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ABSTRACT

To achieve lightweight of vehicle body, improve vehicle safety, enhance the
robustness, in this thesis an enterprise new SUV models is taken as the research object,
the process automation system is developed to solve the problem of side impact
pre-processing, the finite element analysis of multiple performance, door stiffness,
door mode and side impact safety, is made, the initial design performance is
determined, then, aimed at the problem that side impact intrusion and intrusion
velocity of some measurement points are too large, combined with the need of body
structure lightweight, a lightweight design project of body structure based on
multi-objective robust optimization is proposed.

(1) In order to solve the difficulty that the pre-processing of vehicle side impact
analysis is repetitive and tedious, parameters need to set is too much, the side impact
process automation system is developed, combined with TCL/TK language and
Process Manager.

(2) The vehicle finite element model is created based on the process automation
system. The finite element analysis of three aspects, vehicle side impact, door mode
and door stiffness, is done. Analysis results show that side crashworthiness does not
meet design requirements; door mode and door stiffness properties conform to the
design requirement, for a large lightweight space. Then identify the scheme that
improved crash safety performance by raising the strength of the B-pillar, the front
doors, and the middle doors’ structure.

(3) The scheme of body structure lightweight design based on multi-objective
robust optimization method is offered.

Firstly, the vehicle model is simplified, 16 sets of preliminary design variables
are chosen; 10 high sensitivity variables are selected with parameter design of
experiment(DOE) method. Then extract samples by the optimal Latin hypercube
experiment design method. The approximation models of the responses of mass,

stiffness, modal, internal energy, intrusion and intrusion velocity of measurement
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points on B-pillars and doors, are established with the samples.

Secondly, with the approximate models, respectively the NSGA- Il , NCGA and
AMGA three genetic algorithm is used to do the deterministic optimization. Finally
get three group Pareto optimal sets, and then select three deterministic optimization
solutions of them, respectively;and use the Monte Carlo sampling method to analyze
the reliability of them. The results prove that three kinds of algorithm reliability
cannot reach the level of quality requirements, and require further robust optimization.
Through comparisons of three kinds of optimization algorithm Pareto optimal set and
the reliability analysis results, the AMGA is chosen as the optimization algorithm for
the robustness optimization.

At last, taking AMGA deterministic optimization solution as the initial value,
combined with the Monte Carlo sampling technique and AMGA genetic algorithm,
aimed at minimum mass, maximum internal energy and minimum their standard
deviation, multi-objective robust optimization is done. Results indicate that the
reliability of the three aspects, as side impact safety, vehicle door model and vehicle
door stiffness, compared with deterministic optimization, increase from 64.8% to
100%, improving the robustness. Select one available optimized value from the
obtained Pareto optimal set, and validate it by the finite element model simulation.
The results manifest that body structure total quality of design variables has reduced
from 60.845kg to 60.845kg, reduced 6.853 kg, a 11.263% drop, which has realized the
lightweight of vehicle body; Internal energy absorbed increased by 0.229 kJ, slightly
ascending, the intrusion and intrusion velocity performances of B-pillar and the door
keys have been reduced overall, the deepest decline of intrusion is 5.465%, while
intrusion velocity is 8.218%, improving the side impact safety performance.

Keywords: Structure lightweight, Side impact , Multi-objective optimization,

Genetic algorithm, Robustness design
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TR, RATREFRACIE A B0 B AR o 3T H ESRN IR B2 A AR
TR, H B DUE M Lok SRR, 722 HARNA BT S W L
Rtk (PN TE AR IEAEE BRI 4D, 20 fHh4E 90 EAREEFED R AR T
6Sigma(F Sigma AR FriE 2o YEaf@ 4 et 7k (Y 6Sigma i & ¥Eit), B2
LA 6Sigma 7K RIFAN AR PER),  BARIIVEAN T AEA ST S8 DU S AN AUR . 5
YK 6Sigma EEAH TR AT R RS b, JEREHENM. KE. xS
HEATIIRAT o BT AR BT T BN G, 22 IRBEN LA ™ i o
BEATREAY , TERHAT A TR [E B, 08 75 B AT R AR Y, X AR E kAR 5
BRI A CAE BEAREATHA, SRR E 4 ERMTHAE &, A U A B
AR AT, ZR R WR R DR PR o ERITER, THELEE
P& IR SR AR I B, MU 338 2 B bR TR AL Bt (%
JEANHA E R 2 52 (AR BT Y A e, Aafd e it g8 B B IR 4R 45
Bt

TERFAZE PN.Koch® I REAI A 20 1 Re i M BT RC IR 5 R JE, IR LB (%
ALK B AR, R A T A BRI, IO T R R R VR R A M R
AR . 3 HilmannP42545 4 SFE-Concept. Hypermesh. Matlab. Radioss 2%
EE AR, DA R S BRI RSAT RGUNIF T %, LU S5 RS HO R &,
RN BV, BT ROAL R KA, HEEFEE LA (GA) SR RIS
SRR TBOIAT TR g Ak, 7E 3 AR A 1k g B Al T A3 A5 ER B AT R Gu o R
30%, SCJEfEH AR BBt A E A 2 AR A T A R R . W KA
MESECE A RE . RS BETE . S RIESEHAR, DIENREN iR, E1T—M
s T IR R R LR E, ST THET T 6Sigma Fefil i A2 1k
BEit, R m R R R TR R 139k i g 0t a ko 7 v
BECERIA A, , LALEIR AE(SEA, AR5 = 1 LU AE ) B Ko B AR, #3547 T 6Sigma
FeAg AR AL, (73 LEIR AR L1 [ i AR g M IA B T 60 /KSFBA L. Aspenberg
D,Jergeus J,Nilsson LS54 G Bedb oy EbR, RlbJ 2 4o A R 20 4%
T, BT TR g L . ERIRZE TR DY, DU SRR AR, TRl
RN i 5 1R N A 240 R 2% A0 B ZE M T R 3R AT T R PR ARG, 72 CRUE R
PEREIA R 30 AKTHIZFME T, FHIHE 10.37%, J4E 4.6kg.



