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Design and optimization of corrugated multi-cell gradient structures based
on machine learning

YAN Kaibo'?, ZHOU Peng', LU Sisi'?, WANG Junjie', FAN Zhiwei'
(1. School of Mechatronics & Vehicle Engineering, Chongqing Jiaotong University, Chongging 400074, China,
2. Chongqing Jialing Special Equipment Co., Ltd., Chongging 400032, China)

Abstract: To address the collision protection requirements in fields such as aeronautics and space, traffic transportation, and
civil construction, a novel design method for the corrugated multi-cell gradient hexagonal tube (CMGHT) was proposed. The
sinusoidal corrugated ribs were introduced into a conventional hexagonal tube, integrated with the functional gradient design
concept to improve the energy absorption performance of the structure. First, the finite element model of the structure was
established and numerical simulation analysis was conducted. Results indicate that under the same wall thickness condition, the
key energy absorption indicators of CMGHT outperform existing structures significantly. Compared with the hexagonal tube
(HT), the energy absorption (E,), specific energy absorption (E,,), mean crushing force (F), and crushing force efficiency (1)
are improved by 390%, 76%, 395%, and 46%, respectively; Compared with the multi-cell hexagonal tube (MHT), the

aforementioned indicators are increased by 121%, 58%, 121%, and 97%, respectively; Relative to a corrugated multi-cell
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hexagonal tube (CMHT), the enhancements are 7%, 7%, 8%, and 33% respectively, while the initial peak crushing force (F,,,,)
is decreased by 18%. These results fully demonstrate its superior energy absorption performance. Subsequently, the geometric
parameters of the ribs and outer tube were selected as design variables. A total of 540 sample sets were generated via full
factorial experimental design, and a support vector machine (SVM) surrogate model was constructed. Combined with the
crested porcupine optimization (CPO) algorithm, model optimization was completed to achieve the accurate prediction of the
crashworthiness indicators for CMGHT. Finally, the multi-objective coati optimization algorithm (MOCOA) was adopted for
multi-objective optimization to obtain the optimal combination of characteristic parameters. The optimization results show that
compared with the CMGHT basic model without parameter optimization (the parameters are initially set based on the common
range of engineering: rib thickness of 1 mm, rib amplitude of 3 mm, outer tube gradient thickness of 0.5 mm-1 mm-1.5 mm,
outer tube length of 33.3 mm), the £, of the optimized structure is increased by 22%, the 7 is increased by 53%, and the F is

increased by 270%, which further verifies the effectiveness of the design method.

Keywords: multi-cell gradient structures; finite element simulation; machine learning; multi-objective optimization
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BB, AR B A A8 ) T AR N FH PR AL T 3 R s o
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particle swarm optimization, MOPSO) 5]~ UL 53 Hr AHSS &, 56 AL ) D Re ks BE AR 119 22 H AR 1k; Miao 551
K MOPSO, 523 T Z L5 [ 48 i5 A Pt ik s Li S0 kgt 1 od B AR BB ARY, S5 28 AR A 450 1
Z Bin i3 S2 4% 5 Yin 5500 3@ 5 2 01 X mlHBL 8 5 MOPSO Byl G, 58 1T 6 Bl Az i BE 45 4 1y 4t
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25 L, YR 2800 B 45 A i R T 32 A S — Ty ik, i 2 MR Tt BRI D Re AR B i
L IR, XSGR ) SR BRI K 20 G Ge i ACERAE A S5 ARk o itk — 2D PR T BE S5 1
FIPL b R, A SCRLA 2 M PR SC S DI ReRs B 3 it LS, M — AR Ak i T O vk S AT
Z M 45 1947 PR T (finite element, FE) B I 354 T ECERBAN, 38 58 %F bb 43 B PPA% R 48 14 e 5 Bl DA AL 2
JIE A B 25 #4045 (corrugated multicellular gradient hexagonal tube, CMGHT) f{) i i 5 ZMNE JLAaf 2500 3511748
i, ok A IR0 BT AR BUREAS A, 1 SRR AR NV 09 ) 2 e )07 B4 s A6 I AL B, A EE LU 2800
N TR P A Sk i 1 e S R BRI Ak Y S ) dit [ H 858U (erested porcupine optimizer optimized
support vector regression model, CPO-SVR), SZEL X CMGHT W B8 45 14 1Y 155 A & 700 ; ¢ )=, ¥ CPO-
SVR #7155 2 H ki ise BRI AL 575 (multi-objective coati optimization algorithm, MOCOA) #H45 &, 1T 2%
Ak, M E CMGHT (e iE S50 4
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RACERE . A FIoudl &, LR SHE A (hexagonal tube, HT) FYBERE T 472, #2488 —Fhfr
RAIZER . WA HT NER b2 R3S, Jovk A ROF FH W BE 2 (6], 36 180 [B) TR 2, PRI ke v 5 3 3 B B O ik
Z Ml 7S 1 IE 48 (multicellular hexagonal tube, MHT) o IbAh, W flidn + kR, JHE S350 28 20 4 A0 N 18 n, 4544
W RERE IR 4T o T UL, ARSI A B0, FEAS U W RE 2 Rl I RTEE T, K B AR LAk oM 1E
S UL SR, 38 3T 38 T B A RO 8 KA i 20 22 M 7S 3 B 45 (corrugated multicellular hexagonal tube,
CMHT), [a] i nJ 38 o i 458 1 5K i SONE AR, 2F— 20 WG I A i S5 ROR B0, e g seMERE R A . R
R AT DL SR T A 0 W B B, {ELU T RE T BRI AR W R AR e . e, SIAKS BB
T, T AN T E Tl 1) Al 9 i AL T % 7 S AR A TED A YR R, BT TR A DR 45 e W B R RE 1 [
REAS 10 25 BRI AR W (B e 406 ) , o HAS 380307 20 22 JHRO A6 B2 2540 4 (CMIGHTT), TEAN TR AN 8T 1 B .

