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Improved design of vehicle bottom protective components
based on topology optimization

BI Zheng, ZHOU Yunbo, WU Kai, LI Mingxing, SUN Xiaowang
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China)

Abstract: In order to improve the anti-explosion performance of the bottom protective components of the vehicle and reduce
the threat of the body floor deformation to the occupants in the vehicle, topology optimization was conducted based
on hybrid cellular automation (HCA) to design the stiffening beams in the protective components, the best material distribution
form of the stiffening beams was obtained, the topology optimization results was interpreted and then the stiffening beams was
redesigned. In order to further improve the anti-explosion performance of the protective components, the multi-objective
optimization method was used to optimize the design of the stiffening beams, the optimal scheme for the parameter combination
of the beams was obtained by selecting the peak deflection of test plate, the maximum kinetic energy of test plate and the mass
of the protective components as objectives, the mass of the protective components as constraint, the thickness and cross-
sectional dimensions of the beams as design variables. The results show that, compared with the original design, the scheme
increase the anti-explosion performance of the protective components without increasing the structural mass. After optimization
the peak deflection of test plate is reduced by 5%, and the maximum kinetic energy of test plate is reduced by 11.58%.
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1.1 BERFERHERBEWENT

DU 2 RS B AL A g X 5, ST T B P LR 6 AR A BROTEE AL, IR 1(a) s . &A1
3% 1 7 SOR FHAR 2, B 3 1 10 32 B A n 7 1(b) s, A B md . i A, REE . gt gt i
RS, Horp AR EE N 8 mm, TS EE K 6 mm, BUR MG TF 38, SN 4 mm, i1 RN 4 mm,
B R0 B B B4 RE R NP500 4K, Z2 R4 LA BS700 89, 15 A b 7 0 — B dE Ay, 448 22 B R p 7 At
Kb N BTG, fE SR Ly A B O SR S AR e, LR E T SR A R 5 R 2R AR ),
FEAY RN 8t ML 2H N 6 kg( STANG4569 1 2 2% B IrArifE!™)), B 7 20 14 B A1 o 8 5 i 17 330 mm,
YEZGE T 139 T 2510 100 mm &b, 3 ] CONWEP 5505 %) - 25 48V BREE T B) 25 300 )5S 30 1907 47 4 1k i A 7 5k
Mo TR 2 8 T BOR R B R 5 R R0, (HR R M TR AR ME IR BT B 300, BB Y 1) 5T R Bk
1074 751, 5 5 B%50CH 818 501,

| R

PPAGEOBOOD |
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_ honeycomb
(a) Finite element model of protective components bench (b) Composition of protective components

BT ke i 3 SR
Fig. 1 Simulation model of explosive impact bench
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Fig.2 Explosion simulation results of protective components
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JE B WA, oA 3 . R 53 AR AR I Aol T I, XS AR IR R IR A B SIS R A
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(a) Explosive impact test bench

(b) Test plate deflection in test and simulation
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Fig. 3 Bench explosion test results and analysis
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RO R, A PR K DU E Y 0.9 58 R, 1.1 A58 BRR, IEZSR KA 45 R Lk 1.
S5 T7 283 BTN X HE AR 18 B2 W (P HE AR e R S BE RO 2 W) AL SR AT S B Ve . 36 2 IS B ARG 2
TR AR, BN RS F AR F(1,2) 2045, BUE ZPEKE R 0.05, F,5(1,2) = 18.51,
FARBOR U W32 R 206 H AR 52 Wi e BEAOR, S IR A FEE G F s(1,2) I, ST R R AE 0.05 25K
P LRI RFE . TR AR R, 5 NRERE FEYRT 1851, Hp iR T, 195
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&1 EXRERITER
Table 1 Results obtained by orthogonal test design