Loop K% Bl & % i 3

PAE RSOk AR S 7 AN E PER R 5, DUR RO H AR, (HAR
B, TR MR R TR H AR AR R A RN, AR R
WA LR —A 2 AR r) e, s 7E anfenis 2 B s seit o7 ik S e
PEDC A R AR R 2 27 R A A BT 2 L R

AT, H AT RE S 2 RIRCE 5, 456G =00 E AN A A e i
Pttt 2 HbnefE ML A28 Sy A 5 i W FE R, AT T2 H
pRA B PEOL A A IR R R A BT S (U Tl 2 e VERT T, B SEBR G B
Fetl, (RIS PE U Al 2 Ve RE, DREZE IS TERE . T TRIBETERE, JFR
T E AR TR, Dyl R R B SR R R =

1.5 XREMRNEEANS

A SCUAE LRI R A B 0 — 308 SUV ERUNBR AN S, DASRBLE iRl
Sigmi e 2 etk ae v R & B, R CRIEZE TR PERE . 25T TR EE L AE T
FEEER, S EAMRITO R REVZ it B BHEoR R ER
2 Hbr AL R . A RIS 50K 6sigma Faf@ PEOLAL BETHHoAR XS
BT T 2 AbsRR IR 7T, HARIIBE AN E AT

B b, MR T URTIRE T G TR B AT S R ST R B R Al
IRl 2 e VERERT FUIUE L, Bk T SRR 2 HAnsiE it &
FRtEE AL BT TR, I8 1 RTRIE TEAFAE R 1 i R A PRI 7 1Y) 32 B 2
Lo o

S IR RL I R B S R SR

SR ZE 0N THT AR AT BR TG 0 AT R AT AR BRI PR e, B TR S . ARt
ZRNE R, TR TTA R A d w2 M R H S R g8, IR R
BT R 4

=5 SUV AIRTTHA R 5T R Tt

(V&5 AT A o A R B s A R ST TR, 3 57 8 2 0 i e 7 A 1)
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HIE: T2 bt ieoriEmE s it

D)F B 2 A brfa @ MEAL A7 58 B Xt 3 20 000 i il 42 2 2 1%k 20 A 1) 0
FUN TR, 3R 2R Gt DA B AP AR A 1 IR f) 3 7 A Jta o 52 7%
A, I AR R A S IE PRAE TR B RS L

Q)EFXF 146 K e T AL B 2ok 2 BN Ja SR Ui vF SIS TRl i ) AL, A R
BRUSE 3 AT BB AT AR A2 R A 348 » 68 251 Hh i SR P B T8 S 07 ik e e v
JHEEATREA RIS A ISl B R AL S 0 Tl 2 A PR RE . 2 T TARAS TR RE
ISP RE S 2 AW 2 (R AU, I B E I (DU (R RS L

Q)M AT IR A AT IR e A, LR B 73 B i a2k th 1) e i A2 & o it
Bt AR, DAt AR B S i I e R R RO S BE R DY H bR, AR
SUERE. FEITRIEMERE. RABSRNEENLAENE, 25 FIH NSGA-II
NCGA. AMGA =Fh% Hbpistft 5kt AT 2 A hntf e AL seit

(A N=FPRA BT T7 A3 2 ) Pareto 3E 95 A8k b 73 ) 6 X — 2H 25 4hs 3k 47 52
eI HIRE T, KB 6Sigma KT (R EMEdRFR). LB =F ik it
JIEAG 2 Pareto AR5 K AT FEVE P AT I B0, JEHL— MR AL BETH J7 i T
fed@thvert . AT 1R AL 2 et S R E AR 2 H AR @ vEIi s
i EEC—E A SR AR IR B 6Sigma ZESR IR, FEHRHARIET A IR
TERA R AT A B E

BhTE HESRE. MENERT B, X5 E TAFT R,

ReASCEZW AN AL I 1.2 B
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Loop K% Bl & % i 3

ES a0 [> %
=
S %
a2 as, [> -
Eyintghs =
e SU‘M’%—?—WE IE[[
o FINmLE | eepmases 1 R R e
REE ST BT g T it
ey -
SUVET#ER | [> =
Hypermeshi& - — T ERR L =
ey = EER 2=
TER fRaR T #+
SUVEEITAIE #
MEES R &
R ER ETRTED | [gg | | SHERENE -
SKigngERHER || Fisisi s (— Ba | T RREA nE =
s e 3 2 R [>
srewneE | -
EFSSHSEIEN e e R
B S Bl iG-S AR
— =T
| B
HBuERSE [> I
i

K 1.2 ASCHIETE A A R 1
Fig. 1.2 The research flow chart of this thesis
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F2EAREMEMESTRES SN RGN L

W& TS0 R ST AR R g, A IR Te o Hr ok H iRk
#, CAE BORFEHT 40T A B B ok ), O A R A AT
M TRZ —,

54648 I IR 25 A I BRI AH LG, CAE 3BT HOR AN T BESERR AL 7
PR, EMES BB BUR P AR CAE B TE S iscit, — @M Bt a
WA JRIM, 2480 IH L CAE 70 M A P SR g 1) il (1)id 7 g T
FENM R SEpr TREZR GG, 5 UL CAE DT A AL HABANE AhF, B
FAET . (QCAE SHTIREIEAR T, 52 MR S BORUB AR 15 2% 55 AT

E IR . BT (GB20071-20067< 4= i fill-fi )37 51 OR3P ) sl PR LAY
CAEZ iRt — N AR B, R i Ak 2 7016 2% A I 18] LF o 3
TENEIRITT T TAERI70%-80%. X WK S BN CAE T BT I F K HE 73