) 2 -
Add ribs Add corrugations

Add gradient -

HT MHT CMHT CMGHT

1 CMGHT [yttt 72
Fig. 1 The construction process of CMGHT
1.2 HENELRIEREIRFR
R FHLUT WCREFE 512 % 70T CMGHT i 4k 5 W R AR o
W RERE: E, E SCHESHIY 1 (F) -0 8% () I AEA BUEAR LR 6 N FR 0

061442-3



5 46 4 EIPUE, &5 FETHLEA T R Z b A B S5 1Ak %6

E,= f: F(x)dx (1)
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F=E,/5 (3)
R4 1808 n 38 40 e S5 AR A FE vh R 1k, a8 R
N=F/Funu )

M 10, F,, 5 F R 22500, BB OISR .
1.3 BIRTER

CMGHT ) = 4 dE A0 1 UG #0458 1%, B 52 B 8 —
HEREI T A HyperMesh FPFHEAT A BROGATAL 2R, HLARSRAEQLEE T8 r
A% S S AR SR E . W 2 s, RS MR T
e W A 22 18], = O W AP R T A
TRz Sk B LA N2 . e m#k o X L, 20 Ha %502 41
BT R AE#R S (quasi-static, QS) IN# T 2 . 514 R
5 mm/min {02 H FEAS R, ARF5E 28 0.4 m/s Y 45 o i ——
ZSHORBEALRER & FE BLLZ5 3 A e M, 38 T KR 4 4
THFERT, Ry e 62 R I 0 = AT R SR ) |

d plate

T R D3 SCEk h HGE CMGHT QET 4548, k= B e xt 2 CMGHT (45 BRITA
N7 P S 56 5508 FH AR TR G IE, PR I e 6 5 SCRik (23] H HT B9S2 Fig. 2 FE model of CMGHT

B 485 SRPEAT R HE, DABGUEFRAR )y ik B MERR I o SCHR [23] AP S B0 REAS A RIAR 4 AE R SF R 1.5 mm, 25464 k)
e AA6061-0O, BARKF R PEUN T : % 5 Ky 2700 kg/m®, 4 R K 68 GPa, TAKA A 0.33, Ji IRV 11K
71 MPa, ¥ FR R 718 130.7 MPa, FEAFE X0 0.18; FE AR F LS-DYNA WP Ag A RS 123, {5 E AR
1 FEARAF I8 5 SCHR [23] 58 42— 5, FRICSE AN SEIRTT, I He fil 07 1Y) PR O R R B 0.15, BUE
ST E SCT P ik, SR 19 Bl BT R R A AL A5 K N TR Y B B Al AT Sy, Atk g DA - T 2 1) D £
H 3l 7 5 2R T g AL

M & 3 AT 0L, HT 76 FE #4005 R 40 52 40 i A8 L LF 78 2 — 30, B & - i &b 2 9

30— QS compression experiment!*!
— FE simulation in this study
25
- 20
%
(a) QS compression experiment!?) E 5
10 -
5 L
ot . . . .
0 20 40 60 80 100
Displacement/mm
(b) FE simulation in this study (c) Force-displacement curve

3 HT WASERX S e gh th 26Xt He

Fig.3 Comparison of the deformation mode and compression curve of HT
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9 W) B R, EDWIE ] T 05 BB RS AR AR AT o BN b A T SR o 2D OE R AR, R 1
N, FE U EE R 5 TR A7 SL I 45 RN TR2ETE 3% LA . Z5G M5 BB T A I 2598, AR SCHY FE At
Tk R B n HERR M, REAE 5 28 CMGHT RYTERE M A4 Bt nT 5 S0 4% .

®1 HT BHEMSIERRXTEE

Table 1 Comparison of the crashworthiness indicators of HT

Fik F,. /KN E/k] F/N /% E/J-g ")
FE 20.78 0.81 9.64 46 6.982
Qs 20.38 0.82 9.78 47 7.086
BRI 1.9% 1.3% 1.4% 2.1% 1.4%
1.4 #HE S MMk B ATt E I s o
o I 53 BT I B E CMGHT 7 i f P I 0

B, SR AR T AR S A X LU ABE AR, U 4G
¥4 (HT, MHT, CMHT. CMGHT) )1 Ffi 4 []
MEHEE, Hg—BEE 28— Hrh HT, MHT,
CMHT HY#& R BEJE 8 1 mm, CMGHT #4 H1 )2
HME SRR BEJR R 1 mm, S8 Fu %0 ¢
T Z M ) QS M4 X 58 52 Al Abramowicz™!
) T R A 2 TR T LR, B BT A A A U
GEATREGE — BE U SR W 70% . % HUE 4
Tyl BE ZE A AT 70% ~ 80% Ay ML R A SR 45 17
FEIX ], BERE 6% R E 25 M fEfe 2 F & Bt Bl &
B RE, ST A RIORE 3RE T 4R SR AR Y S e 28U
WAL B B B JCR L o U Bh 25 A9 A5 1Y T 2 )
NG5SR (J-fi e M 4e) in &l 4 firs o XAl 45
RAESE— 00, I F BRI R FER2 5
K5,

BT R, FE HT 250 JE Rl L 3G 3 i A i
e R MHT 4549, H E,. E, f1 F %75 T HT,
W B AR 4 Ry I S AR RS B CMIHT 5, A
BFMHT, HE,. F.nME, #t—F#T. W
U, 76 HT 258w 78 0 1E 5% 3% 20 B Al A XF 3%
I AR BERBOR $E T B R H R, R
HR . K, fE CMHT 51 ABhEE S HE

70 b +—MHT

Force/kN

Displacement/mm

K4 Ha5HE - L E
Fig. 4 Force-displacement curves of different
structural tubes

®2 TESEHENTHEME R
Table 2 Comparison of the crashworthiness indicators among

different structural tubes

454 F, /KN EJKJ F/kN n/% EJJ-gh
HT 18.18 0.51 7.22 39 6.25
MHT 55.28 1.13 16.20 29 6.96
CMHT 76.20 2.33 33.25 43 10.26
CMGHT 62.27 2.50 35.75 57 10.97