IRV 03 T,/mm T,/mm Ty/mm T,/mm T/mm d/mm K/kJ
1 72 5.4 3.6 3.6 0.288 134.4 39.1
2 7.2 54 3.6 4.4 0.352 130.5 38.7
3 72 6.6 4.4 3.6 0.288 126.6 354
4 7.2 6.6 4.4 4.4 0.352 122.1 353
5 8.8 5.4 4.4 3.6 0.352 128.7 37.2
6 8.8 5.4 4.4 4.4 0.288 127.3 35.8
7 8.8 6.6 3.6 3.6 0.352 1235 322
8 8.8 6.6 3.6 4.4 0.288 123.1 32.8

*2 EREEEERSAHEZEEZEEMON

Table 2 Notability analysis of peak deflection and maximum Kinetic energy of test plate influence factors

- LA B /mm SRR A
. g )y F T )y F
T, 15.125 15.125 88.971 13.781 13.781 26.956
T, 81.920 81.920 481.882 28.501 28.501 55.748
T, 5.780 5.780 34.000 0.101 0.101 0.198
T, 13.005 13.005 76.500 0.211 0.211 0413
T 5.445 5.445 32.029 0.011 0.011 0.022

R 0.340 0.340 1.022 1.022

PR TR AR A kg T, 3 25 g e 7 A B 3T B AR, ofs A S S ML i it g 4, et feid
T A P A M 5% 2 S5 EOHR A 2y T VR X 4%, [R) IR A D B ) S, AN B S ML A B s
X4, PUAS SCR 3R MEAL AN 22 BRI T7 35368 B 37 4L v B B 45 b AT eAeE 53, LASR TH Bl 7 4
PEIPURTERE .

2 EHRBHPAMHIMLEHT

21 ARFBENEHHSOH

TEFEATHHAMIE A Z B 20 6 ZRROR AT 5 B0 T AL, 22U RAT W (1) MBS 23
TERN 73 A 5 2R 1T B0 2 S (A 0T, T2 S BB 47 2L ) B AR I B2 S O, 15 207 32 B e vl ) T 23 I
N 3% S AN 0 A A BRI %, X S PR IG BUARTE o (2) MR RBCR I, MU fe S Fe 2 R
IFIR], S 7 2R, Je R AR, i Z RS R A IR ML i R ER R
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PHREN 365 kI, PR35 -5 5 RS i B AH 25 o ] P2 A B AR 0T A et B B (L5 L D iy 5 2R AR
HBERE(ELN LLANTE] 4(b) Tz, e B RTRN, ST AL P A iR W) & o
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(b) Test plate deflection of basic and simplified bench models

K4 SAEHLE 1L L b

Fig. 4 Bench model simplification and analysis
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R — i 5 L) P % G % S OB AR, A i T A 4 R R e A e R ] 0 S U e 1 B R JE [
FRERYED, T A S ALK X R B A 5 2 i 4 SR D Ak ) 840 A R AR 22 A 7 5 04 SR R A
fEla e, HCA J5 R CA M A, (B0 ] FEM R45 42 Jm 15 8 A4 /&1 B I R s 2 e 8
B ]

FETCHE A SAL AR AS T RS IT @ AR AR 12 pR BT AR B x, (UNAR 9% B ) i AR i S, (N v; 25 fig
W) R Lo W BT TR AL, AR R S = U (NS RER ), O T AR A S5 A H g e i
PEASTE WIS RE I, AN BT 748 i U B T — MR e Uy o 25T HCA J7ik R FMEfL B2 s
RUAT DL T 20k

min |0, (x) - Uj|
i=0

D P =M
MD(1)+CD @) +KD (@) = F(5)~ R(D.1) (1)
0<xpn<x<l1

' N+1
K. Uy BAR R AR RE 2 A, x, AR i DS IC A% B, v, MR i AT IR R M o TR AR 5%
F5 U, () R A I 1 X 028 B % BE(HL, B oA B DL K B T & 3l -5 T 19 1 742 R 2% B2 1 Y (E
M. C 1K 5y 31 JBuie . B FN NI AR B F o SR J1 56K s R 3R 2506 1 D i85 U 05 k Ik
AR i A~ B0 Y I AR R 2B A NG) R ah i A BTSN B0 N R R SRR T B H . T
HCA BYH ML A 5 125 02 4 380 2k AN W7 502 Jey 38 1 722 R B >R A5 3] 4 Jmy 1) el
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043901-5



