl BB R A =
ol i b 22 R G5 AR FME AL B TR RE S S B s
R A T T 75 R A )

e 1R (8] B, 18 22 2E 5 AR S5 A 5 I AR
W2 RO ZERY BT, Q& 9a) BT R, Al 45 40
— 7l El SRS HE S ) o 0 A A BT A ) = s
AR Li S B B T S S 1k
FHES G TEAN AR s K/ N AR I L T, 481k
Jei Y AR 25 F B AT TR B P S R T ; Wang 4517
K SIMP 2% e 32 25 44 247 #H FME AL, IFXF
FLSR 5 ks BT S5 A AT LA S AL, DAk )
[E1 1A — it A% TEE 5 265 ) A L IO B B [T A 03 3 ok = 4
5, A& Ob) BT 7R T ) R 2600 b o5 B s R Ak R A7
SR B O 1 28040 1) 2 FE 2540 S R A 38, 4
P 9c) BT s i 50 ARG A BR T 40 #7245 21, %
PREIRIGR BN R (Y5 s AT T S8, AR IR
/N T 20.9% , R AE SR E T 30% ; Moon %570 AR
i 3D Kagome 4514 3D 435 A& S5 H4 F1 75 F1 220
AR ZE R R AT 8 R 1T T — R AU AT 40 A% 2
¥ 4 T IR ANIHLE 2 S TE , B el E
Wi 9d) s,

F b3 SCRR AT 0, B i 1 22 RUBE 54 5 A 7™ i
0 ey I AR S € A Wl S A R oy e A 1 RO K /4]
FMIEAC T TR AL 1 SRR T4 = R 2 LA 4G
Py i R M ) [ B, S PR M Y iR Ak, £
ROEEGERARAL TR 8 2k AR 2 | 72 Kt B pL A Bl
WATAE 2R I 1, SE N 21 il 3 19 42 3
A, Bl E B IER GORE S REER
BT & B3 A ) 3 25 2 i ) sk BOR 5 H A RHRR
PEARZS & ATk — 2D HE s 2 RO S5 AR A& T .



- 710 - [ A S A N ¢ 5 43 %
— — A5 ( rational approximation of material properties

\ A = 2= I pp properties,
>R ﬂ% ] X \722@ RAMP) % R H0 85 HERR TR, o - FLAT I P

a) TRhEHELEHY

S5 I Iﬂ
AR 4 [ F\ | | ﬁ\ | a
b) JALEREA -Gk o B AR d) SRR G
RA MR HEFFALIA i A ALIR

Ko fhs sk KR H]

4.1.2 % REFATHA

Z REIFAT AL 248 i/ N2 B R it B,
BT MU IS S AR B A R L L2540
P SEBEE I AT AL, BN, Lin' ™ ST 5 (b B
WHEST T 450 SRRk ROBE Y % 82, S T A 7 5 i
WURT LA B AT A BE T Yan 2507 S8 i 25
i K A a il i A A SE 3 T 2 ROEEIFA T4k
Wit , LA B BB UE B T 3% 7 15 1A 30bE ;s Li
SIS TF SR RS, 22 SR FH AR 2 B ) 4 R
AT MR BETT, O R FH 7K 4678 R 17 T 4
P, 15 52 U4 W A 2L AR 2544 ; Wang 457
KA T 4540 - bk 2 RS A ME AL i
JIAREARY S8 o BOE B E B Tz AR R T R
B s Sivapuram 257 SR K S 4 35 0 £ R 45 A
HATRAL T, LB T 2 ROE — R M T
Hao %57 SR i 249 57 46 1 6 38 3% AR R0k A
T T RIME BT, S T 2 ROEE B JE s fb ket
Li 251770 SR FH K S 8 125 06 S B T B Ao B8 400 i &R 5 44
BT HIMEAL T, IF i A T RO
HAARERE, M bR STk T, el R v
G REEER I 52 2 LA T AR B GO AL et A1 Y TR E
ML T T SR SR 2 ROEETTA T 4E
Wit AL, BEE N TR REH A S g Kb R &
Ji& | ml g B T O R B v A A R R 2 UL
¥ 2O A MILEARSS &, 51 A% B (E
BRI S R Ak ) 2 RO R ML IR 1T,

5 A7 (A A8 AT 30 o S B T I B 8 B T Y
KF BEPRIE Y I 47 (B pR EICRE [ 50 vt B0 ) 4y 38
FER RIS TR 1 PR, 38 A R B T A
L BE B A0 AR Uk A 25 SR 1 K B BT, DA T SR
L RESSH B MEAL BT, 2 A (AR A T 1
ANFRTCUE AN [ R 2 BE (A A 3 3k BR s AR X
W AR AR BRI ST SIMP B A K A B3

o) TRUE S ISR i, 76 3% SRR FME Ak i
]z, 7E SIMP BRI RS F p BRIEIUS AR
BN RS TR, WA p 3G K, 25 A Rk
365 {1 1) V9 i AL S5, DTG 3 0 B 4R FME AR R T
5 SIMP BiRUATR], RAMP 5 8Y HA 4R R %, nf
FE LA AT A 10T A DR 5 4288 R DG ) B3 T
W, SIMP Fl RAMP #7153 571 >R FH % oR 450 R A7 38 bR

Bodr ot x, PR E AR SCR  HARE
an(3) P,
AE = EO - Emin
EP('xi) :Emin +x1£)E (3)
E N=F . —i E
(I(xl) min +1 +q(1 _xi)

X E, L E, 53510 SIMP K RAMP #E AU H 5 4514
A SRPER I 5 £y SRR i iR & s B, LR
W By SRR R R IEOLT IR E,, = E,/1000;p,
q 7R 2 PR ARSI, R E, =1, )] SIMP
1 RAMP (4 fH s ACAN L 10 IR

1.op — p=1 ;10 g0
— p=15 —q=0.5
08 — p=2 08 —g=15
5 p=3 7/ q=4 /
ZE- 0.6t — p=4 // ; 0.6f — q=8
g p=5 7/ g=12
204 04
0.2 0.2
=703 03 =03 03
WA B
a) SIMP b) RAMP

E 10 SIMP & RAMP FY4i{E k%L

SIMP J2 RAMP i {E A AL e S M AL T ik )
I 5 B SIMP KB 58w R v A 4
A SR AR A TR IR TR M B T Ak
Jei B 5 A R R A5 3 2 5, LSRN 7.5% 5 AR
i 10 SR AR B vk VR R B LS R A T M
Bt T N T 48.5% ; A 25 7 Y — Fil gk
E— AR =X M AR BT 7 ik, AR5 1 kAT 3
VA8 B R MUTE I 5 v 1) [ s A7 7 7 {1 9 /)
73.81% ., TERffESARIGFMIE AL BT ] B, B 5
Bl A RHE AN R — A EE WS
FMAACBE T SIMP 475 (A8 () 358 K hiy FH A 3R 3¢
et BB E e e R e e, il B
TEAEAR T AT R T35 R A e A T R ] H 3



o541

SR A T ) A A BT Y SRR FMIC AR 5 1 - 711 -

MLELAR RN, T BP0 45 48 i 1 X BE 59
Uk, R T I A 5 R il AL T s A SR ik R
SISV — b R S 8 T s, T A R B A 2
RSSO0 AN R A | 4 R LA R 5 Shi 255K AR
PR S SIMP JEAHSS &, Ml o T Ak 45 R 1R A
SR AV 4R TR

L R EFATIRAC S T X6 72 s+ 5 2 A 00
SR TR AR IR T, X WZ AL, PR 45
AP ARAT Jmy 5 X GO0 2 T PG Ak T S B A 265 4 %) 4 b
PR S0 R #E T SOULZ L 45 A R v R A 3
e TN, 2 RBEIFFAT P — e i T o Bl 4
R BB X AT 2R S AR BE I 2, ey
SRR B Al A O T — 2 bt
ST,
4.2 SYBIFER—ELRIMEL