CMGHT %58, 7 i f5 L i i vk d8 8 (A4S E,  E,,. F .n M F,, ) E¥EF CMHT., HAKW &,
CMGHT 7EH 3 F&AK F,, BRI, SE30 T E,. E,. F Mg B4 00, s B s # LA 5 i 254 T

Ak,

M ALEE ROk A, 5 A A EEJR 45 58 HT 4549 M b, CMGHT 1E E,. E,. F filp b3 B #4827+ T
390%. 76%. 395% Fll 46%; 5 MHT #f b, FiRFE4R 0 4E 5 T 121%. 58%. 121% Fi1 97%; 5 CMHT #H
I, CMGHT fE E,. E,,. F Min Fi#E—RTH T 7%, 7%. 8% F1 33%, [alit F_, FEK T 18%. LA EXFHEFE
Ui, CMGHT FH 4 T HoAt JLAh 45 #4) HAT 500 48 A9 BE 1 WA 12

B 6 4 T AR S A RS2, o] LA Y, HT. MHT, CMHT & CMGHT 5 Bl i i iih 2 1
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B, AR AR TE i B R AR, (EAS [R) 45 44 1Y 728
A SRE A B2 S . HT 35 hiop
B MHT J&, AR T AME R B i B, (454
T R PR B 4R T —— MU B AR S S
Al ELULEE 2, MHT 1985 J5 — -8 4 K 5
HT, HASE B LR . MHT A4 7 h B sk i 80
HIE B CMHT J&, 8 ik 2 o CMHT A9l A
WA WA, IR shAME 7 A — . X P AR
JERFIEY K T RERAFEBUM A2, [ CMHT Wik
REHL = T MHT. SR HIBE A9 CMGHT, ]
FEH B AR 25 A2 )2, (15 CMHT A L, HEHS
REJE R, AR TAME LI &, AR

PEE— A 1058 5 [7 iF, CMGHT (R S8 2 T KI5 NIRRT A A o s 1
CMHT, #id ¥ 28 i 2 I FE e &, s &AL Fig. 5 Radar chart of crashworthiness indicators
E % i Wﬁﬁ %l ) for different structural tubes
(a) HT (b) MHT
(c) CMHT (d) CMGHT

K6 ARSHIE IR

Fig. 6 Compressive deformation of different structural tubes

2 ETFHEFI8 CMGHT WK &E 4514 151

2.1 R

CMGHT it i M e 52 Z A FRE S B0 i, FLrh AR B ¢ . WIARE 52 SOIR A L AME R 1 AN
[ AME K DO LR 1 RE Y 52 M 0o 35 . TR I, AR SCRE G DU AN S 801 Sy B T8 4, FH T IR 4k
CMGHT Jy 20 i i B0 5 DAk 50 BT o 256 25 IR AUIE S8 | 2 i K 45 28 38 2 4 TR I FH 75 55, 1 45 44
R JEE AL i PR 15 5 Sk 0.5~ 5 mm, 32 DX (8] B 3l A2 25 A 2 Ak 5 18 LU IR BB A TR0 18R, AR B4R & iUE . 1
oA ) i 56 2 G ) A T 2 A T R Y ] e 2 £3 CMGHT S4IUEEHE
WA PR O ISR 50 IE , 3230 R A A e 24 A4 M
JE R ERAE ) 5 R O AR R, JE T RE R R4S
PRSI A 76 T2 U X (8], 4% 2500 ELR B
JEHEAN R 3 R .

T B F IR SRR AR BE IS 4387, o BUE M 0.5 mm JF4R, BUERIFE R 0.5 mm; % &8 S HRR R ME S T
FRSZ I, A BIBUE SRR E0E R, B4R 1. 2. 3 mm; B CMGHT B94ME & 8 BE T, HOB IS 1Y K BE
T o RANE 1L AME 2, SME 3, &35 R B UE: 4ME 18 0.5, 1.0, 1.5, 1.0, 2.0, 3.0 mm; SME 2
1.0, 1.5, 2.0, 2.0, 3.0, 4.0 mm; #M& 3 J9 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 mm; /MF K DFEHIAME 1.2, 3 (54

Table 3 Design parameter ranges for CMGHT

t/mm A/mm t,/mm D/mm

0.5~3 1~3 0.5~5 33.3~70

061442-6



5 46 & EIPUE, &5 FETHLEA T R Z b A B S5 1Ak % 6 1

KEER LB, SME 1 55ME 2 KRIEBOIHE, kS8 3 KEEJA Y BAR LB, BUE Y 34, 40, 50, 60, 70 mm.

HF W TR BT 540 4R [F S50 CMGHT, 38 a5 45 B 43T 40 U 25 #4180 27w N7, 20 i A4 4
SRR o B 540 1B LU 1R 3 R U R4 S IR AR, UINZRAR o S B S 1Y 80%, A% .0 & & XL
PRI RN HEAT YIS, B 8 AU OGS S 40 MHaUAR o S B0 4R 1Y 20%, 3221 T 50 ik I 25 5 4 B ARE 40 (7% 3 I
R S aa ATl Sk . A I BT BOR] S M R S80S I 0 A 5, (A BRI B2 AR AR ) LB
25 2.5 h, TR AR T AL S B S, B AEA S FE T 0.01 s, AT KR £ - I 5 S IL 3k
o WA, # TP RSB (AR OB X TR RERE BE AR AR ) , 7 3T R S80S Al N T R A4k
BF, AILas 2 20 5 B R Bt 3 AR S S A A
2.2 CPO-SVR RRIEEH!