[ B £ 2R i A B B, AT 5 0T 25 2R PR T R B3 R R A

gi bk, RENmRAE SR RAFESETES, THEED, FHEKE
Mgt Z e ATEEN IR, ZREiE2H TCUTK i 5 Al HyperWorks
ff) N & API(application programming interface i F& 5 4% 1) ek %, {5 Bh
HyperWorks 1% 4 [¥] Processing Manager “F- & ¥ & 1 Ml Alf i 72 H 34k R 4

2.1 FREFEEEM

A3 CAE TRl 43 A AR B 3k R 45 i i 2.1 Fir: HyperWorks 9
CAE i ft— RAI R AT AL BE R A 4K 4, FE Hypermesh ,  Hyperview %,
Process Manager A &K $E Mt — NrERIMAE AT AF . CAE 7 irid RS
BATHIA R 455 TCL/TK 35 5 A1 HyperWorks N B API B8 B3EAT 40 5 HY .
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Loop K% Bl & % i 3

£ THyperworks IR ZEMITHIAIEAE 73 s B s AL R Gt

A A

Process Manager (Process Manager,

RN ]

Process Studio. Framework)

Hyperworks (Hypermesh, Hyperview)

A

Windows 7/Windows XP-(TCL /TKIIATEF

B 2.1 Ml atkdE o AT IRAL B IR RLEH
Fig. 2.1 The structure of side impact analysis process automation system

TCL %%, HP Tool command language, 5 C++. Java. phylon i 250, A&
— AT S AR S . TK & TCL B—M ok, T ITKEIEH 7 7t (Graphical
User Interface, GUI) {3 FFER T HAE, 5 C++. java i ZHILL, TCL 22—
MRS, ERMRS R A C mBUE, FWUMRES NS IINHER T,
NI RIES .

HyperWorks # {4 2 — T ED A &, 8 = U0F R TR O HIER
F 4, 4% Hypermesh. Hyperview. Hypergraph %5,

{145 % 7 2% (Process Manager) 2 H1 Altair 23 &) 7T & AR BT, nTHR¥E
TFRAR, BEERMZITREER, 51T &KE elA BRI LB T, 1%
A 45 =M. Process Manager. Process Studio 1 Framework .

Process Manager T. E# - GetE s B PO K TR, ARy 05
HyperWorks {4 A A A2 #A5 5,  PLRER A I 75 3K 56 B B2 A R 670 AT
% . ik 2.2 7y Hypermesh i i Process Manager 27 1 5% 1 -
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g temp.hm - HyperMesh v12.0 - LsDyna (Keyword971)
File Edit View Collectors Geometry Mesh Copnectors Materials Properties BCs Setup Tools Morphing Post XYPlots Preferences Applications Help

el % Jh e QLERAL IR A4+ Ui i i00AN R
X

thwlityl Process Manager]

feEa® RS A

Load template: ‘A Simple Hw/Ph Demo j

Wi"i*9 R R al:

& 2.2 Hypermesh * #8 /| Process Manager & F 425 % &
Fig. 2.2 The GUI when Hypermesh calls the Process Manager program

Process Studio /&> 7 Process Manager FE AR 2E i A2 T R R85 . F AT L
fE BT R S B3 0T A B F P SN (GUINEEAT 0T K .

Framework #&—2% API(Application Programming Interface, & &7 4 FE 422
IMfE&, BefgH Process Studio H T A T REFr AT U5 IR A0 T . 95 = —
IF R, HyperWorks HH 2 it 735 (A B API BRi%L.

2.2 EEHERREBIURGHFT R

e TR BT B IR 4082, R T RGMTF AR T B0, A
SCASETAIL BRI A 5 A TR A0S, e, HRAETT R TR
S5 TR 7 U2 1 50 28 55 OV 4 /0 AT IR 4D B4
J9s SEFIRIALTE. RESTALPRIAOIERE, RrMIERE S B, BEIILSAAE . 5 X
Bl R P UM R Sl K ORI, R A

SRR TR TTR, B SO IR B S RERTFR
221 EHNERES RIS QDU RG TR

¥ 75 AR 1 314 T Process Manager ¥, 72 1 1311121 2.3 ity Ui
A BT 1 S RS . SRR IR 60 5 PR R0 R, B
R 5 1 24 3 7508 0 0 B2 -0E 5, (LS AL T 50 P
KI5 T R 143 10 K TR S A O R R, A T R,
(ESERE SR, TR TS S 5y, BRI R
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Loop K% Bl & % i 3

Process wiew

(] uriver_preprocessor B HIALHE
""" # Import Model 1. SR,
""" # automidsurface_extract 2. HBHHC I
""" # auto_prop_material 3. TSR
%E@Tﬁ — T4 "uf_"l autoconnector
1. 155 - # weld_connector
2. g - # bolt_cornmector
3. *IEEQ - 4 adhesive_comnector
4- r1g1uli -.\.‘all and contact dEEInltmn‘—@jfﬁﬁi'ﬁﬂﬂ‘lﬁiﬁ:
- rigid wall 1. WitERE
- 4 selfcontact_definition 2. A
B s iy
4. Kb

- # barrier contact

iﬁﬁ%{# — 4 {_) boundary condition

1. ¥ILh - welocity
JEE - M gravity

2. E ity 4} control card creation N
- 4 Control terminaton R ‘
- control timestep 1. éj‘?:ﬂiﬁ‘—“‘ﬂj
- 4 gontrol_shell/soelid 2, Eﬁijlﬁ—[lﬂi
- # control contact 3. $7ﬁ$§ﬂ§” .
- 4 control hourglass 4, Ffih. Wis. ReEE
- @ control energy il %%
- # econtrol output

MY R, ——e ) output_card_creation

i ipes - 4 Database option

ey s | - 4 Databaze binary d3plet

- # Database binary d3thdt
- 4 Database extent binary
""" # output k file

B 2.3 Ml & a4 5 A7 IRAZ B S R RIARAESE
Fig. 2.3 The process tree of side impact analysis process automation system