M R s A A AL BT — Bl BT kR T
1B, 71 3 RESE Z R BRIR 252 ), 25 R4 1
TiFHA RN 50X R K i 5 o S P e T T %
JERY R, ShFMILAEVE DU & S5 A1
TR Set k™ FE TR T R L, 8
I A B G AE DX I N Z Bl R 43 A, 45 206 B i 25
FAREHY 6 e PIrte B DD REZER . ALk, $h M ATt
B TR 2 B v W S5 A i IR,
AR — R B e — IR BT T R
UGRS3 iR e & , ARl 1 a5
WA BIPR BN R ; Yang %57 ] OpenFAST X {4-%¢
WHLHAT T 05 B4 B, 25 3 3¢ BT AR e RS s Ui
THR, M5 JIE IR EEH B A R A a8 € 1 Xu
IS8 ) A 3l 5 R R i 7 AR R e /N A e H AR
X — R B B 25 44 ST T AR M AL T, IR Ak
JE WA PP A5 A 7R Dk /N ot & g9 [ B, A IR 3R
T 3L

i bR  fE—IRAe s ML T MR R
IRy AR g g o NGy LRV OB NI B U R b v = WA L=t
2 SRR 5 A R ENE AR R LA, RE T 4T
M ST RS B 7= e . X T 2 B b e Pk RE 4
MR BT, BRI 22 F R AL 17
) S A L | S R B A EN O K [
Z 7 i TAEREE P BRI, % H iy e 8 R 7E
Z I e RE A A BT i N AT SR B D

43 ZSHEH—FURIMIKL

SRR IMUL BT S T2 B G
B IRFMEAE S EARACARSS & | 3 PR R R 43
A FIAT R 25 ¥ 1 52 ) B A2 S 5 B, 20 b )
TR SRR R, B RAE DR
K BBEO TR i R I FANE R4 4
AT — R BT, 0 BT i 08N 14.5% 5 TE K 5%
A5EEO0 SR 1 A 7 P 7 TR 32 o 9 2 A T i B 9
WA AT, D 20.5% 5 45 6 45 R
FHER G B MPRL S 15 B as W B T 20T i BliR 42 4540
AT T HAMIAC BT, TR R BT 2R Y R AT
IR R AN A A 22 Y J o ) 98/ 36. 6% Al
30.8% ; SR AE R UG AR b RL - 25 b - PR R — 1A
WIMUAC BT 7 R T T AT TRt
ORI TR 42.6% , ST W8/ 21.2% 5 1
DY DS R IR R R T TS X 4 4R
—FPEE R D - B LR AN R A MR - SR 1k
ez a st s Ak fE R T BT f I8/ N27.2%
Tao 2" % ] Kriging B8 F1 22 H bpki T REDL AL
A =2 I AR 2T 2 3L 1A 1 B R RS540 2 5,
i H 5 98 /N T 39% 5 Ning Ll SR AR AVE E A
PR SOE N T AR AR R X 22 52 42 T5
SHATARL -5 - T — R F M A B TR 2
SRR BE A5 E K B B B BTN 39% .
IR SCER AT, 2 2 B — IR ML B 2
BHIEREL G5 T 2ESE AR I R DR
MBHER: 25t PERE R R T AT A
Vi, S R TER BE S B I R LT A | sl A 15
TR PR IRIR 2, AR, 2 28— 1Rt fe
B N 5 = RS AR HESh Bt Ik i BRT, JF 45
G R R FEm S AT RRELIT T (i H A T
U R R AR

5 EEERHRIMAIRIT R A SiE

51 MzEHEE

TE 25 6 A, "RAT A% A P R R A B LR R
SeitME AT e I BB AR bR, T EE
RS H et LA SRR TR, WATAR
IR S T W AT B S A%, 7 SRR F M
FOAE A T 1) 42t A 25 A T I R M AL T s,
AR A 2 AT T B e A TR 4
R, FEPRIESS R4 5if 2 RN NI EE A RTH2 T, B KRR B2 b



c712 - fiodb T ok R ¥ ¥ R a3 %

WD APRHE AR RERE I i 08 . Bk, AR SR F ML A T2 2 A AU R B
AR IMEAL T BT CAT AR A G, BRRIWNER 5 R,
x5 EEFEEIMIKERT RSN A IR
E A4 g IR
T 4 7 A B e/ M AT g e M R Ak A, SR FH AR %8 B 1 %0 8 PR B 3k A T4 A MR BT T
T R R KRR B[R], B/ T 13.3%
Ik 1 BREAE Y DU /INTZ BE AR HAR SR FH SIMP 32 S 78 25 B v 2 JC N CAT SRl 4 M kAT T ik
AL &, B T 19.2%
2RI A SR 7R 2 R o R DU T 3 R T A WLHILE 4 8 WA R4 7 40 A M A BT, DAk S5 DL 47 B AL 1
JF i A0 231.54 ¢ Y/ 204.21 g
T A 00 SR A s i ke DU BRI AHLES M AT T M AR T, RSN T 42.5%
AR PG PR AR R T o B S O A B v S R IR AR A A LR IR AT AR M AR T 5 R
T 23%
TR R AR B B TR S SRS A TR P MG AR R T, i 1 A 0 R A [ o i/ 22.6%
KAl RN A VO N AR R S A M AR 45 A % CLRTAS P4 4 AT Fn M AR 35T, A 1 1 5 35 5 R
S A L b DR I BT R 25.4%
Fei 45110 HE 1 —Fh 42 5 106 Zh SR Bh A A 0 SR, SR FH 22 2 okt 0 Xt e VA 28 R AT AT dn ML AR 53 Ak S
H) BN T 16.79%

52 ZBISHESR AR FMEAL BT G U T T R CR B
FEAC I 18 2R A U, BEE X RE IR SR 58 T A0l MR TR O M AL T B
PRFEEEOR R B SRR BOT R G BFs I o B T SRR M Ak 1 A8 E
Wt R EZEN A BN AR FE R R s A Al b i T BR , angk 6 IR
®6 EZEAMUETEEHESTE HNE AR
O FF 4535k WFFE IR
Lee %17 SR SIMP 32 S IE 38 B )3 % 81 4 ZE AR 4 s AR ARG A T T R MRS 3T, S s/ 149%
Yao %Y XK IR A A TR BRI BN T 15.29% , 3F BT LR A RUR
ZEA S K SIMP 5 FE5 T ARES &, X8 22 22 AR O 9 S b A T A MO AR R T, T Rl s 49%
T S 1d OptiStruct i , SR FHAE BATC I X MUK 42 R AT T F0MIE AR T, HOB i/ 13.45%
JBE AR R S SR R PR SR R R T MBI 1.84 kg, W E R 7.49%
AR AR 2 Sy T B ARG 45 ¥ 1Y Res-CB-Unetsh 25 0 48 4 0 | 5% 25 %5 3 e b L AT 4R FME AL 15
-, BN T 6.83%  IF R m THERCR
RUBEAS S L2 ] FR A8 AL 12 S 0 R 9], SR PR 4 B v 0 L A7 0 A M AR 8T, 7 0 2 SR A [l Bt i
/N 43.8%
Kiani 251" %6 (1 42 Bt 4780 ) 2R 124001, R 22 B bR F Itk i b A7 e AR iR T, 76 45 4 5 B
R THER MR, N T B
KI5 R Optistruct F0U0 42 Bt AT T M T AR A 45 1 , DR TE R B PR RO AT T, 5 5l
HHETHR /52311 kg
Yana %R FHPTE AN | E SR B R AT R R AR AT T 2 B bsdn fMEIR T, i1k
JE W RSB T 17.8%
Hartmann 4517 SR 7R %5 B 3506 3h 7 o st A A R EA T4 F MG AR 38 3T, (5 — A A 245 090 3R o 8 2 1 38 il A
W AR BRENT 20%
TRk TR S Y TR R A AL A A AR R SIMP 20 HLb AT T 4 ML IR, 78 SE B ek ik
T EIET, S8 T — B s R
2 7 25 T SR A5 i [ A L A ) B IO+ R U R B 2 A AR AT 22 H AR A MR R T, R sk
/INT 7.8%