5] FEHL (support vector machine, SVM) 75 S 3 F 45 1127 > B (1) Wi B 2UHL AR 27 ) BE P o
Jir R MY ZRAEAS i e — 2H B AR IR 4R, 38 2 i 1 SE A 43 2 T ThT, 52 B0 3% A 580 42 1Rk v Tl
Gre SEARRR B 2R RE, SVM L 7E 2 S s D i T, JUHAE M P45 28 73 R Il i b R B R Y ARA T
HABSE YL, SVM BAT I 200 5 (1) POy, B i (8] 5 (2) AT i 5Kk 4 Ry e AR A, O E Ardaz il
5 AU ; (3) AR AL FR/INEEAS | AR M S 4R A ) i, JE v 5 AR L OC R Y R BOR
(4) AL N A28 28 A5 R 2807 v, BRI SR S SR I B0 0 . 28T CMGHT 19 g 2 i 5 i £
() AEAE R AR 2t OCIBE, SVM T a0 4% bR B SRR AR 5 5 S5 A P e (R A AR e MR & G &R, FEA BRI B
AT AEA T Wz AL HE 1 5 2 R S o iR A R, e 78 o0 (R B PLDNDRS B2 . IR, A7 R oo 05 L1 FE B
3, T SVM A SR I 2 5 SRR, HEBErEsR W, Al ACFE I () 8UE 5 B A AR 72,
I REAE FC A [ A 158 22 DA AERFBEAURZOE 1k o PRtk 26 HH SVM A4 dt CMGHT i 48 7 G Tt A AR 3R A

SVM R {1 P B 2 BE AR > SC SR 24 S BCSIETTIR o Hodh, BB 80E  sR B0 FE
BB I 4 F AT A A B AR S TR AR 5 4 4 A AL 42 SRy 1 AV RE ) =2 8] 38 B UG P A A DR DU T o 4
R 25 5 2 P 5 A S (] B 1 BUAE O R —— L O, AR T 8 R /M Zhi 22, A B TREAR R AUA X
B o FERRIE SVM Ay SEILHh, 3 88 S 8008 OR A7 [ 5 , E LATE O AS R A R 0 2R LT SR . itk A
i 9% 2K FH 76 5% 4 1 AL 357 (crested porcupine
optimizer, CPO) X} %S4 5 A& K ¥ #47 A 31 -
P, A RE O B AT AL (4 F00ORG B2 502 A
fiE, 1B ] A I ZRFERT . CPO 5534 1 Abdel-

%4 FEGHERRENE I RER LT

Table 4 Comparison of convergence performance among

different optimization algorithm models”'

_ CAL TGS &

Basset % T 2024 4 it th, S Fi Jeik 0 TE 1 % (e ORI e
A HA, R A AR EE B L Ry 28 014200
Sl 3 3o A5 DL O e 54 4 i R At 2 2 0 Ak ) FEPRFHA(PSO) 1825 0.121 00
CPO 6+3 0.019 89

U0 M TR G %, CPO T fif ik
SVM 8 Z B0 A TR) RIS Jie B 1Y =R W 35 p 3

%5 SVM 5 CPO-SVR #&EIfBS %

PRI BOE B SR AY 4 R R BE T A R
1 FR/INEEAS S P . TR 4 Fifs, CPO 1Y S 34
BOERWEMR T EREE, HEBE R B &

Table 5 Hyperparameters of SVM
and CPO-SVR models

N AR 2 SVM CPO-SVR 8 FE
93 i ; ; S AR TR R S
Eiﬂﬁﬁﬂji;o %Zs %t CPO-SVR Tﬁ(i]*%;ﬂﬁ/i o o 51449 0.1.100]
N 4 S i — B 44‘:’_1‘ %
HEATXF LA, 455 7R, CPO-SVR AL YE HH 2 P 05 0,952 0.01.10]

B LRI, A J5 4 7 2 e oL T 4R 43k T
SEIAL

K CPO-SVR fCHBL AL, Xt CMGHT Hyifit 4 4 fg #F 47 B0l . AR SH B AT : i A S50
4 SRR IUATRRAE, B AR S BE o ROARIRAE A | SAME IR EE 1 BORRIAME K BE D i th S8R £ 3 %O
FEPESS bR, E,. F 5 F,, o M1H %A A] d 7, CMGHT JUAA] 25505 T8 M b =2 1] (04 vt 56 28, 317
SR LR BE A P T 5 R R, AR S S B SR A R P
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2.3 KRIBRBIIZR XL UE
S YA KR 5 R B0 R T LA S e I AR 5 N A IR A DG, R2AE O~ 1 AU FBI N, R2BREEIT 1, A5 0 i
W, R2>0.9 90N BA & PR AR ERY, Hit ey R dn R e,

—I—Z(y, 9) /Z(y, 3

ey BT REA SR FE 20 BT {E 9, S0 0 i A BRASE RY TS0 ; 3 R BT A FEAS £ FE 43 BT 25 SR 07 3
1B oA IRE A A B

K740 T E,. F5F,, M08 gL 5 s B m Xt b, v B0 g2 5], & F CPO-
SVR QIR (1) 25 1 bm BUNAE 5 FLSME NG G BE B i, 1R 22 1940 T BV B Y, R WA BRI ZRR00OR R 4T
FE B I UESE SR — 2P WoR, AR AR T A5 SR A OC R B R YR T 0.9, T8 iE B A BEAR Y 245 A B
B RO AR o (EAS I B A, =B R WK ENMKIR N F oy F o Ey, BIVEEIGE E, B F0IN AR AR X

sa’

25, HIRNATRER E, th E, 5EH B ILRIRGE, T E, 7538 3 451 71 - 088 i 2 7047 RUR 48 60 8 N AR

=
) o

)

