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Abstract

Aiming at the lightweight requirements of a certain model, this paper combines the sensitivity
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analysis method and the proxy model method to realize the multi-objective optimization of the
body-in-white under torsional stiffness and modal constraints. Firstly, the finite element model of
a certain model body-in-white is established, and the modal, bending stiffness and torsional stiffness
are numerically analyzed to grasp the basic performance of the structure. Then, taking the thick-
ness of the body panels as the design variable, the comprehensive performance sensitivity analysis
of bending stiffness, torsional stiffness and modal frequency was carried out. Then, according to the
sensitivity analysis results, 15 plate thicknesses were screened out as variables, and 150 were sam-
pled by Hamersray sampling method, and the response surface model was constructed. Finally, the
GRSM response surface optimization method is used to perform multi-objective optimization of the
body-in-white, and the Pareto optimal solution set is obtained. According to the optimal results for
the purpose of lightweighting, the results show that while the performance parameters such as
stiffness and mode meet the requirements, the weight of the body-in-white is reduced by 3.7%,
and the purpose of lightweight is achieved.
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1. 51§

REMBE TR R A B E . RN P2 AR K& MR TSR 3T b, 1 H B
T SRR E R T 20%0, VR E R FERT U 20%, BRIEITSEIG 2T A 10%~18%,
BTG R 2SS 10%~12% [1]. MbAk, KA RERRD 100 kg, BFAMTT 24T 1 km. 1HWH
TG RREMEER, LR HEBEN 40%A 4, RIS A4 5 B R EWI T CE N 9 AR E T E
B URA. ZHE T RFNENEBES SRR AR SRR TR, WD TEZ40RE,
MACES > FAHOTEAR . RS, FEARSEHL 7R HFR(2]. R TR ERURFR S5 R 8t P&
CMAN BRI T, BB R T O E G IRE, JRRET RBUE e B SR AT R3]
REERH R B 45 SR S e MRS AR AE X 1 28 5 B AR M B OO oA 3%, WA R oA 45 SR e
L 20 AR EBUR IR AR AT B o SR TG R Ak e 2R B SR AF A B L A . e 4R T B 4
B i I R 25 0 2 ) ) ) PRI 19 4 & MU [4] - Duan Li Bin $2 1 T —Fh 3 T 5 5 19 TH0R & oM E 3
HU(T-SHCA) B KA M TR T E 22 S iR BT, FEET S 2 R s 3 1 2 5 JE R it
17 TARAL, BRE T USSR 5]

AV TR ADL A 75 2% e A K 0 e 15 280 A A S N 5 0 S A UL B A R R P R, ok
BRI RSN R HTAESREMFESLEEE. BIESEZAMERE, 0B8R A RO
RUBATEAC AT, AR R RIS ). PR A SR AR R BRI IR T A S & 0T . B R
A RBIES TR M 2 G JE R . 2 MR AR . — I SRR R SR,
UETHSE AR R I EATHEY, WiE A T & . EfiiEId HyperStudy #f4, il i ma BRI B KA
ERFE, TG, Saim i A e AR R S5 A GRSM AL 2 I3RS Pareto S ARAREE, M
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2. BEBEEE ST
2.1. ZE8FBRTEERE

A FHET HyperMesh Z 7 AR (42 G RIOHEAL, & 1 fios. B85 iER A LA A E /5
HTHHAT MRS S, R SCRF ACM oG, RIRSK SRS IT. BANE IR oY BT B B0k 784,267, 15
EECN 896,790, MEEN 03645 Wi, A EEHIRH MR EERIMER A ESBRELE K,
BT A 42 B ARG A A R IR T @ AN AT . L4 B F BB S L NS BN R % 1 AR .

Figure 1. Body in white finite element model

1. BESARTKRE

Table 1. Body in white material

#=1. BESHH
R AR M R (Mpa) THFALL 2 ¥ (ton/mm”)
Steel 206800 0.3 7.85 % 107
Glass 71000 0.25 2.7 %107
Glue 60 0.49 1.1x107°

2.2. BRRSSH

X2 S (RS Sy M A HR A I I TR A S 2 B R A A IR B B A5 B AT AR 6], 31T X ARl A
BEATIENG DASCR AR, @i AR AT R AR SR, R B PR S e s i S AR (7). B4
B GBS T BRI R AR IR AT 2 NN, 45 RAF 22 A s . AR optistruct
RAF ST FUHARIRAY, o T 3F B 22 S R Bl i 2 £ 52 5K PR il 26 B F AR AR AT, SO SO TR 6
Brids. HIRBEIE 2~& 7 Fos, HARBAAR LR 0% 2 PR,