LU BB




o541

SR A T ) A A BT Y SRR FMIC AR 5 1 - 713 -

53 EBEHE

(SRS AW 5 AN R AN O TEvE 15 WENR VST
T MBI R 7S N T R R,
AR A R R AR R MR AR ISR
U IR R A e A OE (o R P B U

AT ML BT, SR AR AT Joy B TRT S, Dk
AN AR, 2 AT f TR A P L
771k, SCHRANAE T IESAh T ML AR Se AR 3 5 4
S AP R FHBUIR, ik 7 B,

R7T ESERIMIAERSRREQE PN AR

IR EROESS

[IETEEIN

F AR B 1] HyperWorks i, SR I SIMP 32 K 477 2 140l v 8 B8 40 ¢ 5 M0 3R S HEA T4 MR MK

B, A8 T BT ORI NAG

2 TR

S A SR R T T R S RS T 3R AMEAL BT, BT T B i, O 42

PIFE PRAE 20 KO AR AT T et e, SRS IR e RN B B die R g 24 K it BE R A, O

Tl TR

PR 2Bk e S e

WRAE A 2612 S e T B 0 PR RS AR A A M A BT 450 % S B K T 8 AT 149 15 AR/ NS AR

R 6 RS AE SCHE A JFAUAL T BERE R (B8N T 21.7%

W]

X 45124 SR AR 35 BE 0 TN Sl A TR MR AR B, N T 11.19%

5.4 Hfhei

BEA 4 BRAL AN Tl AR ) PR & i T s T
5 H £ < O RCR A R K il o MLk i
THSEIAURES G 1 2 i b & B $ = i s 4
e HEATRFSE R R (DGR vk, A AR SR AR
W EVA e T SR BEA T M A BT, TR N T
12.5% ; /N K& SR Ansys 4K 14 TH B Topology
Optimization B TEAF AL N SEAT ML BT,
JEFFHILES N BT R U8/ 7.6% 5 FHpRg 3117 4
AL TR R R T OB SR ) Kriging B2, 2R H
TGS SR o g AT MLk et Atk
J RS I/ T 20.3% 5 Xu 4512 R A8 %
ER A EL A M HEAT S M AL BT, PR R BT
FORM RIS, B 50% ; Song 451127 S AR %5 i
FERIHUBRE AT M AL BT, 8 5 e o K
(ORI, BR8N 29.65% ; Suryo 4501 SR FH 7S 4% i
TERE SAZ LA T T RMER S A A ML AL i
T BRI/ T 3.7% 5 B AR LIS U AP A
li) 22 22 B e R Ak K e /M O FAR , RHZ SR AL

R G T 2 BRIt
6 # it

EELE AR FMICAL 7 12 B R T H 2 e, F

EAR(EN IR e N E 73 S L PN TR
BT ARSI S MEAL T A DT ST R R, X 2
BAAL L A id B oA 3 MR 3 M
WIT LT T84, 502 T MU TR s 22
M3 SRR A A U N $8 AR R B AL
et B A DT ) AR RN R 45E

1) SRR T3 S R B ¥R st Or ik S AR Ty
VRS, Al BT i 10 5 A A ] 254 0 S R
JE It SEBRES AL (R e A JR) o

2) ARHIBERY Al AU S 2% 14 AR G0l e K, T 22
P28 A5 LS R A AR LR S BE I T A KA
PRSI K ot 22 0 28 55 0 5 | AR MIE AL B, TR
I RNAS , A s DU A ), S s AR

3) A MU BT AT aE e A S R 1
THEN A SRR S BAS P ERE IR AL, FES5H— 1A
ML T Z 2R B 5L AF] SRS 2 AN
] R 2SI TERETE 1. 2 RE—ManfMiifese
LT SR 22 RUBE 46 H2 0 EL 30 | X 45 4 1) 4 AP g
TIRSETE R, AU T Z YB35 T Y
e PERESE P BE TR,

A S IRE A5 B A R A B B SRR
ML S

1) SAMEA BT A IE HIPE . ML Ts % 6
PSR A (SR TR RO H AN IR 7



. 714 - [ A N AN

¥ 543 4%

R B bR, il SRR SE PR TR ZOR,
EESEASR MU B O A AT AL BT, H
BT, BELE AR MU 206 2 2 B AR 4 1 i
AR U S BOR AT 45 &, 55 75 1

ZBGHTRPRH BRI OL AL , M6 2 T S B
B Z RSt 20K

2) et et g, BEE ML
Jr )z N D 2R B BRI
BB PE A, 38 4o 2 X 24 A6 TR 2 2] AL 75|
AT BT R T | R M b 2 I RE R HH

FMEACB R, AU A p 5 BT AR, S B
e PERETHR N TR REALIn ML B HE AT RE,

3) —fesk @it S, B L Kk
J& s et BO B S N, ML it
LR IR R R R PR S g T2, B S
R R V-1, 980X B IR R AE o

BN B ROR I HE 20 TR 2 M5 e 2 MR
BRSBTS AR M TR BE
SERTTROR B AR AR S MIEA B R 28 v
TR IR fh BT, R 2 AR BT

SEH

[1] LITW, KUXP, BAKAR A Z N. Topology optimization of swing arm for FSAE EV racing cars[ J]. Journal of Physics: Confer-
ence Series, 2024, 2923(1) . 012007

[2] ZHU B L, ZHANG X M, ZHANG H C, et al. Design of compliant mechanisms using continuum topology optimization:a review
[J]. Mechanism and Machine Theory, 2020, 143 103622

[3] DEATON J D, GRANDHI R V. A survey of structural and multidisciplinary continuum topology optimization: post 2000[ J ].
Structural and Multidisciplinary Optimization, 2014, 49(1) . 1-38

[4] SIVAPURAM R, DUNNING P D, KIM H A. Simultaneous material and structural optimization by multiscale topology optimiza-
tion[ J]. Structural and Multidisciplinary Optimization, 2016, 54(5) ; 1267-1281

[5] JUNGT, LEE J, NOMURA T, et al. Inverse design of three-dimensional fiber reinforced composites with spatially-varying fiber
size and orientation using multiscale topology optimization[ J]. Composite Structures, 2022, 279, 114768

(6] Sy, skikmg, RIZE, 5. Wias LSS b s i e et (1], RSl R 2740, 2020, 54(2) : 186-192
CHAI Xianghai, ZHANG Zhinan, YAN Jun, et al. Lightweight design for improving aeroengine fan blade impact resistance ca-
pability[ J]. Journal of Shanghai Jiaotong University, 2020, 54(2) ; 186-192 (in Chinese)

[7] XIONG F, WANG D, MA Z, et al. Lightweight optimization of the front end structure of an automobile body using entropy-based
grey relational analysis[ J]. Journal of Automobile Engineering, 2019, 233(4) : 917-934

(8] WA, biiZE, K—0, % RTZHBBER RN ZESTHREEMABOT)]. MURHIFT TR, 2023, 40(3):
269-275
HUANG Jie, RUAN Jingkui, ZHANG Yibing, et al. Lightweight design of differential case based on multi-objective genetic al-
gorithm| J ]. Spacecraft Environment Engineering, 2023, 40(3) : 269-275 (in Chinese)