222 BERRERRSHZRFTE

(DEMFANTHERIFL

utils /2 Process Studio HHEAFHLEFR, PASCAI. ZEHE. #H. SORMN K
AR T utils #2408, ST LY TCL A S AR IBAE . anil TCL AR
5 T BT AR 1 model_directory SCAHE A Fi/sideimpact.hm ™. 32 A Process Studio
() M55 A Th B, AT LLGE o iE A . oset strvalue [:hw:pmgri:PmgrGetData 0
“model_directory.value”] R SEI . PASCAIR ., Za%HE. $2H]. SCARRI N &5 9 4Lk
T, ALAMGETT R Al 2.4 PR E SRR S AR ETE P . GUI &4
S ARG 6 BRBOH BB SE I % H I I Re - FFH TCL A< H] Hypermesh
SEALAY stp. iges. catiaVb 55 2 i CAD Hid % 46 12 S AN [R) s =X 0 s 42 1
FiAR . Browse #4172 FIH N B GUI 4 iR TK_getOpenFile, & [0 H F 4TH 3
iR 2.4 A ERCRE, AR5 TCL WAL EGZ 4812 iR Al 4
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import ¥4, SCIUCHSERIE

Filename: |HM -] | Browse.. | Import

B 2.4 A F A8 GUI
Fig. 2.4 The GUI of importing model

(2) & shah B AR T &

L5 B ERE AR, 78 CAE 70 Hr i Se i il o /5 Z B i
FE T BRI 7 WIS AS B 5 80, FFIT 52 B0 B R R MR, . Bl AR R
EK, Hypermesh B8 A MBS, (HEFGEANTFHAHTEL, —ik
R — e, BIFRRAFZRENERGER, ©FREANTEV)EEE
YRR, PR HH L A SR A o PR A 2l A2 i B e i 5 7 5 e 1P o TR A
215 3-5 N TAEH Ry E], 1y H TR RR ZX % BOM K £ Bk ge i E S
B, HARREEEBI RN SHmA, B TES7 5K R, @bl i
AN, BRI R R — AN 2R E R A, AT BRI N TR
HE 2, RERJLMEELIEZ: BOM RELE. BEELE. 2M4M
oo BN DAL A AR T R B O IS FER . R R RIS
BRI, comp 4414 (LS-DYNA FFRRA part 4444) 51 R FE &M 1D S Fitt
KL ID 5 (Nastran.  Optistruct 253 {472 comp 444K H 5l FHEEE M ID 5,
JEER R SRR R R # 1D 9).

AR RIS HRR R TR T -

Stepl: FTH 3T,

set new_file [open [pwd]/file_$number_need.csv]

Step2: WE —/MTICFEIEE:

setm1

Step3: SCAFEEHUEREHIIT A : FIWTREF Sy U RISREF REZIRE, (m & E
R IERE TR A AL E), B %k proc_comparison £] BOM # i -0k} & B
G, BCE B EHE T SIS, RIS ULES, DGR [RIR R ) 24
SN A E, NPT AN R

while {$m& proc_comparison} {

set m [gets $point_file]
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Loop K% Bl & % i 3

set n [gets $point_file]

set k [llength $m]

if {$k<1} {

break

¥

O E SCE T R AR R S Bl AR, AR A SR S BUR Y Y
collector [{)4% AN, SRZITE, X FRARUESR AN AL AT A B 2
A T2 AT DARR 4 Ak 245 collector fn 44 MG H 3l 44, 1l 2.5 fik:

et NFF5_HAAS_T JBZ*100;

SRS S FS_WHANAS .

Comp Name ‘ Comp Id‘ Prop on Eomg‘ Prop Id ‘ Thicknessl Mat NM Mat Type
rigid s3] | o 00/ e
$6101100_adhesive 1330 PSOLID 56 [ o= MAT1
NE101221-P102_t0100 77 PSHELL 238 1.0[DCO1 MAT1
NE101153-P102_t0100 73 PSHELL 380 1.0[DCOT MAT1
NG101153P102_4_t0100 | 880  PSHELL| 381 10[DCO1 | MATI
NE101151-P102_t0120 722 PSHELL 243 1.2/B210P1 MAT1
NE101147-P102_t0120 718 PSHELL 233 0.8/DCO1 MAT1
NE101145-P102_t0100 "~ 721]  PSHELL| 242| 1.0/pCoT MAT1
NE101143-P102_t0100 720 PSHELL 241 1.0,DCO1 MAT1
NE101141-P102_t0120 719 PSHELL! 240 1.2/DCO1 MAT1
NB101135-P102_t0200 726  PSHELL| 247 20[STKM-34 | MAT1
NE101133-P102_t0120 725 PSHELL 248 1.2/B210P1 MATI
NE101131-P102_t0150 724 PSHELL 245 1.5(B210P1 MAT1
NE101127-P102_t0200 78] PSHELL 237, 20[B210P1 | MAT1

K 2.5 &4k HTE ) component &
Fig. 2.5 The component table conforming to the enterprise standard

()BT REAN G far Hidfs T K&

TR RN ST bR ARG, ASCIRE ST T PR PR AN e B s B . MPRLEE
DA RL A v ST BN BT R AR R Y, 2R, AT R
AN BRI ST ., KRR DA ITT R 256, AT LA B Microsoft SQL Server 2008 JT
PR A EeE 2, R TKY A Telodbe SEE EdE Vs i) ;57T LA BiOracle

RDBMS 71, FIH TK 3 &4 oratcl SeHLEE 17 1002, (H 2% e B R an £ Bl LA
R R B PEEAT R, 0T H8 B 4Ed . T 22 ki 2 A, B
THRAS 2 RIIG o A 7 T g, AR SCUAAM SR T N SE AR 5 8 e, 72
A Hypermesh %235 H 5% R, 6% Database 3432, F6# 7143 material
database 5 load database, #X/57E# H I H T I .csv KRB SOARIAE, X Fh
SO H I A B Excel R — RSO RAY, — ) TARIT AR BE IF H ALk
SES YRR Bt B