S AR, B B g e AR IR SRR, I AT 3 E, I TR 25 AR B R
True value = Predicted value
16 r 200 250
L 97 5 180+ 7
i; I3 | [os 7 ¥h ‘\ A 160} 20015 ] f
— Ik i o [l | “‘ . T ,f‘r{“s 7 140+ w | % 1 % ‘q‘ T“ |
o0 107 \i‘l““\“‘r‘ﬂ‘ il ‘\\i‘l‘y’ﬂ'ﬂf L 1 z 1207 Z 150} “L“‘ I j“\ ol )
= g EUTIE [ W] | ek T %l L = WU A A - A
= 8rypet o | E4H I b ] S 138 ] £ 00l 1l 71, M?w‘j Tﬁr(ﬂu‘m iH%“\r
o 6f | i l J q ¢ ‘“ ‘M'MJL%‘ ps s <3 | iﬁj“l \‘ ‘fl‘tﬂl‘lﬁ“}‘!‘ﬁw il FSW‘ v iﬂ‘
4r 5L 4 ! | 1% 40047 500 L qpEr el !
27 v / 20F ’ ‘
1 1 1 1 ‘ 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Sample number Sample number Sample number
(a) E,, R*=0.912 68 (b) F, R*=0.949 27 (©) Fpo R7=0.966 51
B 7 DA A S 2 SR

Fig.7 Comparison of prediction results for test set

AR BUS BB T A e 28000 BB A 38 4> CMGHT 2544, I I 25 56 1 Ay 1 FERLASS 780 20 £ 7 T 488 28
RETIN, JF 54 FROCHF HLA R L, 2R a0 6 P, mI L, S 80ab T (R S, AR il {55
P AR Z M AR ZE 8/ S H08 ) BUE L I, B0 R 22 25 A g ok, (AR ZE D/ N T 10%, W]
PRI FUIN 235 SR A ] P 22 Y Pl N, A v ) TOUM A 2 55 e

R6 SEEMEDFLSSHCeEN CMGHT Ul EEE
Table 6 CMGHT prediction performance at the parameter boundary and beyond the parameter range

LEMISRL EJJgh R%/% F,.JkKN RE/% F/KN 1RZE/%
3.2-3-4.1-12(f &) 18.12 251.89 208.54
) 7.4 52 6.6
3.2-3-4.1-72(F) 16.77 238.73 194.71
3.4-3-1-30({i &) 13.41 181.16 110.41
\ 1.8 5.9 52
3.4-3-1-30(Fi) 13.16 170.44 116.20
0.5-1-1-30(f)i &) 6.78 31.17 12.67
) 2.3 9.2 6.5
0.5-1-1-30(Fii ) 6.62 34.05 13.5
3.1-1-4.3-74(flf &) 15.09 211.02 154.7
N 49 72 1.9
3.1-1-4.3-74(Fi) 14.34 195.82 151.71
3-1-0.9-30(fii &) 9.99 113.01 53.81
) 32 6.5 49
3-1-0.9-30(FiM) 9.67 105.60 56.49
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=6 (&)
Table 6 (Continued)
LER SR E/(J-g™h R % F, /KN TR2/% F/kN PRE/%

3-3-4.2-70({ &) 16.36 244.92 193.25

N 3.4 0.4 3.6
3-3-4.2-70(F) 15.81 246.14 186.11
3-1-1-30(f/i E) 10.38 117.85 57.45

. 9.7 42 22
3-1-1-30(Fi ) 11.39 122.88 56.14
3-3-5-70({ E.) 16.17 238.62 187.2

) 0.3 0.4 0.5
3-3-5-70(Fim) 16.12 237.59 186.2

3 MBEZHEEEEHSBRLNK

3.1 RREZBMRMLE?

FER BB e — I TR MY B ALY R 5005, A% O AL 2 38 5 e 9 A AR I8 (4 A B 5 5 S5 DM, 78
s B R e R, AERmneBEsS e R RaE 0T, b, BRE 5L (coati
optimization algorithm, COA) YE i 8l 0 F. 1k, TEURCSIGHUE | F-I0KS BE S & et = AN QR 4EBE |, R
bl At 22 850 3k BB A9 A 3 . Mohammad 507V FE 51 N FEE R EL(CEC-2017 ) 29 4~+CEC-2011 ()
224) KA T AR RE R B COA 5 11 R A4 00 )7 & 2 UA VA XS E, o 5 PSO Fi GA B Xt e dn
37 TN, 4R R AR A ) R ) e SR AR e B, s R R AR 2 R B Y O AR AR 2 —, COA FE FRLAR
A RS R B L BR IR, SA(E (2 A0 B AR R ECE-YME, SOk B2 ) S, bR 2E O Befs e
PRI /IS, Ho 4R To R 2 WSl |, 2648 500 B COA ¥{E T #5 4 JR fflt, PSO. GA {Lik H
81.3%. 62.9%. Z5 I, COA FEMLALIE BE | Ao e . o 43 e P A S 1 1 4 a8 T b3 ik o