Figure 2. Body-in-white first-order modality
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ontour Plot 1: Mode)
CamanRIs, Subcase 1 (modal): Mode 2 - F = 3.627525E401 : Frame 25

Figure 3. Body-in-white second-order modality
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Figure 4. Body-in-white third-order modality
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Figure 5. Body-in-white fourth-order modality
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Figure 6. Body-in-white fifth-order modality
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1: M
Subcase 1 (modal): Mode 6 - F = 5.0727936+01 : Frame 25

v{

Figure 7. Sixth-order mode of body-in-white

E 7. BESFRMRTS

Table 2. Free mode shape and frequency

2. BERESRE MR

544 PRI R PRELI % Hz
1 — RS 35.10
2 i FRL Jo B A 36.28
3 — i s 41.51
4 it A R A [ 25 R S 45.44
5 i 27 A HE G A SRR SRR 49.71
6 St ) 25 A 50.73

23. BESEHRIE S

F4- 525 A EEAREL 1 22 SR PR BT 1 R A RS AT I BE T (8] #EA FROTAR AL i s il T 00
LFFAEN: LFIEHRREE PO R Y 17 Z BB B, AR RTREE 08 Z s A B,
LR SR IR TG XA Y A Z AT Bl B R, QRO R BOR R L s XA Z TS E 9]
BT Ay AERT G RR R T O 2o ST THERE B4 00 Z 17047 1000 N 7). F 4519 i MIEE K, 38
W E GBS BT F 5INEER J177 18 BRI Za ITHUE SRR, HitHE AR

K,=—— ()

HRHE N5 FIAL RS = BN 1] 8 15 2 #k 5 AL #2437l 9—0.173 mm F1-0.177 mm, FF /b5 H &K
IS Zpax N—0.175 mm, RN A5 BNy 11428.5714 N/mm.

1: Model
Subcase 2 (WAN) : Static Analysis : Frame 25

Value = -0.173

Figure 8. Bending case loading diagram
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2.4. BESHERIE 54T

P 25 B 2 M P2 i 7 S IR 2 B M) Bt VR R R AR S AR TR I RE ), 2 4 Sr e It Re i
WPl 7R PR rho 3 Tl R4 ZORA R IR RO X ML Y [ Z RSPl B, 4
WA GRGERE P08 X W Z APFE) B, AR FTREAL (A A Z M3 B . g ARYE
HIFEAE Mr 4 2000 N'm, 764 8GR RS0 BE 2 Lo~ 1181.937 mm,  7E AT AL A A ¥8RE 38 43 Bt N Z 17140
SITTAI 1692138 N [ /1. 2R S IFIEE WIFE Kt 85 F 42 5 Bomaaer 4G (. Mr 55 (A1 A 0
Mt fEkRFR, HirEARX Q) FR:

K == @

BT AR I Ay 0 BB A S B) PR
d —d,
0 =arctan (TJ 3)

KA, dis dy DRI GEE NG S K Z AR, LR A AR HI R
MR HE N E G AL FE = Bl 9, 18 2T AR 4375008 1.227 mm F1-1.232 mm, KEEEARN K Q)
KB, B3 T HIEE AN 0.1192° FIELRIE Jy 16778.5235 Nom/°.

Figure 9. Torsional loading diagram

B 9. HEETRmEE

3. BESRBE S

RIPPERAGHE DN BE R — BRI bR fETREN, Oy 7 HER 2 22 S MR
PRSI RES BN L ERE S, TR 72— BAn & B AR Bt T g, W Iuear 5|
PR b AT T i AR B

I3 B 2 B B MR PR T B, TR L A B A A N AT P T R I TAR R K,
DR e 4 RBUSE 0 A 4R O 22 B SR PERE RN . BURSRRR BB AT AAL, AT DA R k. K
SCiE HyperMesh W&, BEFUMEX A4 SR BN, HERIRE, —Fra i, —Braims
R AR

HIFASCh REBUZ AT 45 R %, ASRenERl EDULAO L N 75 ZE R0 R DRI, AR¥E RS 7
SR PV FEAWER FA REE . — IR S hAIEE . IR AR R T A R [10]
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THIEIEE . LRI, B[],

B RS RBP4 3 P A REUER AR, FonnERERIR S, s in =]
I, 4B PEREZ B MOEOR, e 2 MBS o AR REBUZ BB I, WP S 4 S PR RE N IR,
SRZMAGAHIG ASSCHIRTFC H IR A 4 B8 B SR REm 2 ZORITFEIRS, BRI ER/ . PRILRYEAR
X REETH SR AR, MR il I REARN RBUZ LA /NROER L, IF B RBRE 2 s . N