N T PRUETF R B TCLITK FEF7 B4 B U7 o A1RE . Bofr B3t P, 28080 e
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T2 bRtk m suv & B RE BT

A TR AR SRR o X ORI SO, B — AT —RM B S B AR EE RS,
FFUOAM R T BT, WK 2.6 Bos, MEIER TRERASHINE T ZZME
(RINE A3 AR 26 240, A FE) csv SO ) AR T 2R IR A7 Al (1 2 &

2.7 Fis.

| 4 | B | ¢ | b | E |
1 teElEd E Nu RHO vield
2z DCol 202000 0.28 7.BSE-05 195
3 DCo3 194000 0.28 7.BSE-0% 180
4 DCO4 202000 0.28 7.B5E-08 165
5 DCOB 193000 0.28 7.BSE-08 140
_6 | 20 204000 0.28 7.BSE-05 245
7 B210P1 210000 0.3  7.B3E-09 270
8 STENM 210000 0.3 7.85E-09 260
9 Q235R 210000 0.28 7.BSE-08 235
10 SPHC 203000 0.28 7.BSE-03 198

11 | B1Y0P1 210000 0.3  7.85E-09 215

B 2.6 #HE csv U4 X
Fig. 2.6 The format of material database csv files
A B C D E F e} H I J E L X N o

5180 DCOL
(] o 270
Q.03 0.0151983 |277.9303894
0.1 0.0223595 [281. 9891663
0.15 0.030061 |284. 0266113
0.2 0. 0400609 |287. 3076477
0.25 0.050061 |289. 0157471
0.3 0. 060061 [291. 4093323
0.35 7 0.070061 |294. 8726501
0.4 0.080061 [297. 4766341
0.43 0.0900609 [300. 2840576
0.5 0.1000609 [204. 3647766
0.55 0.1104103 |306. 7249146
0.6 0.120061 |310.4772949|
Q.63 0. 130061 [313. 6340637
0.7 0. 1400609 [316. 3047791
Q.75 0. 150061 [320. 9952698
0.8 7 0.1584818 [322. 9748535
0. 85 0.1700609 [227. 5724182
0.9 T 0. 180061 |330. 4640808
0.1300609 [333. 0281067
1 0. 2000609 |335. 7884216
0.210081 338.6730042
0.2200609  340. 7749329
0.2308185  344. 4172363
0.240081 346, 3180767
0. 2500609 349.9877319

B 27 BT csv A X
Fig. 2.7 The format of stress-strain curve csv files
X BT s S, HAR IR, S SRR S 5, B AT S
REAFR, N 2.8 Pran . K8 i 250 R HY I csv SCIFEAAE, 5
N2 AR KR SR AL, X AN R .

5 ‘W |W “‘ |m |MI ‘*‘ |W ‘M |>_A

.

{5}

(=]
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Loop K% Bl & % i 3

A B C
1 [{EMN velocity gravity
2 |GB20071-2006 50 gravity. cav
3 |[ECER93 50 gravity. csv
4 |[FMVSS214 L3 gravity. csv
L |Artclel 8 50 gravity. csv
£ |ADRT2 50 gravity. csv

B 2.8 #F & csv LAFAE X
Fig. 2.8 The format of material database csv files

223 BIAMAHERERENFTA
(1) H Bh G2 S TIRE &

F P #E124T Hypermesh F AR I 2 o227 A2 1l 5% 304 command.emf, F1F Zid
seOCAFIETE word S5 SO G HIVE — A2 @ AT IR, Rl o
a4 FF & TCUTK ik . 4 i d8 sl i @ 50 i 2 1 0 s S 4% 202
“*CE_ConnectorCreate, points (1)”, ¥t )5 Jy“*CE_ConnectorCreate points 17,
I PR BGOSR N 2, BB A1 1D 25 28000 N T SEELAH B (1) Th AE
A RASR T AR

TERIEFFIBAT R SF A AL ERE R B Br & e i, i catia H 3]
SR S product,  Ff H A 7R 1% comp.

R PP R 3 T B e o R w3 2 B 1 T, AR e 3 AR R S A 0 73
BT A . BARBIRER T R

T4, FIHFEF hm_getcentroidofsolids 1 SR ERIKIER Ly, FELEFEIAHIERTE
SEAREROAL B 73 ) B — A KL TR SEARER JFR BT AE H comp.

SRJ5E, 12 HyperWorks PN B AP F1 1) Query in 4 B4 hm_getentityvalue
comps $compweldid color 0 —byid FEAT IR s BT EFR I, AT HFASE S E 5 (R
ROV SO s 8 S B IX R R0, IR F ) EEO AR RURAEAS
[ ] comp 5.1 - A modify iy 4 B&i £ *renamecollector comps "newname" ”“oldname”
SEHL comp [ E AT 44 6

o, SEMESHDE SR EEL IR R S JE A SR RUE R list.