(9] E¥fH, R, sRF, 55 iR ai i it Ik v Hi [ ].
150-158
WANG Puyi, FAN Tianfeng, ZHANG Taiping, et al. A forward design method and application for lightweight structure of wea-
ponry[ J]. Journal of Ordnance Equipment Engineering, 2024, 45(6) : 150-158 (in Chinese)

[10] SIGMUND O, MAUTE K. Topology optimization approaches: a comparative review[ J]. Structural and Multidisciplinary Optimi-
zation, 2013, 48(6) : 1031-1055

[11] XIE Y M, STEVEN G P. A simple evolutionary procedure for structural optimization[ J]. Computers & Structures, 1993, 49
(5): 885-896

[12] QUERIN O M, STEVEN G P, XIE Y M. Evolutionary structural optimization( ESO) using a bidirectional algorithm[ J]. Engi-
neering Computations, 1998, 15(8): 1031-1048

[13] HUANG X, XIE Y M. Convergent and mesh-independent solutions for the bi-directional evolutionary structural optimization
method[ J]. Finite Elements in Analysis and Design, 2007, 43(14) : 1039-1049

[14] AR, FET R E AN 5 ROHRE BT LD, M R, 2022

LI Shumin. Research on hybrid optimization method of structural topology and size based on skeleton extraction algorithm[ D].

IR TR A4, 2024, 45(6)



%5 4 19 SR A T ) A A BT Y SRR FMIC AR 5 1 - 715 -

Guangzhou; Guangzhou University, 2022 (in Chinese)

[15] YANG X Y, XIE Y M, STEVEN G P. Evolutionary methods for topology optimization of continuous structures with design de-
pendent loads[ J]. Computers & Structures, 2005, 83(12/13) ; 956-963

[16] HUANG X, XIE Y M. Evolutionary topology optimization of continuum structures including design-dependent self-weight loads
[J]. Finite Elements in Analysis and Design, 2011, 47(8) : 942-948

[17] Meweste, hAL AT SRS EMIEIL TRRN AL T, BEHJI2A2440, 2017, 34(5) : 944-949
TENG Xiaoyan, SUN Li. Engineering application of topology optimization in structural design for cargo tank region of oil tanker
[J]. Chinese Journal of Applied Mechanics, 2017, 34(5) : 944-949 (in Chinese)

(18] WA, B, F5IR, 5. HBEU AW SRS R IMEACET [ T]. THR %224, 2023, 40(3) : 484-490
WU Xing, FENG Shuo, QI Jun, et al. A novel approach to topology optimization of multi-material structures considering mass
constraint[ J |. Chinese Journal of Computational Mechanics, 2023, 40(3) ; 484-490 (in Chinese)

[19] MIRZENDEHDEL A M, RANKOUHI B, SURESH K. Strength-based topology optimization for anisotropic parts[ J]. Additive
Manufacturing, 2018, 19 104-113

[20] WANG H X, LIU J, WEN G L. An adaptive mesh-adjustment strategy for continuum topology optimization to achieve manufac-
turable structural layout[ J]. International Journal for Numerical Methods in Engineering, 2019, 117(13) ; 1304-1322

[21] WANG H X, LIU J, WEN G L. An efficient evolutionary structural optimization method with smooth edges based on the game of
building blocks[ J]. Engineering Optimization, 2019, 51(12) ; 2089-2108

[22] PR, A - Affe - (RAL——S5 LR DT Bt [ M), % . OB TR L, 1996

SUI Yunkang. Modelling Transformation and optimization new developments of structural synthesis method[ M ]. Dalian: Dalian

University of Technology Press, 1996 (in Chinese)

(23] WELFe, LN, B FORR. i s B0 B ) 29 O SER S A3 ME AL RS2 0BT [0 ] Lt Tolk K524, 2013, 39(3) :
321-330
YE Hongling, SHEN Jingxian, SUI Yunkang. Analysis of effects of different filter functions on topology optimization of continuous
structure with stress constraint[ J |. Journal of Beijing University of Technology, 2013, 39(3): 321-330 (in Chinese)

[24] B AR, 2028, 5 R ML 1CM Bk b A e S ) pR 4 MFHEC (2B [J ], A ) 7244, 2024, 45(2)
253-265
SUI Yunkang, PENG Xirong. Selecting mapping function with highly efficient convergence( MFHEC) for ICM method of structur-
al topology optimization[ J ]. Chinese Journal of Solid Mechanics, 2024, 45(2) ; 253-265 (in Chinese)

[25] 25, PMIBSC, sK2HE, 55 LT ICM M RUIHLIM v ZARFDRAEMIE A BT[], RBHBE2 I, 2021, 42(12) : 261-266
LI Hongyu, SUN Pengwen, ZHANG Lanting, et al. Topology optimization design for multiphase materials of wind turbine blade
based on ICM[ J]. Acta Energiae Solaris Sinica, 2021, 42(12); 261-266 (in Chinese)

[26] LI X, YANG Q, WANG Y, et al. Development of surrogate models in reliability-based design optimization; a review[ J]. Mathe-
matical Biosciences and Engineering, 2021, 18(5) : 6386-6409

[27] WeHE55, ZEW5F, THE, . 3T Kriging B MOGA F42 G U ALAR FE SO 2R R AR Ao [ T ). BRAR il s T 72,
2023(10) : 126-134
LING Jingxiu, LI Haoyu, WANG Ganting, et al. Structural optimization and lightweight of tyre forming machine rolling support
[J]. Modern Manufacturing Engineering, 2023(10) ; 126-134 (in Chinese)

[28] BHMENE, 25WERL, ZEAE, 55, BT HFMUALAT Kriging #5584 B 57 PG S5 M s Ak st [ 1], T EPLA TR, 2022, 33
(23) . 2888-2897
JIA Lianhui, LI Xiaoke, YUAN Wenzheng, et al. Lightweight design of front and middle shield structures based on topology op-
timization and Kriging model[ J ]. China Mechanical Engineering, 2022, 33(23) : 2888-2897 (iin Chinese)

[29] Z1EST, BRER, M, 45 BT 2 TR EW 4 ez fb e et [1]. fE T8, 2023, 44(11) .
3529-3542
LI Zuoxuan, JIA Liangyue, HAO Jia, et al. Lightweight optimization design of unmanned vehicle body structure based on multi-
working conditions correlation[ J]. Acta Armamentarii, 2023, 44(11) ; 3529-3542 (in Chinese)

[30] £ERT7, SHriit, 2Mtat. KETMRA S AL LBt ()], KM A S5 H1A4, 2022, 43(3) : 50-55

JIAO Ayun, MA Xinmou, LI Kuiwu. Multi-objective optimization design of under frame of rocket launcher[ J]. Journal of Gun



<716 - W odb T ok ko E R 43 &

Launch & Control, 2022, 43(3): 50-55 (in Chinese)

[31] XIONG F, ZOU X H, ZHANG Z G, et al. A systematic approach for multi-objective lightweight and stiffness optimization of a
car body[ J]. Structural and Multidisciplinary Optimization, 2020, 62(6) ; 3229-3248

(32] Pride, Tk, ®B %, 45 ST P 5 U Ak 77 i o0 il [ e e 45 M A A it [ 1], sRAMLR, 2023, 29(3)
362-371
CHEN Chaolei, WANG Zhixiang, LEI Yongjun, et al. Structure optimization design of stiffened conical shells based on sequen-
tial approximate optimization method[ J]. Manned Spaceflight, 2023, 29(3) : 362-371 (in Chinese)

[33] YANG P, SUN LY, ZHANG M L, et al. A lightweight optimal design method for magnetic adhesion module of wall-climbing ro-
bot based on surrogate model and DBO algorithm[ J]. Journal of Mechanical Science and Technology, 2024, 38(4) : 2041-2053