# 7 COA 5 PSO #1 GA HxfEE""
Table 7 Comparison of COA, PSO, and GAP"

pokeiHiS COA PSO GA
MRS ) BB R 100, ARdEZE H1.33x107° . .
CEC-2017 (4 CLUREE) {100 ﬁ@%ﬁlg 10 Cl: ¥ K3 347.23, hrifi2E H4427.81  C1: BB F12641 048, FrifE 2= 14849091
) . C3CARIES): B{EH300, FRifE 2 HR4.64x107 . NURIN . NN
H10) K% R ORI, HE%1 270,97, IR K C3: ¥{H49329.38, Fifi: 2 98.604 C3: ¥ H15733.23, brifE 2 4910584.32
£ s A o PR C10: I H2013.59, Fife225348.99  C10: HIHH1766.65, il 2 #320.45
4 B P .53, bRifEE NS,
CEC-2017 (4 cazh ) ART70.53 ﬁ/%jjs 36 C4: HE }2592.37, b 746.46  C4: ¥{H N9756.10, FRifE 25 453513
) o, COU AR : H{E N636.39, brifi 237 . I . s
H100) %0 PREK (A H 1 393,98, bRl L C6: HyfHH663.56, hiifi: 2 496.46 C6: FfE665.26, T2 496.76
e lzgi”” : 190308 WA C8: ¥I{EH1733.68, Frifi 25 166.67  C8: ¥IE 4207020, FriE H45.98
C11-F1: Y8 }2.84, b 45.69 C11-F1: ¥{E }19.48, biifE22 H6.94  Cl1-F1: ¥{H }25.59, hrnE5 J1.27
CEC-2011(5EFR  C11-F7: ¥{E 40.75, A= 4012 C11-F7: ¥{E R1.15, FrifE2E 4032 C11-F7: ¥{H 4 1.83, bpifi2%°40.28
FIEDRIM  ClI-F12: H{E A 1186 100, brifEE R C11-F12: 395 2428911, hrfE= g C1I-F12: B{H N 15862796, brifEZE N
42666.96 176214.5 113798.6
WBIGH E (CEC- 340500451, C10BREAI{E M4 032.98, FEACS002 1}, CLOBREIAE }228.98,  #:4L5004 0, C10REIIME H6407.28,
2017 4EfER30)  Hak 4R Weih 2 ey {UGAFICOAMBL.3%; HIHIRRZEME  [UGAFICOAN62.9%:; J5 AU S5t

AL MOCOA 5 SVM AU HA AL By [6] JF 8 CMGHT 25 44 T 18 1k Bk 2 A An il fk, & T
MOCOA W5 IEFEE S CMGHT R4S 3K 2 SVM BERVEE 555 BE 325 . MOCOA REMS 5 850T- i 4 R IR &R
SRR TIT K R S1, A5 ROk S B B, 1E T CMGHT 78 5 1Pk AE 98 6 4 1Y 55 28/ 23 ) 5[] IF A 2 i
YRS BAC AR AL, MBI 2R IOR T R . BRSO SRR, (T T
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AN, B A5 SVM AQHIAR A 5 85005 51y, 1 2 D0 Ak 72 rholi B P RE VP AL R oK o 7R ERAIE B, AR SCR
BB AT SS WA A RIS A CPO BBk S8l SVM M S 8RO 4k 50 H ARt Ak, < FT Hs Sk 1
oo FOUREEE A OL 3, DRIEA AR 28008 5 R 5 HERR M A MOCOA 581 5¢ U450 S 80 e 4
Z BAntfl, FEf I BIEM A5 SRR R R, T B Ui s aig &, 24677
A 3R Ao R — AR A 2 A B R A X DA AN [ PR BB oK L By r A MR e T b A n) R, il AR AL B B 5 Rk
FEPEASUEVC T, $2 R R ABOR 5 T FE
COA FZALFHEPIA W B, 53500 Ry W75 156 REAE XoT B M 5 A A5 2k 2 1 PR R i B VS 40 56 R Y O3t 4 £
FHIBR AR R B . R BAEGE RERFUEAT I A5 B, S8 AR5y T, 2 RIAFAHTARL & 5%
TR o BRI — R M EAER EARE, i — e AR TS X R i AT A A . E SRR Ak
FRURTH DS TE AR, 1830 B da v b o A AR AT LR IR
xf':xi}zxi,j+r(yj—1xi,j) i=1,2,---,[N/2], j=1,2,---.m 6)

A PLOSIRRO B, y ARG EEE, r R T [0,1] BIHE, 1 NES (1,2 RN, x
D REA AL, N BRI (Dt R A ), m DAy DR SRR B A 28 B2 (AL R) R ) A2 B0, X IR BB
HER i B RO B 1o, ) R R B B HBEARTESH j DS i b A HARIUE . R i v
Mo B B REALYE, v R o — e R IR W AR A 2, 2EAT BIAG R . X — Rl ik

yG:y?:lj_i_r(uj_lj) j:1’2""’m (7)
X7 xP! = {xl-,j+r>< 05 = 1Ix;)) Fo<F,
i XX (X, =) Fe=F,

l:[N/2]+l’[N/2]+29,Ns j:192,”'3m (8)

I YO SR M 50 v LR D2, e 10 o) D DR 25 T8 (O A TR AT I A 5 3 A e i R I 2R 45) 1 5 A
NI X R BERERIEE (R X J2— > Nxom W9RERE ), Fro 55 G ARE AR iR 55 (67 5 y© X1 19 H B bR 4L
{H, FONS 0 RBE AR (5 i B it ) 5 Fip O 26 1 (14 A R R
T B B Hh o AEAE 18 S4B 2 I, s 2 O 24 i 07 8 58 AR, i — i A T LA A
T

P9 = 1/t ™ = )t t=1,2,--

©)

X X2 =+ (L= 200 4 (o — o] i=1,2,-- N, j=1,2,-,m (10)
s ¢ R YRR, T R IR UKL, X7 O TT & B B e @ R RRRG AL B 1] i, XT3 R XP2 25 4
Gy, et o j AERRE R R R B e O Y SRR R R R R . AR B B e RE A e
B R T EEHEA TR A, LU DR SRR A R, R 0y X

{X;)I,PZ F;’l,P2<Fi
X; =

11
X; other (1

K X858 i RGE R TR Ay A 00, X7 8 1 R e R IR R W B sl o W B ST s B o
FPVP2 SR80 0 O R TRT IS 19 oL B X7 X7 14 A R

SR AFRIACAIR, 22 H AR Ak B B D0 A AN P — 1 fiff T 2 — ZH A SRR AR, o sl 2 D[R] —
V1) R 08 S P — R — BRI . 51 NSGA-TIP e iy ek Al 7 W HE 5y 5 90 B B8 0 2 33 0y %,
TSR FRE A A A AT A B SR, SRS 4 e BE R A AR AR, TR I A 358 BB R ARSI
XF B A ARG AR — Rl BT Pt SRR, T e & SR 0T MR SCRCHTHT O, (e=1,2, -+, K), Q.
K= DMEES, A E TR T4 ¢ PR SR 19058 BE M, ¢ AR SCRCHTHT Y 55 94 5, K R 24 Tij il
A T A AR ST A BB . RIS TR Q. i i R RE RS BY BERE B o e Jim e BT AR, R A
R
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K

PyuU P <N

port _ ) Po ;Qc P+ a2
Pyu QNP other

K PO GHL AR AN AR &, A% N DMK, P B2 ok AR — B MRS, BRI
AR, | IR A R EEL, RS TR A& 0 R B, @Y S B ¢ SRR SCIC AT T BE N — |Pol AN A,
ML FAERBUNT N, RO O ARRTHT A Py, 24 1Po + Qx| >N, TR 5 J1 457 132 I B8 4 v 3o+ K (i
TR B, BE] PR AMEBCA N .