FEFPIZAT AR S : B RE e il DL E Sl 08 U (7E CAD Bt b, muEAz
B AR Smm BIEREIRE, AR F O IR FUE B BERIE 214K, 6
FEBRO, HEERCOE] weld_number ) comp B, F HAEBRCL & 4E B connector,
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T2 B Ou AR SUV SR E it

MWRYE 7 BB HTE SRR R A2, BN ERUE A S

ZIIRERA S T TR ST RE, SAAGEREA L, AR KR

o TIAMNERBURIR A IERA R RE AL HBESEILE SR, HE T A
[Flf) collector HLTT, {5 3L ) I BE A Jm) AR 5 2 4L

(2) H B SR R )T K
EEIP R BB HRRIERI 2 HITiaF edge, EKEILIEEIL, £

AR LA B AL e E &7 1), #EAT R ICHS, Rl 75 A A 48 R/
g AL 2 VCRE, SRIGTEFLAY O AL B AR C— NI 5 2, FERIH washer 2
WrAEy 5 s $E 2 28k 3 JZ washer o0, 5 4ERK rigid 5o 5 sUERE E L
R B AR IRSC L R B

proc findShellHole {compsIDlist} {
variable hole

setiO

set processedEdgePlot {}

foreach edgePlotElement [hm_getmark elems 1] {

if {[Isearch -integer $processedEdgePlot $edgePlotElement] != -1} {continue}
set boltedFlag 0

set hole($i) $i

set temp [hm_getbestcirclecenter nodes 1 1 1 1]
hm_getcrossreferencedentitiesmark nodes 17200

set washerElems {}

foreach elemID [hm_getmark elems 2] {

set elemConfig [hm_getentityvalue elems $elemID config 0]

if {($elemConfig > 100) && ($elemConfig < 200)} {lappend washerElems

$elemID}

if {$elemConfig == 55} {set boltedFlag 1}
}
set axialVector [::hwat::math::AverageVectorComponents

[getElementsNormalLists $washerElems]]

20

if {[::hwat::math::VectorMagnitude $axialVector] < 0.5} {
unset hole($i)

continue

}

lappend hole($i) $axial\Vector

lappend hole($i) [Irange $temp 0 2]

lappend hole($i) [expr [lindex $temp 3]*2.0]

set depth O

foreach elemID $washerElems {

set depth [expr $depth + [hm_getthickness elems $elemID]]

}
set depth [expr $depth/[llength $washerElems]]



Loop K% Bl & % i 3

lappend hole($i) $depth

lappend hole($i) 0

eval *createmark elems 2 $washerElems

hm_getcrossreferencedentitiesmark elems 27 100

set referencedComp [hm_getmark comps 1]

if {[llength $referencedComp] > 1} {lappend hole($i) 0} else {lappend hole($i)
$referencedComp}

lappend hole($i) 0

lappend hole($i) 0

eval *createmark nodes 1 {"by elements"} $washerElems

lappend hole($i) [hm_getmark nodes 1]

while {[info exist hole($i)] == 1} {incr i}

b

*createmark comps 1 "edge_holes_shell"
*deletemark comps 1

}
Hrh, % “hm_entityinfo exist comps "edge_holes_shell" —byname” &

edge FFE &S 2 RE AL LR % list 25/ “washerElems” 7% /2 washer ¥
JLI ID 5

(3) SLAN R 5 FLA EE RE (R O

VAR TR T a8 R MERAL, ARG IR Ot 2 g
o WLFER:— R R T 2N CAD B R RAE BB TE . LIRS 91,
SEPLERE T R BN T« RS RGEREN) CAD AP 2.9 Ak, 5\ Hypermesh
JE i 2.10 fizs. CAD BERYH DL Rt i e ORI, RS
ST SCRE IR ELE B {5 2. ¥ CAD B85 N Hypermesh, $2EL “Fhficfli” )
surface DA R BLEEHA I EM S5, L comp 4107 20K (5 BAL IS4
Hypermesh F-£R17 T K.

ik 2.9 Az CAD BRI ) “ ADH_6006702/6006695” & S & —ANKiifR
B, WOk 6006702 i 6006695, 1Kl 2.10 st CAE HEAY
(1) comp %75 5 A5 FafEkA, 2502 H )5 (Spot Weld). %ﬁﬂ%(Rivet)
ZEIR(MIG). 12 F2(Bolt) S5 ALk (ADH); 3K i/ R ER MG ZEMSEE; 4
oy IR R .
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CH>-6003027-00-C -#: BO0S027/E003027 [3)

CH-6003026-00-C -#: BODS02E/E003026 [3)

CMX-6008775-00-E -4- BO0E250/E008580 Fmm H4 (1)

CMX-E002769-00-E -4- BODE2E0/E008482 Fmm H4 (1]

CM<-6007862-00-D -#- EOOBEF Y1 015813/E00EE72 - Smm H4 [10]
CNK-6007863-00-D -4~ BODEEF 71015818 - Smarn HE (4]

CNX-B00685E6-00-F -#- BONBREN/ENNE0EF 7.5 H2 (20)

CenterCurve CNx-B006578-00-H -#- MIG WELDESAR ERTO S (135mm)
CenterCurve CNX-B006420-00-H #- MiG WELDESAB ERFOS! (135mm]
CenterCurve CNx-1022893-00-A -#- MIG WeldsERAT45 [203mm)

2007206 -4 BLT HF ME-1.00425 [B.8] Znél

2007116 -#- BOLT HE b10=1.50:30[10.9]-G720

1014747.00-4 -#- BLT PAMFLG TR M8-1. 25:20

1014330-00-4 -#- BLT SHCS FLG M10-1 50225 [12.5] Znal

1009420-00-4 -#- BLT HF ME-1.00:20[8 BErnafy
1008551-00-4_TSC_P-000E7560 -H- ELT WESHR FLAT ME-1.00:25 Znal
1004537-00-4 -4 BLT WSHR FLAT ME-1.0011E6 Znal

CenterCurve CNa¢-102057 4-00-4, -H- MasticHenkel Tarostat 400 0.9 (1137mm]
CerterCurve CNx-1015637-00-8 - Stuctural AdhesiveDiow - Betamats 4607 [16567mm)
CenterCurve CN<-1014648-00-D -#- Betamate 4601 (57 2mm]

CenterCurve CN<-1003093-00F -#- AdhesiveD W - BETAMATE 4601 (865mm]

AR EEE AR RN RRRRRRRE
EERRRRRERERRRERRRREER

B 2.9 CAD #2 A o 49 % 343 & ] 2.10 CAE A b by #4213 &
Fig. 2.9 The connectors information Fig. 2.10 The connectors information
in CAD model in CAE model