[34] SOSNOVIK I, OSELEDETS I. Neural networks for topology optimization[ J]. Russian Journal of Numerical Analysis and Mathe-
matical Modelling, 2019, 34(4) . 215-223

[35] ZHENG S, HE Z Z, LIU H L. Generating three dimensional structural topologies via a U-Net convolutional neural network[ J].
Thin-Walled Structures, 2021, 159 1-15

[36] CHANDRASEKHAR A, SURESH K. TOuNN: topology optimization using neural networks[ J]. Structural and Multidisciplinary
Optimization, 2021, 63(3) . 1135-1149

[37] dGmim, B2, BT, 4 BT W B 2 [ 45 0 H AR I B ST 2508 [ 1], Je% R 2 T2, 2020, 28(5):
1152-1164
FAN Lili, ZHAO Hongwei, ZHAO Haoyu, et al. Survey of target detection based on deep convolutional neural networks[ J|. Op-
tics and Precision Engineering, 2020, 28(5): 1152-1164 (in Chinese)

[38] XIA Q, WANG M Y, SHI T L. Topology optimization with pressure load through a level set method[ J]. Computer Methods in
Applied Mechanics and Engineering, 2015, 283, 177-195

[39] WANG M Y, WANG X, GUO D. A level set method for structural topology optimization[ J]. Computer Methods in Applied
Mechanics and Engineering, 2003, 192(1/2) . 227-246

[40] SETHIAN J A, WIEGMANN A. Structural boundary design via level set and immersed interface methods[ J]. Journal of Compu-
tational Physics, 2000, 163(2) : 489-528

[41] 5008, X, JETHR4 MR R B R SRS R IMEAL TR [T]. J1222A4i, 2004(5) : 520-526
GUO Xu, ZHAO Kang. A new topology description function based approach for structural topology optimization[ J]. Chinese
Journal of Theoretical and Applied Mechanics, 2004(5) : 520-526 (in Chinese)

[42] FEHNI, REIRME, T FEF /K4 A von Mises B IIZEFIHHIMEAL[T]. HEHLHE THE, 2006(15) ; 1589-1595
ZHUANG Chungang, XIONG Zhenhua, DING Han. Structural topology optimization based on level set method and von Mises
stress[ J]. China Mechanical Engineering, 2006(15) ; 1589-1595 (in Chinese)

[43] OSHER S J, SANTOSA F. Level set methods for optimization problems involving geometry and constraints: I. frequencies of a
two-density inhomogeneous drum[ J]. Journal of Computational Physics, 2001, 171(1) ; 272-288

[44] MEI Y, Wang X. A level set method for structural topology optimization and its applications[ J]. Advances in Engineering Soft-
ware, 2004, 35(7) . 415-441

[45] KAMBAMPATI S, GRAY J S, KIM H A. Level set topology optimization of structures under stress and temperature constraints
[J]. Computers & Structures, 2020, 235 106265

[46] HUANG H, DING W, JIA H, et al. Multiscale fail-safe topology optimization for lattice structures[J]. Thin-Walled Structures,
2025, 206(3) . 112693

[47] sk4EFS, PNE, SR00, 25, BLTOKPAEMIE AN S RIS IR ITE ] TR, 2013, 30(7) : 22-27
ZHANG Weisheng, SUN Guo, GUO Xu, et al. A level set-based approach for simultaneous optimization of the structural
topology and the layout of embedding structural components[ J]. Engineering Mechanics, 2013, 30(7) ; 22-27 (in Chinese)

(48] RAHE, KA, MR, 4. ST SHAKFR L ARBLE S5 3 1 MU [ 1], B E TR 274, 2021, 43
(4): 349-359
WU Yonghui, ZHANG Dongdong, CHEN Jingyue, et al. Dynamic topology optimization for constrained layer damping structures
using parametric level set method[ J]. Journal of University of Shanghai for Science and Technology, 2021, 43(4) : 349-359 (in
Chinese)



%5 4 19 SR A T ) A A BT Y SRR FMIC AR 5 1 - 717 -

[49] LINY, ZHU W, LI ], et al. Structural topology optimization using a level set method with finite difference updating scheme[ J].
Structural and Multidisciplinary Optimization, 2021, 63. 1839-1852

[50] ALLAIRE G, GOURNAY F D, JOUVE F, et al. Structural optimization using topological and shape sensitivity via a level set
method[ J]. Control & Cybernetics, 2005, 34(1) : 59-80

[51] B4, B ¥, Pk, He TR MK B E SRS RS MUA T2 [0] . A% 4, 2008, 29(2) -
175-180
LUO Junzhao, CHEN Liping, LUO Zhen. A level set method for topology optimization using aosscheme[ J]. Chinese Journal of
Solid State Mechanics, 2008, 29(2) : 175-180 (in Chinese)

[52] OSHER S, SETHIAN J A. Fronts propagating with curvature-dependent speed; algorithms based on Hamilton-Jacobi formulations
[J]. Journal of Computational Physics, 1988, 79(1) : 12-49

[53] GUO X, ZHANG W S, ZHONG W L. Doing topology optimization explicitly and geometrically-a new moving morphable compo-
nents based framework[ J]. Journal of Applied Mechanics, 2014, 81(8) : 081009

[54] WEISS B M, HAMEL J M, GANTER M A, et al. Data-driven additive manufacturing constraints for topology optimization[ J ].
Journal of Manufacturing Science and Engineering, 2021, 143(2) . 021001

[55] HWese, BUAor, 229, . BN i by SIMP Al MMC IR -G HFMETIELT]. J12%244Rk, 2022, 54(12) .
3524-3537
LIAN Ruichao, JING Shikai, LI Ying, et al. A hybrid topology optimization method of SIMP and MMC considering precise con-
trol of minimum size[ J]. Chinese Journal of Theoretical and Applied Mechanics, 2022, 54(12) ; 3524-3537 (in Chinese)

[56] 3%, WA, INE, 5. FETHI AT TR AL (MMC) i 8K FifE IR M Rk it (1], Jedik, 2022,
54(1) . 244-251
LI Jialin, ZHAO Jian, SUN Zhi, et al. Lightweight design of transmission frame structures for launch vehicles based on moving
morphable components( MMC) approach[ J]. Chinese Journal of Theoretical and Applied Mechanics, 2019, 54( 1) 244-251
(in Chinese)

[57] k70, BIET X, BT SIMP-MMC 2544 RO S fl 3 ML/ ik [, PUBGREE , 2022, 44(1) : 102-110
ZHANG Junfeng, LIAO Jingyu, LIU Enhai. Topology optimization method based on SIMP-MMC for structure size precise control
[J]. Mechanical Strength, 2022, 44(1): 102-110 (in Chinese)

(58] skDZL, ik, =i, &5, MK m P ae e f 1 AT B2 0 — AL BT 2R [ U] s 2441, 2023, 44(9) : 30-46
ZHANG Weihong, ZHOU Han, LI Shaoying, et al. Material-structure integrated design for high-performance aerospace thin-
walled component[ J]. Acta Aeronautica et Astronautica Sinica, 2023, 44(9) ; 30-46 (in Chinese)

[59] B/hAl, 855, EARAR, 55, ZRZSSHMINFMUL BT IriEsaid [ J]. fias#ii, 2023, 44(15) : 25-60
CHEN Xiaoqgian, ZHAO Yong, HUO Senlin, et al. A review of topology optimization design methods for multi-scale structures
[J]. Acta Aeronautica et Astronautica Sinica, 2023, 44 (15): 25-60 (in Chinese)

[60] BENDSOE M P, KIKUCHI N. Generating optimal topologies in structural design using a homogenization method[ J]. Computer
Methods in Applied Mechanics and Engineering, 1988, 71(2) . 197-224