MOCOA 1, COA KB435 HL W AN F- 5
L, Hd X (6) Hy, A AR P B,
M Q. By BEHLAN A . [R]BE SR RS B 15 RE £
BRI B MOCOA AN FET 2 (11) SRR 2 o 5
Je A w5 . MOCOA B BRI AL A B a0 (AL
[ 8):

Step 1, WIURALFIHE, I 150 B 288, AL daFh
FERLRL . DR AR R HUE BN A BRIk AR
UBLAE

Step 2, BEALFI 4R Fb BT A 18 BEMAAE B, I3t
SRR I P 3 7 B

Step 3, XFAMHEHEAT PR AR SR HEY, IR TR
AR R 55

Step 4, BEHLEEE Q. HIIAMEKIE N y; , IR
=X (6)~(11) 58 e BB A B 5

Step 5, AR IEE (12), HIVHSIE 15 Be A5 1 SR mg

T BT RO RIEE PO
Step 6, K A5 5 5 S 76 T JL 28 1k 4 0, 5 i

2, W% Step 4, B0 2815 0, B in 24E €8 MOCOA it

i Fig. 8 Flowchart of MOCOA.

32 ZEMHRSMER
CMGHT 12 HFr Ak [n) 25 nT 4 34 k.
Find d[t,,A,t,,D]"

. t. €[0.5,3.0]mm
min{f (p), /2(p). fs(P)}

A€]l,3
£ () = ~En(p) sid € [O 5]5“’ " (13)
£(P) = Fau () o €105, 5] mm
? max D €[33.3,70] mm
H(p)=-F(p)
Sy d A R A U A B SR A p W A, A R d 09— A LS

Bt XF CMGHT DUy A =% th 19 2 H AR AL IR, SR AT MOCOA #EAT KA, A% 0 2 BORh LA
N =100, BEGSIE 1N DU A =i & R GE00 v S S AR, MU RERS A O AL ik 2 18] p oA 0B i S B IX
s, DT MLt S A8 . e RIEARIREL T = 200, 2 ARHE CMGHT H 5 ek 809 B A B AR AME R AR BEE A9 1%
RO, IR B RES se R 2y “ R RS- i Aid e, HE AT a4k T T 52 i A A,
B A 7 WO B S SRR o AN A A R (A ST e 1 (L o 7 A e T 5 O 1 P )
BRE) N, = 150, 1A BE R TR, 15 18 58 B Of B T fhoet i v AR DA, ikl S I I 7 58 222K, Tm]
MR = F AR A Al SCE e 0 B 750K, PRI AR () 2Rk o e SRR AT R AL, Rl G s 7 R
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it e T AR ALK, 25 A P BT L A e ALY, ok — 20
et i fe e HARzS by 230 M. 28 b, Bk
WO A A fifp s 1) B S B2 WSSO JEE 5 B B0
ZIE LB TR, RERS T il A ST A AL
IRDRE A8 75 SR, DT S (5 L4852 4 ] S B A DR

Z AARILACAT 2 A9 A ST AT e 4 &1 9
JIt7s o IERIRJRTAT 5 , JT AT Wi SR T AT A 1 23
A PEREIIIL T It i 4, DRI AR SCR ] B /N B
12, N =ANMA R AT A 21 1 5 1 R B
T AR S 0 e, BRG] 10 PR, Jd
IR /INIE BV, SEAE = AN A S EO R —

E (g™

A Ak s 22 i L AR, P T AR N — 4R 9 A RITRTTR
I EFERTE R EE P E =, &R =4 Fig. 9 Pareto front solutions.

WA SRAE R RO AR (WL 8) o Xk = ERUILfigk 4 1R 20 A B i1 R BEAT RO A B, A B R T
AR A SR 8 i fie/ M R O e Ao (R B SR A A A ST ATV AY PO DR T o X — 0 AR 72
YU T AR SR 5 /I 8 1 T 0 i DAL 1405 BV 15 0 BV, O ST A L R 8 1) 255 5 TR P RE

300
.
. . )
.. -
15+ . ~ e 15¢
~ L apded, e 200} PR ~
I - 0e® Z [ o * T
on I~ AL . o0
S 7 sabe S S
wy 10 B & oa b Ldg 10}
S o 100 - g"’.
A &
5 : : 0l— ' ' : : 5— : : : :
0 100 200 300 0 50 100 150 200 0 50 100 150 200
F,.J/kN F/kN F/kN
(a) E-F,,, Pareto front solutions (b) F,,,-F Pareto front solutions (c) E-F Pareto front solutions

P10 A RT3

Fig. 10 Plane projection of Pareto solution set

#8 ="MHERRMBHEHEEY

Table 8 Structural parameters of three Pareto optimal solutions

i t/mm A/mm t,/mm D/mm
3.0 3 1.5-2.2-2.4 65
2.5 3 0.9-2.2-5.0 48
3.0 3 0.5-1.8-4.1 44