SEPUER) FAR & ERERF WA 2.11 Frs: ZIEARGES LE TR R i) & 31
ERAR, RS, IR ERHMES
REE

Add window | Run Script | Exit

STEP 1: Create Windows Apply Windows Name: [version1
STEP 2! Load connector geom comps Apply
STEF 3t Extract Layer info Apply
STEP 4: Connetor settings Apply | Dia,Pitch, Tol,Displayed |
STEP 5: Create Connetor Apply
- wersion L wersiont versioni versiont wersioni wersioni versiont
Comp Mame: Geom Info Laver Listl Lavyer List2 Laver Status Settings Conneckor Status
S KA N vl a2 RIN 2 RIN] AR Kl I K >
- Debugging

proc GetlLayerlList {SearchList Exclude} {

hm_createmark comp 1 advanced all
sSet Al1CompID [hm_getmark comp 1]
set AllCowpNsme "7
foreach ID $i11CompID {

lappend illCompName [hm getentityvalue comp $ID neme 1 -byid]
¥

set LayerList mn
foreach Searchitring [sSplit $SearchlList /] {
foreach Index [lsearch -all $AllCompName "$SearchString®"]
if {[lindex §illCompID $Index] == §Exclude} {continue}
append LayerList "[lindex $A&11CompID §Index].”

W21l go&Enmr IR a
Fig. 2.11 The main GUI to define the connectors

224 EIRAMEHSEMGTL
TR, 7 B SN S A LA R T T 5 A
RIS 22 T 7 R, 355 2 B S B DM TR SR ot SRR 334,
TR RSO . X T BANT S, W% AR (o set) . MEA
(R set), BEHRSH. PGS B ML M A S
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Loop K% Bl & % i 3

UL EZEF L, GUI AR T A, il R AE GUI FHi ik A 325
] @, — A PR 2 — 2L TCL B & Sk [H1E, —Fi2 L HWPM(HyperWorks
Process Manager)it 5 %5, T ERIEH. ACKRAHE®E, WHWPMIEE S
IR [ 4B (Write Callbacks). LPASCAIS (TextField) A, # =0T,

B2 : DataModel.SetValue("mytext", "ABC");

B \: var strValue = DataModel.GetValue("mytext™).

P35, PR S *RIGID_PLANAR S I N4 3% 1) 4 57, il F *contact_option
SRR E Lo FENLWIPERE I S AN & 2.12 o, @SB A an & 2.13
PR

FEr g S 58 ) 32 R AR T

*interfacecreate "$sideimpact_rigidwall" 52 11

*createmark groups 1 "$sideimpact_rigidwall”

*dictionaryload groups 1 "$directory/templates/feoutput/Is-dyna971/dyna.key"
"RWPlanar"

*attributeupdateentity groups 2 31 9 0 0 sets $sl_ID

*attributeupdatedouble groups 2 59 9 1 0 $fric

*createnode $rw_textfiled x $rw_textfiled y $rw _textfiled z 0000
*createvector 1 0 0 $rigidwall_firstvector

*createvector 2 0 0 $ rigidwall_secondvector

*rigidwall_geometry "$sideimpact_rigidwall" 11100000

7 7 P (DA THI T (*contact_surface to_surface) [ ShHE il 9 51) i) 3= s % tn F
interfacecreate "$contactname™ 1 2 11

*createmark groups 2 “contact"

*dictionaryload groups 2 ""$directory/templates/feoutput/Is-dyna971/dyna.key"

"SurfaceToSurface"

*attributeupdateint groups 241919200

*attributeupdatedouble groups 29 9 1 0 $vDC
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*attributeupdatedouble groups 25 9 1 0 $FS

*attributeupdatedouble groups 2 6 9 1 0 $FD

*RIGIDWALL_PLANAR_ID

lsideimpact_rigidwall
[exclude] [EOXD] [OFFZET] [BIRTH] [DEATH] [ Ri#KEF ]
NS 1D TEBD
| ‘ [Fric]
0.000000000.000000000.000000000,000000000.000000001.,00000000 o100

[ RigidwallShHelp reject
[~ OrthoCpt default
[~ Force

K 2.12 RiMEGF RXER P&
Fig. 2.12 The GUI to define the rigidwall card

*CONTACT _SURFACE_TO_SURFACE_ID
N |
J Jcontactl
|[SEOX\D] [MBOXID ] [SPR] [MPR]
551D TED MSID TED ] ]
[F5] [FD] [DC] [VC] [vDC] [PENCHK] [BT] [DT]
[ o100 | o100 [ 20 000
- [SFS] [SFr] [S5T] [MST] [SFST] [SFMT] [F5F] [vSF]
s [T OnetWay reject
[~ SMOOTH detault I
[~ THERMAL
[ mppOption
W AdditionalCards
J [ DPFRAC_curve
| [~ DTSIF_curve

K 213 #&A-FRHEZERAPFR@
Fig. 2.13 The GUI to define the contact card

225 MEMLFFHERRFEFFL

(L)t in A g ThI A B 5 R P T K

A3 £ (Rt I T WG P A e R — 2 W B R OR AN, A BE K 7 ) o 4T
FERIR/NAT UL GUI TR, iR MMEIR [R5 5 & FR2 % . W1
) A A 5 B 5 ST R e RSB, AT LAY Hypermesh J5A THIAR 528 B 56
A FH BT O PE (L6 2.2.2 Q) 1) IR W i et 8, FFE S A2 & inial_x.
inial Ly 5 inial_z, FIH TCL MIASRAFR [EME, FFIR4 xcomp. ycomp 5 zcomp
JE B SCAIR . 3@ BLR TCL A 58 Al

::hw::pmgr::PmgrSetData 0 "Initial_velx.value" $inial_x;