5 41 45 B AF SETHR MR AR B A s e %4

2.3 HRIMAHARERES
s 470 2L AR T TR 0 T IR VA i A R B 19 [ o DRIE A2 366 465 3 B 1) WV 2 7 /DN o M JE TR )
e ik A B SRS R IR, MR 1) B BE 23 5% A0 S [ 1A S o AR 4 AR R, 24 0 AR BE Ik B R R, AR S e
BB NASRER E X AL, Je— TP 512 BT RIME S, SRR T MBI o AR SO R 40 )
BT B, B AN R GRS MR R bl R W RE R A B ORAL, TEZS R R AR AR, T ORI
FUFHREEA B B PE SO RE B, R DSR2 1 1 VAR TSR O RE &, DXL L 2 R A8 0 A1 7 24l A7
AR e A T — W R, R S BT R AR RS S) S AN, AR S ik B s A A o AR SO R R
& H BTNl (HCA) 30k, IARFH S NS B 0 FAR | DA e B 70 40 BROA 9 SRx stk e A T 4 4
At SHRE R R R AEROR A, (B e DU AU A b e 454, LASR T B R L F i U RE
T8 4 B JRHR By 37 L0 £ 2R 014 ] A A 3 e Al e
b, EESE TR BRAS R Y # MR BROCEE R, '
WAL S Bz o BETH SO AR 5 T BR8]
i 2R (14 2 8], I A% R S TR BRLOC R 2
PR RS 10 mme 2% 58 30 X FR 19 B2 45 4
TESE B i i P 2 (T AN A AR, 295
B T A ) R i (4 O P TR R, B3
AL B S B LR 0.1, RIRAS 5] /9

WS S FLBRAET 4 PMAA B3 R
2.4 j’E :J’ |"ﬁ|:ﬂf,2d:%ﬁ *ﬁ Fig. 5 Topology optimization model

Zead 24 YOEAR, FAMEAL B ZUE . H T HCA Bk A3 FMIC A 5 5 R FH 748 %8 B 14 S HE b R 40
A ), 35 AR B R B0 A A X B {E (topology variable fraction) ,BUE G BBl 0~ 1, 24 B A X 45 )5 4
W 1, R %R R T ELAR B Y T B B A 1] T 0 B, iR AR T LIMBR o B b 2 1
Hrom e L5 R AR FME AL SE R A E 6(a) Fis . B BEEEACAGIEAT, Bit-ds i v fa] R 4 8 55 B oC i
22, 3 IE S M E 2R Ay £ 51 i o5 A0 JE 3 v 7 5, 300 BH 7 0 2L 4 v S AN 1 T 5 S 7 A IS R B0 A o o
R R T EZER, X 5L E ATV o RIEIR NI ZE R, X6 B b AL 4 o G g A TR T,
R T RATI SR R FH R AR R 454 o e AR ML fh 45 SR ml 0, R AR L in sk 5% 1) 4 ek o3 A 2 B4 v 7R ) A
i) b, X SRR IR, BT R SRR R T L Y S A AL, DRI AT K A ) A )
HE RS Bh, FEFRFMIE AR S SR B I T W AR B T 2 AR, PR OB R R T RN, 5 0 [ P
G 1) T AN 4L BA 558 22 ARk, A 5k B by T AT ISR I, TR RS A A IO B T 2 MR, Ho
2168 B TT WAV K 22 55 D9 S B 3 B RS ) 454 , 3 ) PN 45 R T AR 52 DR R 2, I ) TR A i SR
i 6(b) s o