3.3 ZERIMERSH

Xt = A0 SR AT IR A FETT XS LA, DA AP Hh 235 Pk RE SR e (i, I8 A FROG D7 B3R UE % A
fp Al SENE . B, LT HARDEAE D« DU A = il 7 B, e = A 2 A 5 i
PERESR IR B F 5 Frp REEMAE, HSno i Tpul @i 24CHMETCHNF S F,, 175
H, OB AT X H = A R IR A PERE, & O AN TE AR R EEAT 0 o AP BE XS LR UL, = A R
FEf AL O PERESS A M T : i A B9 F,, /N TR B 5% C, B E, 5 FUR TR PI#E; it C I F =i
Ry Fry FIREIE = ot H E, /NT M Bo £33 BUMTIRHE R RE X B4, e & B39 B A8 S DL ——
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HANTE E, 5y ERBEAE, R F,, 5 FABTM AL C WARFFERIKT, L85 ERET 9T . 4
BAE AR B (AT EEE, K S MO FE (i BRI SR 5 B A BN A5 R 2B AT X L, Ak 10 s, AT LR
T A IRZER/NT 4%, WEWIIA SRT AT AR A MERR R . il Lo o 45 2R n] DL, 56 T AL 27 ) s Al A QB
BRI BAL G TR B A 4 2, IZ BB TE TG P R BOE 30, ADRTHERL S CMGHT “4R{IE 240 e dy
PE” A R AR LR G OC R, [ IHRFTIE NI | 52 SIS SRS A 0 il ik 05, iz AL RE AR, U125 5¢
R L PR TN AE R, 5 MOCOA 45 2 HAR LA ik i BEE e o IR R BE A8 B AR 19 A FROT 2L
{05 B, KR RO AL B AT A, 7] RAE BE CMGHT AYE AR BT K

®9 =R FERNMBIIIEL R 10 BIGERS TN RESTEL
Table 9 Comparison of the three Pareto Table 10 Comparison of the simulation and
optimal solutions prediction results
itk E /g™ Foa/kN F/N % Jiik EJJgh F /KN F/N
A 12.35 118.92 96.3 80 ot 13.06 146.03 129.1
B 13.06 146.03 129.1 88 Pir 13.33 150.81 132.1
C 12.86 187.11 156.2 83 R 2% 3.1% 2.2%
B 11 R fL/F CMGHT fy J-Rifs 2k, o] -
LUE R F,, 1 TEA RUE 4617 #E R
S 88 T PR 45 03 K 2 L T 98, 2o
IO ARF A 5 B JEE R 90 R 95 7 T 38 18 100466 HE 45 4 200
BOF BLHRAR G o %06 BE BT W] AT R AR S5 F Y % sl
Frpor THEE R RS TE 0 BE 2o R BEEA RS SE , (7] e i g

PR B MR E SR E SR, BER S A 100 -
RO A7 R A R 40 1 A8 A LR PRAS o R . i

50 F
Hb, MNIET 12 AT A MY, 245 R B A 52 BN Bk ELAR E
9 JR WA A, AR B e Ra B %, A O 0 20 30 40 0 6o 70
7 A B RR AR 2] 3 A TAME 1, 2. 3 BRI, Displacement/mm
HE— PR UE T H R4 W Rt B AR E . iR B fi# B A BRICHTE - R ik
JilAR ) 5 AP AEIE 1 U R AR T 007 , 76 R 1t 2o A% v Fig. 11 Force-displacement curve of FE
B SN2 S5 T AT, it — 4T T 45 simulation for Solution B

4 R A RE R IR AR

(b) Rib plate deformation

K12 fAbJF CMGHT R4i4TE
Fig. 12 Deformation sequence of the optimized CMGHT
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11 AT G CMGHT 45 4114 1 R BE X L 45 2R, TR 54 S 8UFFAE 22 5, L HEXT LU 45 A 14 W i g
TG WA BG4 5 2548 0 W Be AR B, BOAR STk — 20 B T 4 LA IR WA RE FE AE CMGHT A W BE v Y
mi b R TR E T O, AR S A AN WG R o L R S AR T, AL R 45 R B A E I RERE I R 1R B T
G RAE . T OZINR A% R R, DU ETAME R BE R B 4 A 5 AR IR B I S8 GO AR R, 3RS
P -0 B B 2 B0 B L TS8R AN L AT e s B B (LI 4), i Ak J5 CMGHT 1% 7 -1 B8 i Z6 86 5 I
FHERPE AR, B AR L PR (WL 11) . & 12 fF—2 45 T b AT IS CMGHT .0 W REF8 FR 19 X HE
B Ak 5 CMGHT /Y E, $27F 22%, F42TF 270%, n# Tt 53%. O WEFE AR B KIBHCGE, 7843 5 1lE
TARSCCR M Z BAs LA T R A R, 20715 AT U SE 42+ CMGHT MIZR4 PR B

Fz 11 CMGHT ik aIa &HEWEEXTEE

Table 11 Comparison of energy absorption of each component before and after CMGHT optimization

pogiikail HME T RE/KT o /% Jili bR % e /kI i /% AN -ThARAH AR FAE AR/ i /% E /K]
Ak 0.59 23.6 1.80 72.0 0.11 44 2.50
Ak fE 3.25 35.1 5.61 60.7 0.39 42 9.25

#& 12 CMGHT £fiiRESHIE CMGHT MIfHEERERTEL
Table 12 Comparison of the crashworthiness performances between original CMGHT and optimized CMGHT

X B2 EJU-g % F/kN
R t4:0) 10.96 57.41 35.7
tbia 13.33 87.59 132.1
A

4 & i

ARWFIERLG M, SCS DRER B BT A, $ T CMGHT MRk, REE5 T .

(1) F T R[] 28 22 i 45 1) A B e AU 5 T R B AL . 255 S, CMGHT WM RE & | H
A8 . P Y48 AR 45 1 850R, 5 AHRVEEJRE Y HT A1 43532 T 390%. 76%. 395%. 46%, 5 MHT M tt,
STt 121%. 58%. 121%. 97%, 5 CMHT # Lt 73 HIHE T+ 7%. 7%. 8%. 33%, [F]F CMGHT (4] if 5
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