[61] BENDSOE M P, SIGMUND O. Material interpolation schemes in topology optimization[ J]. Archive of Applied Mechanics,
1999, 69(9/10) ; 635-654

[62] PLOCHER J, PANESAR A. Review on design and structural optimisation in additive manufacturing; towards next-generation
lightweight structures[ J]. Materials & Design, 2019, 183 108164

[63] GU X C, HE SM, DONG Y H, et al. An improved ordered SIMP approach for multiscale concurrent topology optimization with
multiple microstructures| J ]. Composite Structures, 2022, 287 115363

[64] WU J, AAGE N, WESTERMANN R, et al. Infill optimization for additive manufacturing-approaching bone-like porous structures
[J]. IEEE Trans on Visualization and Computer Graphics. 2018, 24(2) : 1127-1140

[65] XIONG J, MINES R, GHOSH R, et al. Advanced micro-lattice materials[ J]. Advanced Engineering Materials, 2015, 17(9) .
1253-1264

[66] LI D, LIAO W, DAI N, et al. Anisotropic design and optimization of conformal gradient lattice structures[ J|. Computer-Aided
Design, 2020, 119, 102787

[67] WANG C, ZHU J, WU M, et al. Multi-scale design and optimization for solid-lattice hybrid structures and their application to



- 718 - fiodb T ok R ¥ ¥ R %43 %

aerospace vehicle components[ J]. Chinese Journal of Aeronautics, 2021, 34(5) ; 386-398

[68] AEAIRS, W7, ek, 2%, SFRATHCEB B e A Bt ik (U], PEPLBK TR, 2021, 32(5) : 594-599
REN Limin, DAI Ning, CHENG Xiaosheng, et al. Method of boundary strengthening design for lattice structure filling model
[J]. China Mechanical Engineering, 2021, 32(5) : 594-599 (in Chinese)

[69] #REsE, T ET AR IIRE S T k()] P EPU TR, 2022, 33(13); 1537-1544
XU Ganjun, DAI Ning. Functional lattice structures design method based on strengthening nodes[ J]. China Mechanical Engi-
neering, 2022, 33(13): 1537-1544 (in Chinese)

[70] MOON S K, TAN Y E, HWANG J, et al. Application of 3D printing technology for designing light-weight unmanned aerial vehi-
cle wing structures| J ]. International Journal of Precision Engineering and Manufacturing-Green Technology, 2014( 1) ; 223-228

[71] LIU K. Concurrent topology optimization of structures and materials[ D]. West Lafayette: Purdue University, 2013

[72] YAN X, HUANG X, ZHA Y, et al. Concurrent topology optimization of structures and their composite microstructures| J]. Com-
puters and Structures, 2014, 133. 103-110

[73] LI H, LUO Z, ZHANG N, et al. Integrated design of cellular composites using a level-set topology optimization method[ J].
Computer Methods in Applied Mechanics and Engineering, 2016, 309 453-475

[74] WANG Y, WANG M Y, CHEN F. Structure-material integrated design by level sets[ J]. Structural and Multidisciplinary Optimi-
zation, 2016, 54(5); 1145-1156

[75] SIVAPURAM R, DUNNING P D, Kim H A. Simultaneous material and structural optimization by multiscale topology optimiza-
tion[ J]. Structural and Multidisciplinary Optimization, 2016, 54(5) : 1267-1281

[76] HAO P, WANG B, TIAN K, et al. Fast procedure for non-uniform optimum design of stiffened shells under buckling constraint
[J]. Structural and Multidisciplinary Optimization, 2017, 55; 1503-1516

[77] LI H, LUO Z, GAO L, et al. Topology optimization for functionally graded cellular composites with metamaterials by level sets
[J]. Computer Methods in Applied Mechanics and Engineering, 2018, 328 340-364

[78] GUO X, ZHANG W, ZHONG W. Doing topology optimization explicitly and geometrically
nents based framework[ J]. Journal of Applied Mechanics, 2014, 81(8) : 081009

[79] &, %3¢, Mo, 5. a4 B A e U s A0 KR ML BT (1], P 3, 2021, 45(7) : 74-81
PENG Xianchang, CAI Wengqi, LIN Zhibin, et al. Static and dynamic analysis and topological optimization of gearbox housing in
electric vehicle[ J]. Journal of Mechanical Transmission, 2021, 45(7) : 74-81 (in Chinese)

[80] MIbai. —FiTh sl ML B[ T ], LB S HTTE, 2018, 34(3) : 179-181
LIN Danyi. Topological optimizagion of one automobile engine mount[ J]. Machine Design & Research, 2018, 34(3) . 179-181
(in Chinese)

[81] #ifh, 247, Foidh, 55 JETIRIMUAL B S AT B XA Bt Ir ik (1], WAL Tl R 24, 2021, 39(6) :
1233-1239

a new moving morphable compo-

DONG Wei, LI Yang, XIN Kehao, et al. A method of designing plate structure consisting of lattices and stiffeners based on
topology optimization[ J ]. Journal of Northwestern Polytechnical University, 2021, 39(6) ; 1233-1239 (in Chinese)

[82] WANG H, CHENG W M, DU R, et al. Improved proportional topology optimization algorithm for solving minimum compliance
problem[ J]. Structural and Multidisciplinary Optimization, 2020, 62(2) ; 475-493

[83] kM, TR, 2R, 5. EEAEHRIMULBES I [T ], AEPURS A THAR, 2021(6) : 29-32
ZHANG Guofeng, XU Lei, LI Dashuang, et al. Research on sensitivity filtering of continuum topology optimization[ J]. Modular
Machine Tool & Automatic Manufacturing Technique, 2021(6) : 29-32 (in Chinese)

[84] SHI S, ZHOU P, LYU Z. A density-based topology optimization method using radial basis function and its design variable reduc-
tion[ J]. Structural and Multidisciplinary Optimization, 2021, 64. 2149-2163

[85] BENDSOE M P. Optimal shape design as a material distribution problem[ J]. Structural Optimization, 1989, 1(4) : 193-202

[86] 4, K. GiBLE— AL GRS B PE[T]. PEAE TR 24, 2018, 36(H ] 1)« 98-103
LI Shaochun, YI Meijun. Structural-damping integrated composite components[ J |. Journal of Northwestern Polytechnical Univer-
sity, 2018, 36(suppl.1) ;: 98-103 (in Chinese)

[87] YANG Y, BASHIR M, MICHAILIDES C, et al. Development and application of an aero-hydro-servo-elastic coupling framework
for analysis of floating offshore wind turbines[ J]. Renewable Energy, 2020, 161; 606-625



%5 4 19 SR A T ) A A BT Y SRR FMIC AR 5 1 - 719 -

[88] XU Q, LI S, MENG Y. Optimization and re-design of integrated thermal protection systems considering thermo-mechanical per-
formance[ J]. Applied Sciences, 2021, 11(15) ; 6916

[89] B35, THA, Bk, % AR A ERER RIS B INETIE[ 1], 1R T/, 2021, 43(5) : 776-783
MA Fangwu, WANG Zhuojun, YANG Meng, et al. Research on lightweight conceptual design method of vehicle rear subframe
[J]. Automotive Engineering, 2021, 43(5) : 776-783 (in Chinese)

[90] Fsks, BLU, SRACHE, 2. DR BSAT AT BT bR 250 — A R AL BT [ 7] JECH T2 4R, 2022, 36(7) -
86-93
WANG Yongjia, DONG Hongshun, ZHANG Daisheng, et al. Material-structure integrated lightweight design of bumper front
anti-collision beam[ J]. Journal of Chongqing University of Technology, 2022, 36(7) : 86-93 (in Chinese)