JEEARRS RGP LHE R IR, B ik Al 15 41388

Table 3. The relative sensitivity of each plate

3. BIRRIEX REE

s KIS TES — B R 25 it I HLFE NI

A R X R X RS X R
1 —9.08E+1 ~1.98E+2 3.15E+2 ~2.23E-1
2 ~3.10E+1 ~1.83E+2 8.02E+2 ~4.85E-1
3 ~1.58E+1 ~7.73E+2 1.74E-2 ~1.36E—4
4 ~1.98E+1 ~4.52E+2 9.68E+1 ~6.03E-2
5 ~5.36E+1 ~2.57E+2 8.98E+2 ~5.69E-1
6 5.76E+1 3.50E+3 4.07E+3 ~7.86E~1
7 1.54E+2 7.72E+3 4.05E+4 ~2.68E+0
8 ~1.22E+2 5.15E+2 3.40E+3 ~2.96E+0
9 ~3.99E+1 ~1.54E+1 1.35E+3 ~7.70E-2
451 ~2.63E+1 ~1.62E+2 3.61E+2 ~3.27E+0

4. ETHEENBES S B

4.1. Rt

W45 B it (Design of Experiment, DOE), tRFRASEIG BTt A&l A BT 1] A e MU O HEA
RBHATRTFUR T3 1% AR TAR R, E e Rt A DOE Jr iR I BRI mL I HEEREAR
A . BRI, RS IER DOE SREETE R4 2B AR 0 45 AR it ek LT AU Y R RT3 . H B3 I
FIRIR T T A AT R AT L BT NI I e BRI SRR
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BSR4 G T ARG I, T A BRI TR SR A T e LT A e B AR R R L, SR B b
WUBUE K A 2338 S A — B 7 R P AT, ATDATE k& 4ES7 07 i IS AP I35 519047, AR 3L
KA BRI T R . BRI T RS R D R R 114 (N +1)(N+2) /2, N BRI
BESxE BT R A HTIROE I 15 AN EEEAR R, ASCRAE 150 I W E L TNIRVIE 0.3, Xf
SENPREERE 0.5 11, B G T2 ESRER SR NRE R 0.6, i FIRIEZSCN 0.6 fifkiit A E
R 4 fion:

Table 4. Optimize design variables
F 4. MURITEE

P A, LA FRRE TRRAE
1 var_440 1.0 0.7 1.3
2 var_441 1.0 0.7 1.3
3 var_442 0.8 0.6 1.1
4 var_443 1.6 1.3 1.9
5 var_444 1.6 1.3 1.9
6 var_445 1.5 1.2 1.8
7 var_446 1.5 1.2 1.8
8 var_447 1.6 1.3 1.9
9 var_448 0.8 0.6 1.1
10 var_449 0.7 0.6 1.0
11 var_450 0.7 0.6 1.0
12 var_451 1.4 1.1 1.7
13 var_452 0.7 0.6 1.0
14 var_453 1.0 0.7 1.3
15 var_454 0.8 0.6 1.1

4.2. MM EIE

T I VT ALY 77 1 P DRI B A5 3 BORE A )G R B B, SRIE I TR
e S8 PR 6 58 o AT I B30 I 400 G A PR SR AR LSRR, e SO e v AR B PR R A o S (9 A B, TS
TR KR R L EHT S SB[ 12], THERAE LA FIL R AR ) OCHE

W LIS BOEA fe /N IRH(LSR) B B B/ — 3L (MLSM). 42 1] 3 R % (RBF) « HyperKriging 2% .
AR HyperStudy #1%f) FAST (Fit Automatically Selected By Training)Zifié, H#JM LSR. MLSR.
RBF 45 gk £38508 25 Wi SLADL A4 BE B i (R T VR EAT 6 o BR8N SR FH L& D7 VR R 32 5

SE AN A HRR AL 5 B i AR 0 B ) 5 M 96 R A R-Square (R KPP B AL (ARG B, R eins 1,
VOB . AR SN R RPWF % 6 fioR, #AT 0.9 HMREHE 1, iEHMLA RS
Uf, WA RS 13],

m
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Table 5. Response variable fitting method
*=5 WMEEEMASTE

M J8; Ipig — M IR — R Hh AT R 5 NI
AT LSR LSR RBF LSR LSR
Table 6. Response surface accuracy evaluation table
= 6. M EBEIFMNE
M Jo R — MR — s il AR 25 ) B NI
HHKRAB R 1.000 0.998 0.998 0.999 0.997

PR R PIAS BT A E M BN W ] T DA e = 4 [ i =3 (R S TR 2R o AR ST BETHAZ B AR [
SR 2, TREENER I SRR IR, O op PS5 g ] 0 5 HL i 7 T AR
P 10~ 14 fron, x FONAEE var 440 (R EARALTE ], y BiONAR R var 441 I))E ARG, z BN