Topology variable Added
fraction I-beam

Thickened

Move 100 mm:
L 0.6 M side beam

e g, 0.5 inward

[ 4 1

(a) Topology optimization results (b) Engineering interpretation

Ko MU RS TR L

Fig. 6 Topology optimization results and engineering interpretation
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3 fnEREHZ BRI

b b gAML B BR R LSRR, ZER PN T 48 S R T R R A R R R R
ESPAN T BB 00E . FE—DERNHEA R, S8 8 Qe VT FK 2 x5 Bl 4 408 04 4 B
R, PR S 500 A B AR PR T R Gt e A0 SRS [ i Rl T USSR AR A A
AR A R P R Bt K, Sk T AR I ik % 2 A 1 AR e RS R R B 1 B A DG R, AR S ke o e 3
SR HEAT S B, B S5 200 1 T A ST I RS Y, A e L Atk R A RS S SR ) A S TCHE A a5t
5L NSGA- T it 47 2 HFstiA, 19 3 — 41 SRICAR AL, B BT 28 5 19 S O, DI $2 7+ B 47 4 14 1)
PEfE .

31 MaPERESHAER

FEXT ISR AT Z2 BRI T Z 00, 75 2 g 7 s 450 0 SRR e % fin 5 5% 1 52 32 AR
e PEAE N BT AR i, It 7 AT AR i, 45 A8 0 B AL 7 R T AR 6 A [R) A 4544 A TR — ) .
WA NEEAS R (GLRIERE X, A WNRIERE X, SRR X, b gURERE X,); 3 D TE &
RA PR X, BORTEE X, FlRTERE X)) o LR AR 538 1 SR B0 AL AR i, 4511 H A8 B (1 U
JFE L 3.

®3 RHERNEEE ] T~ v
Table 3 Design variable value range X; ‘ ]
Bt SR AH{E TR FBR | X

v ~

X,/mm

i
<1 ] E‘;
| B
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ﬁ >
D M
< %E’

4,

]
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X,/mm HHENG
X/mm FANG

#
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3
SR N NN N
- N WA
[T R - =N

=
#
i
b

100 80 120

i
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&
&

X/mm 100 80 120

&
&
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&
=

X;/mm 60 48 72

M7 Bt AR E

Fig. 7 Design variable position diagram

32 BEBMIEER

EVFZ R A TG b, B2 A mge T T HE AL, 4B AR 2 B SE A &R
45, KR T HAERR N IR SRS R R AE T AR A il DABE AR A50R, 5 WA R A 3= 24
12 In] 5 PR A (radial basis function) JT AR AY | kriging 3T IR | 7 :5[a] & [71 )9 (support vector regression,
SVR) VT fRIASE AR, 4 AR HOR ] — RO AR B R RAE 25 BT i 5 A PERE I OC &R, IEAN BB R B P g 4R
P AT AU TR FoH JEE 1Y, PR IR AR SR FH 22 70 A [ 5 R KX (RBF_MQ)., kriging . ¢ 1) £ 0] 15 (SVR) £l
GRAE Loy ST T A RB TR AR 1 3 DU 7Y, 38 A B A b R A A 45 1k R R A T B (R I A 1Y
SV XA R X 158 28 TR IR R 152 2 R/ N PE A I AL Y ()RS T o

K3 5340 T 77 (uniform Latin hypercube ) 355 1H /7 X 7 A4S S ET 40 UCRFEAE NI R4
e ST AT AR AY, SR H Hammersley 809815 11 5 15 55 AN HR 8 AN FE AR 55 48 Ry i A2 Sl 17 T R ASE 76 ) 0
JE, 2 PEREFE AR I =R USRI ZE MRS R 22T 25 R AN 3R 4 PR . 36 4 AT DR, 78 KM X iR
ZERRIR G OLR X T SR 1 B8 BE W {H, kriging T RUSE AL AR MG - 0~ B0 RE X 15 2 /D, AL G A 11
B FE W fe il 5 kriging UT IR AY, [, N Y 55 K B e RN B 4 2 0 BT A R A G 10 T (LS A R
RBF_MQ ¥ U5 Fil RBF MQ I Bl
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R4 FREIEOURELRE S