[91] A5e)™, BRELHR, AvkicHr, 45 Wi i — AL Bat RAE E SR (b [ ] 1 TR, 2024, 46(1) :179-186
GU Xianguang, CHEN Honglin, YU Luxin, et al. Integrated design of precision aluminum castings parts and its application in
lightweight vehicle body[ J]. Automotive Engineering, 2024, 46(1) ;:179-186 (in Chinese)

[92] REhK, RUME, DB, % $60R— AL T TR Z BARATSEEOL AL B[ 1], TR A4, 2024, 31(2) : 188-200
WU Bofu, WU Yaoye, BEI Jing, et al. Multi-objective reliability optimization design for cast aluminum integrated car door[ J].
Chinese Journal of Engineering Design, 2024, 31(2) . 188-200 (in Chinese)

(93] WOLH, T, R HPE, % a8 RIS WM -8 — R Rt (] R TRE, 2024, 35(10)
1824-1833
CHENG Aiguo, WANG Chao, LU Rijin, et al. Holistic topology and parameter lightweight design of composite tailgate structures
[J]. China Mechanical Engineering, 2024, 35(10) ; 1824-1833 (in Chinese)

[94] TAO W, LIU Z, ZHU P, et al. Multi-scale design of three dimensional woven composite automobile fender using modified parti-
cle swarm optimization algorithm[ J]. Composite Structures, 2017, 181 73-83

[95] NING H, PILLAY S, VAIDYA U K. Design and development of thermoplastic composite roof door for mass transit bus[ J].
Materials & Design, 2009, 30(4) . 983-991

[96] GU Xiaojun, YANG Kaike, WU Manqiao, et al. Integrated optimization design of smart morphing wing for accurate shape control
[J]. Chinese Journal of Aeronautics, 2021, 34(1) . 135-147

[97] Jstibid, Fatwde, Begin, 5. BT8RN SLM BEAF ) & T AR B Sk S5 R ML B[ 0], TR E2 2R,
2025, 47(1) : 56-65
YUAN Shuaichao, WANG Jianfeng, DUAN Yuhang, et al. Topological optimization design of SLM additive manufactured
unmanned aerial vehicle bearing joint structure based on variable density method[ J]. Chinese Journal of Engineering Science,
2025, 47(1): 56-65 (in Chinese)

(98] WhiFHE, 3205, Wi-B15. ETHIMEILM ML N ATEIL S SR b e[ )], MU, 2024, 41(9) .58-65
YAO Zhengkang, GONG Peng, JI Shude. Lightweight design of multi-habitat unmanned aerial vehicle's fuselage based on topol-
ogy optimization[ J]. Journal of Machine Design, 2024, 41(9) :58-65 (in Chinese)

[99] Z=M8, Ak, #8Fam, . MieF AT ANAVE T 2Rt 1]. KL, 2024, 46(6) : 116-121
LI Peng, SHI Yongkang, GUO Wenmin, et al. Lightweight design of arm folding mechanism of quad-rotor plant protection UAV
[J]. Agricultural Mechanization Research, 2024, 46(6) : 116-121 (in Chinese)

[100] FEZEME, XI#E, Bak. DUHERITCAMMIELGEH 2R AR ML [ 1], PLBRITTH S5 HF5T, 2022, 38(6) : 173-176
WANG Zhipeng, LIU Hui, CAO Jian. Multi-performance constraint topology optimization design of quadrotor UAV frame struc-
ture[ J]. Machine Design & Research, 2022, 38(6) : 173-176 (in Chinese)

[101] A-Pa9, 2207 a2, 2R, LT BEA R CHLESRIMICE BT[], Je e ss TRA4f, 2024, 45(3) : 101-106
NIU Xixi, LI Xinying, LI Peize. Topology optimization design of aircraft flap based on variable density method[ J]. Journal of
Ordnance Equipment Engineering, 2024, 45(3) : 101-106 (in Chinese)

[102] R, skil, T, 55 A Rl AR A G 2 B ot Fe (1], MU S5, 2022(10) :157-160
WANG Feng, ZHANG Bo, WANG Chao, et al. Optimization design of aero engine support based on additive manufacturing
[J]. Machine Design & Manufacture, 2022(10) ; 157-160 (in Chinese)

[103] @HI=E, THe, TEA, % CHLRERI 20 B S MU ], AU 5l , 2021(10) : 81-85
ZHAO Zhixin, WANG Kun, WANG Jie, et al. Dynamic analysis and topology optimization of aircraft landing gear[ J]. Machin-



720 - fiodb T ok R ¥ ¥ R %43 %

ery Design & Manufacture, 2021(10) ; 81-85 (in Chinese)

[104] FEI Chengwei, LIU Haotian, ZHU Zhengzheng, et al. Whole-process design and experimental validation of landing gear lower
drag stay with global/local linked driven optimization strategy[ J]. Chinese Journal of Aeronautics, 2021, 34(2); 318-328

[105] K&, VFIDRE, WG, 5. S0 R AR ARt ss g e [ )], HULBCT R 24, 2023, 59(24) : 177-196
ZHANG Lei, XU Shuaikang, CHEN Jie, et al. Research progress in lightweight design of train body[ J]. Journal of Mechanical
Engineering, 2023, 59(24) : 177-196 (in Chinese)

[106] SHIFERAW M, TEGEGNE A, ASMARE A, et al. An overview of the role of composites in the application of lightweight body
parts and their environmental impact[ J]. Engineering Solid Mechanics, 2023, 11(4) : 419-426

[107] LEE H, JUNG S, JANG H, et al. Structural-optimization-based design process for the body of a railway vehicle made from
extruded aluminum panels[ J]. Journal of Rail and Rapid Transit, 2016, 230(4) : 1283-1296

[108] YAO D, ZHANG J, WANG R, et al. Lightweight design and sound insulation characteristic optimisation of railway floating floor
structures[ J|. Applied Acoustics, 2019, 156; 66-77

[109] ZEMEMR, Ty, BB 5. FLTFE5H A 5 &2 0 bk 42 40 EART SZ 284 A ME AR L) ] TR LA B T2, 2018, 27(2) .
43-46
LI Ya'na, YU Hailing, QIU Guangyu. Topology optimization of metro vehicle seat support based on substructure and mode repe-
tition[ J ]. Computer Aided Engineering, 2018, 27(2) ; 43-46 (in Chinese)

[110] KB4 Fa. e Tl Tk Bk 4R & & 4 M Lot FE [ D] k. TURI il R, 2016
ZHENG Ruoyu. Study on the lightweight of metro car body using superelement technology|[ D ]. Chengdu: Southwest Jiaotong
University, 2016 (in Chinese)

[111] B3, 2=, 2. AT BRA &R RI R EMARIT[ 1], KE TR, 2020, 42(12) ; 1737-1743
LIAO Ying, LI Feng, LI Zhi. Lightweight design of aluminum rear subframe in conceptual design stage[ J]. Automotive Engi-
neering, 2020, 42(12) . 1737-1743 (in Chinese)

[112] 5KARZR, kAR, ZE5est, A8 ZE TR ) B9 2 A a5 M sn ML AL RO [0 ] MLARBEITTH S 5, 2024, 40(4) .
104-110
ZHANG Dongdong, ZHANG Ledi, LI Liangliang, et al. Application of deep learning in topological optimization for structure of
commercial vehicle front axle[ J]. Mechanical Design and Research, 2024, 40(4) : 104-110 (in Chinese)

[113] XA, wham, BB HT, 25 WA RS HLE S SR ML R il wF s (0], R HLAR T/, 2023, 34(18):
2238-2247
LIU Yingjie, HU Qiang, ZHAO Xinming, et al. Research on topology optimization and additive manufacturing of engine con-
nection brackets[ J]. China Mechanical Engineering, 2023, 34(18) ; 2238-2247 (in Chinese)