X I 5 W AL AR A L o

3606E-01
3600E-01
3593601

Figure 10. Mass response surface model

10. FREMN AR

3511E+01
35108401,
3500E+01)

Figure 11. First-order torsional frequency response surface
model

11, — R ST AR M Y AR Y
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Figure 12. First-order bending frequency response surface
modelsurfaceforce

12, — M TR0 Y T AR Y

Figure 13. Model of the bending stiffness response
B 13, 25 I B ) 7 [ A B

Figure 14. Torsional stiffness response surface model
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4.3. ZERMK

WAL LU N =2 FE TR RS J T ma B A B0 IRRVESE . T me N T
SR AR IS AR AR AN WA S AT SR W L T, ) FE W 2 R S e LA 32 2545 ARSM- 3 B2 B [ 75 - GRSM-
AR ST . SRO-FRGE ] SEHEA AL « Forh GRSM-4 Ja) i R [f1 V25 /2 — PR EE AL AG I AR b A i k£ 1 202
Ea® AR REONE L, BRARRMERNET), FUILERZ 0 ERIA, JeHAE R
A I B 2 I R B [ 14].

ARG B RN, 2RO AR, DL S R A NI N2, R GRSM
SR A S TR EABOE, WEECERERIT
minm,min K,

K, 216000

f1=235

f,=241

0.7 <var_440,var_441,var_453<1.3 ®)
0.6<var_ 442 var 448 var 449 var 450,var 452 ,var 454<1.1
1.3<var_443,var_444,var 447<1.9

1.2<var 445,var 446<1.8

l.1<var 451<1.7

X m NAGBFE, K, A MR, K ORI, i3 —Br ez, fo9—Frs iz, var 440,

var 441, e var_ 454 NI EE .
7t HyperStudy ¥ EAHRZ4, 25d 500 IRFIEA, 53 Pareto fEEIMIE 15 Frs.

12200 * opmun

12000 ot
11800 of
2 11600
11400 o

11200

11000
0.3475 0.3500 0.3525 0.3550 0.3575 0.3600 0.3625 0.3650 0.3675 0.3700
Mass-Value

Figure 15. Pareto diagram
& 15. Pareto &

M Pareto fEIEIMT LA, 45 BTN NI REX DI AR P JE [, 4 B B AR i M R v
7SN BRI A 4 B B B g, i A SRARER RN S i, AR S EUCRAR IS il K K
o BILEERE BB S R B ER, HUGE 312 IERA RARME. HEANZESHE 7 Fix,
UL AL G 2R R AT T AR AR AL, JE R AL IR AR B R PR A T 5, b
RVIE S
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Table 7. Comparison of values of variables before and after optimization

® 7. MURIEEERENLL

FFs AR, ALY R AT IE]
1 var_440 1.0 0.7
2 var 441 1.0 0.7
3 var_442 0.8 0.6
4 var_443 1.6 1.8
5 var_444 1.6 1.4
6 var_445 1.5 1.2
7 var_446 1.5 1.2
8 var_447 1.6 1.3
9 var_448 0.8 1.0
10 var_449 0.7 0.6
11 var_450 0.7 1.0
12 var_451 1.4 1.2
13 var 452 0.7 0.7
14 var 453 1.0 0.7
15 var_454 0.8 1.1

4.4. REUHGRMERERIE

ISR AR P R B I EUE AT BT BRTER, B E A 4 S i B 25 R
HELRIEE . RO RTJa 45 R EEAT X AR 2155 8 P

Table 8. Comparison of results before and after optimization

8. MURIRERILL

ZH AT RN B
JBi B (1) 0.3645 0.3510 3.7%
— B4 A (Hz) 35.10 35.09 0.03%
—R s AR (Hz) 41.51 41.57 0.14%
25 il W1 & (N/mm) 11428.57 11480.81 0.45%
LRI EN-m/) 16778.52 16710.00 0.41%

5. &g

ISR T REUEINIT 3R G AR R AT A, e VAR E Ak, L8587
A4S Z ik fesRbR, 2T HyperStudy 7 1 Rk 52 A TR AY , ) fig £ F6 ey Iz T A R A G B sy
BROTEEAR . FECRIERIEE . —Br ZHBRMERERIATSE T, 4T 17 A% S iR as/MEZ MR skt 2 B
PRARAL, IREIRAT T Pareto mLMRSE. MRIEVLIL HARER MOV EEM BT S, NI, BERSEE
RESHii a2 EORIO AR, SEELEA 42 SRR 3.7%, ZEASCOUR R B bR, ASSCHIRT I 05 A 70 B w] A
KRR 5 e BRI AR TR RRAS O A 4 B g AT SU iR 4R 2 3

m
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