Table 4 Error analysis of different approximate models

AR5 /%
PEAESE R A

RBF_MQ kriging SVR
1 ~1.24 0.61 1.53
2 4.61 1.31 426
3 1.12 3.24 -1.72
4 1.23 -1.27 2.36
5 1.57 1.06 4.87
A HRE (] /mm p 143 11 165
7 1.58 471 -1.42
8 2.02 -1.21 231
SRR 22 1.54 1.32 1.73
FRHMIRTIRZE 4.61 4.71 4.87
1 0.55 0.50 1.08
2 1.03 4.03 1.51
3 1.32 -1.52 2.65
4 2.45 1.69 3.28
5 2.60 237 -1.38
R BASRE 6 2.32 1.86 2.19
7 -2.36 1.17 2.52
8 1.29 1.02 3.51
SRR 2 1.15 1.39 1.92
I RAHXT R 22 2.60 4.03 3.51
1 —0.022 0.019 0.31
2 0.033 —0.024 0.61
3 0.023 0.022 0.87
4 0.018 0.035 0.98
» . 5 0.081 0.086 0.16
B R e 6 0.032 0.057 0.52
7 0.046 0.069 -0.21
8 0.021 -0.016 0.12
SRR 22 0.029 0.031 0.42
I RAHXT R 22 0.081 0.086 0.98

33 ZEHBRMUKRBS S

By 7 28 1 o SR 2 R ) 2 DA B A R ] AR R

S.t.

min (d (x),K (x), M (x))
Mx)SM
x= (X1, X5, X3, X4, X5, X6,X7)
4 mm<X, <6 mm
3mm<X,<6 mm
2 mm<X;<<X6 mm
1 mm<X, <3 mm
80 mm<X;<120 mm
80 mm<X,<120 mm
48 mm<X,;<72 mm
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s d(x) o EEMR B HE BEWGAE; K(x) SR AR 19 B KB RE; M(x) B i 4L s MO B AR i 29 R 1
PR 360 kgs X, ~X, N INsm BRI JEL B AR it s X~ X, SRR S AR 1Y v AR i

AR SR 1 A S T HE P 0 38 15 37 NSGA- T2 3E e HE it 14 551k NSGA iy leilt, &R Tk
AR SR B, B TR A R S P R BT LA, R TR AR SRS
WG, P AL S AR B . X L AT L AR % DA RS e 2 HAREAR )R

AR S H SR FH ARG S R 1 IR S B HE I 0 3848 59 NSGA- T IR 7 i 3T AR R 47 22 H ARl
b, 2t 5000 IEAR, HRALiS 20/ Pareto AL UNIEL 8 B, KL 8 Fhnl LA H, Bl 7 2B o i A AR s, 3
i 4 4% W (R i A sl BE AR K5 224 Jo i 186 A s 5 A 1 58 38 06 1 AN e K Bh RE X s TRl b4l
PR AR B AR F bR, i EL R KRR /N T 360 kg B ESR, H TR B e e %k, ey 28 H
B4 2 2 2 B IR AR (AR ) 14 28 T2 5% 2 PN 3 B3 22 4 A B, T AR 224 56 2% 1 S 119 % 5 e {5 6 Al i)
IR BN/ NN N e B ARAR A, IR 8 WP 2T S 7R o 26 5 MBS B A 400 UR (AT AL A

x5 MUAIERTETENE
Table S Design variable values before and

after optimization

Wit AR {E fefE
X,/mm 4 4.85
X,/mm 4 3.93
X;/mm 4 2.00
X/mm 2 2.73
Xy/mm 100 108.20
X¢/mm 100 80.00
X,/mm 60 62.52