[114] KIANI M, SHIOZAKI H, MOTOYAMA K. Simulation-based design optimisation to develop a lightweight body-in-white
structure focusing on dynamic and static stiffness| J ]. International Journal of Vehicle Design, 2015, 67(3) : 219-236

[115] sk, PR, #a7o%, 5. 5T SFE CONCEPT HYKF- 5 Sk 4 B 42 B 25y i AL et [0 ] MLpit, 2022, 39
(11): 106-111
ZHANG Feng, CHENG Jianyong, DONG Ligiang, et al. Lightweight design of body structure of a platform’s modified vehicle
based on SFE CONCEPT[ J]. Journal of Machine Design, 2022, 39(11); 106-111 (in Chinese)

[116] LI Y, DI M, ZHANG Z. Research on multi-condition topology optimization design of stainless steel spot welding vehicle consid-
ering weight coefficient[ J]. Journal of Physics: Conference Series, 2022(1) : 1-6

[117] HARTMANN M, ROSCHITZ M, KHALIL Z. Enhanced battery pack for electric vehicle; noise reduction and increased stiffness
[J]. Materials Science Forum, 2013, 2530(765) : 818-822

[118] Fhuk i, HKak & BN B D7k M 2 2R MEAE [ T]. 14 TR, 2023, 45(11) : 2157-2164
SU Yonglei, ZHANG Zhifei. Correction method of static stiffness and multi-level topology optimization for subframe[ J]. Auto-
motive Engineering, 2023, 45(11) ; 2157-2164 (in Chinese)

[119] Zfa e, £k, ik, 5. PAVEURRH LI 07 4 28 2 A bRdR ML BaT[T]. HLBGREE, 2022, 44(5) : 1128-1133
LI Yanxing, WANG Tie, JI Zhiyong, et al. Multi-objective topology optimization design of hydrogen-fueled truck frame[ J].
Journal of Mechanical Strength, 2022, 44(5) ; 1128-1133 (iin Chinese)

[120] FHAR, SRAEM, RE, % BRI RGEZ I Z HARmIMUe ], LR 580K, 2022, 41(6) .



#
#
&

SR A T ) A A BT Y SRR FMIC AR 5 1 - 721 -

922-928

GE Shicheng, GUO Zhuoyu, LIANG Xi, et al. Optimizing multi-objective topology of compliant mechanism of field-artillery
rocket loading system[ J]. Mechanical Science and Technology for Aerospace Engineering, 2022, 41(6);: 922-928 (in Chi-
nese )

[121] s, setk, XIEE. J o FARE TOREMUAL BT[], SRS S#mI 24k, 2019, 40(3) : 56-60
ZHANG Xinjian, GU Keqiu, LIU Gengxi. Topology optimization of the upper carriage of a gun under multiple working condi-
tions[ J]. Journal of Gun Launch and Control, 2019, 40(3) : 56-60 (in Chinese)

[122] FhFRPR, AR3EH1, FIUA. FE I BB I F R a5 A DAL Bt [ 0], e fe TRl , 2021, 42(4) : 224-227
SUN Lingqing, LI Zhigang, WANG Sijie. Structural optimization design of swing arm of certain artillery flap mechanism[ J].
Journal of Ordnance Equipment Engineering, 2021, 42(4) ; 224-227 (in Chinese)

[123] BRIEFS, T U1, MUEERE, 2. Mo 0t 2 B AL BORBTTE [ T]. MR AEOR, 2022, 44(14) : 159-164
CHEN Yanwei, WANG Bei, LIU Jialin, et al. Research on lightweight technology of a shipborne missile launcher[ J]. Ship
Science and Technology, 2022, 44(14) . 159-164 (in Chinese)

[124] X0, Rk, 2IET, 55, TR R R AT [)]. 1 56 S22, 2021, 41(2) @ 64-67
LIU Hao, XU Hongbin, LI Zhengyu, et al. Lightweight design of unmanned weapon Station[ J]. Journal of Missile, Arrow and
Guidance, 2021, 41(2) : 64-67 (in Chinese)

[125] #EA e, BUEEMG. 4R REME R A W Bl 525 R A [ 1] Wi oR27#4e, 2021, 55(10) ; 1948-1959
JIANG Junxia, LIAO Haipeng. Stiffness modeling and structure optimization of heavy duty intelligent stacking equipment[ J].
Journal of Zhejiang University, 2021, 55(10) ; 1948-1959 (in Chinese)

[126] A/, BfHiE, D/ JE, % 5T SIMP J5 i (9 RAT AL N5 ffe 50 #r [ 0], TR EIT# 4, 2023, 30(3):
342-352
ZHENG Xiaofei, HUANG Zhenhai, MA Xiaolong, et al. Structure optimization and analysis of pole-climbing robot based on
SIMP method[ J]. Chinese Journal of Engineering Design, 2023, 30(3) ; 342-352 (in Chinese)

[127] FHREK, B AR, 253 R, 55 ACERENON T o RE LA AT ], HURSHIE, 2024, 52(14) :94-99
YIN Jiaoqin, GAO Zicheng, LI Lijun, et al. Comprehensive optimization design of beam structure for double spindle horizontal
machining center[ J ]. Machine Tool & Hydraulics, 2024, 52(14) ; 94-99 (in Chinese)

[128] XU T, WU H, XUE F, et al. Structural design of stamping die of advanced high-strength steel part for automobile based on
topology optimization with variable density method[ J]. The International Journal of Advanced Manufacturing Technology, 2022,
121 8115-8125

[129] SONG Xinke, CHEN Demin, QU Bachua. Topology optimization of robotic arm for gas drainage pipeline installation[J].
Journal of Physics: Conference Series, 2022, 2383(1): 012014

[130] SURYO H S, HARTO H, YUNIANTO B. Optimization of CAT 374D L arm excavator structure topology design using finite ele-
ment methods| J]. ROTASI, 2020, 22(2) : 79-86

[131] o, EEMSAR, BRUR, 55, SZ4mALIREH O 97 45 b i TS ok o0 Al S Ak it (1], v B TRRALME 4, 2023, 21(4) .
363-366
MA Chao, LU Pengcheng, QIU Na, et al. Crashworthiness analysis and lightweight design of a rollover protective structure of
an excavator| J ]. Chinese Journal of Construction Machinery, 2023, 21(4) ; 363-366 (in Chinese)



© 722 - W odb T ok ko E R

B
v
gl

Research progress on continuum topology optimization for
lightweight structure design

ZHANG Lei"*?, KOU Ruoyang'®, YUE Zhibin'*, DONG Lei'*, TAN Xuening'**,
WANG Guogin'?, LI Xia'?

1.Tianjin Key Laboratory for Advanced Mechatronic System Design and Intelligent Control,
Tianjin University of Technology, Tianjin 300384, China;

2.National Demonstration Center for Experimental Mechanical and Electrical Engineering Education,
Tianjin University of Technology, Tianjin 300384, China;

3. Key Laboratory of Industrial Manufacturing Innovation Design, Ministry of Industry and Information Technology,
Beijing Institute of Technology, Beijing 100081, China

Abstract; In order to sort and study the continuum topology optimization methods in the lightweight design of me-
chanical structures, the main research results achieved in this field at home and abroad in recent years are analyzed
and reviewed. With the goal of lightweight design, three types of continuum topology optimization methods, namely,
multi-scale structure, iterative structural optimization and boundary description, and their applications, are
reviewed by clustering analysis; the advantages and applications of approximation models and deep learning models
in iterative structural optimization are analyzed, as well as the progress of research on the integration of materials-
structures in the optimization of continuum topology design under multi-physical fields and multi-parameters, and
the lightweight structural design methods are listed. It also lists the applications of lightweight structural design
methods in the fields of aerospace, rail transportation, automotive engineering and weapon engineering, and points
out the future development direction and trend of lightweight design, which provides a reference for the lightweight

design of mechanical structures.
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