K8 MRS
Fig. 8 Pareto set

3.4 FEHREPRIIPA M IIE

T BT RIS R TN 235 SR A AR P, A R DR AR il 1 AT BROTAE I vh R A T BB TR, R 6
B A B BB 2R A5 TN 45 R X L, THIE S SO EL A AR X R 2218 5% DL, DT (A RO R 5 i,
ACE R ESCTE o T 9 S BCHE i A e 2 ok B W R A S AR AR TR &1, 14110 Shy b i I S A 19 e K 3l
REXT L. M 9~10 thal LA i, AL TR0 aR i, BOtE fa B AR ) 48 B2 I (i FRE M B9 foe R B RE 1A P
ik 327 X T BRI 2 MU BARRIZE ML, th3 7 AT WLARA 5 SEAR A 58 BE I IR AR 1 5%, JAl Y
RENBEREAR T 11.58%, PP A F BRI T 1.63%.

®6 MUMHTUNESHEEL

Table 6 Comparison of the predicted and simulated values of the optimized solution

PURIAEE T HHRAE FEXF R/ %
FERR (42 B I (B /mm 111.36 115.90 4.08
SRR BB/ 27.03 27.10 0.26
B 4 4 1 e kg 353.71 354.12 0.12
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5 41 45 B AF SETHR MR AR B A s e %5 4 14

32
d/mm = 281 Before optimization
—54.69 ) L
—41.57 E ol — After optimization
—28.45 b
~15.33 3 20}
-2.20 5
10.92 S 16t
24.04 %‘)
37.16 s 127
50.28 s ol
63.41 g
76.53 g 1
89.65 ~ 4
102.77 , , , ,
115.90 0 2 4 6 8 10
Time/ms
&9 Mk s R AT
Fig. 9 Maximum deflection of the test plate Bl 10 ik RiE AR ahfiE
after optimization Fig. 10 Kinetic energy of test plate before and after optimization

R BUARIE B MEREIEARRILL

Table 7 Comparison of performance indexes before and after optimization

(URIAEE ORI el AR/ %
FERR (52 B I (B /mm 122 115.90 -5.00
FEMR A IR Bl AR/ 30.65 27.10 -11.58
B P26 15 h kg 360 354.12 -1.63
4 B &

AL T B R TR EMUAL R R B A SO O s o 2O E R BRSBTS (1) e ST
BRSNS, B55 77 220 W 05 IEAT BBy 5 21 v 2% B X R BE SR A A S Ma AR B2, B 1T 205 5 S Pt 2 MG
PRI BT RS 45 (2) % AR AT 5 BT AL, SRR & A Shoc L (HCA) Sk #t AT s ME L Bt 1521
T G s AR A, 2T F MRS R AT TR R AT R B (3) Nl BT R A
PRRSF 250 X4 H AR R B SRR AR RS T 3 AP AR, JF ARG 1% 22 S0 A 45 R X e e 46 1 RG JE A i
F9 AU TR, SR FH A S SR et 19 A SO HE Y 1 5 305 NSGA- T AT 2 HARLAL, 135 T Pareto fif 4, M
T — 41 UM A S AT B R DL s (4) fc ) A 2 B b S AT BROTAE Y rp A e S0k, 1
FLAE 5 TN 1% 22 500N, IRV ARG 5 i JE 20K

SERRWL, RATZIT X B A A A AT LA BT IS, HEAR A HE E W (I A T 5%, HEAi A e K 2l BE IR
AT 11.58%, BigP 20 PR BRI A 1.63%, MR AN S5 0 B9 2% P8R 4R T 1 4400 JE 35 77 47 20 B e pag A
mpitERE . P, %5 R B P AL A B AT B B4R AR A
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