::hw::pmgr::PmgrSetData 0 "Initial_vely.value" $inial_y;

::hw::pmgr::PmgrSetData 0 "Initial_velz.value" $inial_z;
JE X G mT LU set. part 2. AT L& nodes £, load types i£F% Init Vel. jif

TN ) R
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Loop K% Bl & % i 3

*|loadcreateonentity _curve sets $ID_set 8 1 $inial_x $inial_y $inial_z $xlocation
$ylocation $zlocation 0 1

HrR 1D _set & NG set 421 1D, 7] DL #45 set,part set 7] DA G set,
xlocation . ylocation 5 zlocation %575 & Ayt N4 B (1) 75 [H) [l &5 JF R AR 4
Kl 2.14 FiTs:

@ create ﬂ nodes m 2 | magnitude % = ”W create
" update v lakel loads create/adit
2 | global system | reject
- | X COMp = o.ontc ﬁ
Y comp = o.ootc
z Comp = lﬁ load types = ”W
[

K214 R EFRERERFR@E
Fig. 2.14 The GUI to define the initial velocity card

(2)FE ST INIE A A T REFIF R

TERHIHEERANE 2.5 Fros. mikh 280 )G 6 78 sl 8 A 0
17 JE (gravity.csv, W5 2.2.2(3)75), AT H sh 7 5 0 B £k 345 8 m 11 1D,
T T A8 B (B K/ — X 9810 kg » mis®). 5 18— z iy ), T e
FEOCER TR EAM AN IR, BCEBRVE AR z 0710, [RIN Dy 1 g — LB A —
FEER AT UL S oA O 22, AR b BT UE SR HZG . Tl TROR R4
LS8, EREUNT:

*dictionaryload loadcols 2 "$directory /templates/feoutput/ls-dyna971/dyna.key"
"LoadBody"

*createmark loadcols 1 "$gravitynewname™

*attributeupdateentity loadcols 3 172 9 $gravity curve_ID 0 curves 0
*attributeupdatedouble loadcols 3 738 9 0 0 9810
*attributeupdateentity loadcols 3 199 9 $gravity curve_ID 0 curves 0

*attributeupdateentity loadcols 3 5455 9 $gravity _curve_ID 0 systems 0

*LOAD_BODY_Z

[LCID] [SF] [LCIDDR] [CID]
0 T.000 0 0

B 215 TAHmREFRKXER P FE
Fig. 2.15 The GUI to define the gravity card
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226 EMEHFREWMEFRAEFX

D 1] SR TR S WG L ol W TP 2N 7 N T IN vE t1/ N £9  £
W55 7 ANMEHIR TS d3plot . d3thdt i isHI5E 4 MR, 3t 12
ARF, S TFARENNIGS BB+ ZEB, HI A Hypermesh [ card [tk
T NG TR, HAESE SR N1 RpOX e, § 2R — MR
TR, IXRR AR T A A8 = AR &) f. 5 Rk B s B A A L R R R 55
AL, AU, PRI IR INE 2.16- 2.17 Fiow,

*CONTROL_SHELL

[WRPANG ] [ESORT] [IRNXX ] [ISTUPD ] [ THEORY] [BWC] [MITER] [FROJ]
Z0._ 000 1 1 1

a. B TIHFH

*CONTROL_SOLID P
[ESORT] [ FRATRE] [MIFTETS ] [ EWWLOCL] Ty
0 | 1 | 4 | 1 |
b. FARETIEHF A
*CONTROL_CONTACT
[SLSFAC] [ RWPIAL ] [I5LCHK] [ SHLTHK] [PENOFT] [THKCHG ] [ORIEN] [ENMASS ]
| 0100 | T.000 1 | 2 | 1 | 0 | 1 | 0 |
[USRSTR] [USRFRC] [NSBCS] [INTERM] [XPENE ] [SSTHK] [ECDT] [ TIEDPR]
| N 0 10 0 4.000 0 | 0 | 0 |
[SFRIC] [DFRIC] [EDC] [VFC] [TH] [TH_SF] [FEN_SF]
C. #EMIEH T AH
“*CONTROL _HOURGLASS *CONTROL_ENERGY
[HQ] [QH] [HGEN] [RWEN] [SLNTEN] [RYLEN]
4 0. 050 2 | 2 | 2 | 2 |
d.i kG426 + R
*CONTROL _TERMINATION
[ENDTIM] [ENDCYC] [DTMIN] [ENDENG]  [ENDMASS]
0.080
e. ZabBt s F A
*CONTROL_TIMESTEP
[DTINT] [TSSFAC] [1SD0] [ TSLIMIT] [DT2MS]  [LCTM] [ERODE] [MS1ST]
| T.000 0.900 -g.000e-0
f.0 ) F 42 4] F A

K 216 KMga=® A RER P FE
Fig. 2.16 The GUI to define the solution control card

NTIRESSEBERE, RORFE I as, BoE 7 ZHHPiasHA
fH. X T4 H R # K fr (*Database_option), EI/LFEKREMNSHIRE, /i
REEAR . XTI S, SOOI E nodout ST 14 B i SR Bl
JINGE R b 2k, PRI H i I 8] (BB 2 BB D, A THSRIN TANR) 0.1%-0.5%; M
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Loop K% Bl & % i 3

LAt it 2 R 75 RS L e R AR e /)M B AT, i ) A 1] 7] o < 2 L O SB0K
TR TR 29-10%. AL, ASOFKR T REW KBS — 2 3 b id e H AT T
B, ikl 2.17 b Bz, 963 nodes 7] LLE Xl B EAE AR A, BB
A (nodes sensor) -7 X nodout SCAA 1% H TETRE , J5 — 1> (other nodes)H T
58 SCHAM ST (0 % H TRV o

*DATABASE_BINARY _D3IPLOT

[DT] [LCDT] [NOBEAM ] [NPLTC]  [PSETID]
g.o001
[100PT]
| 0 |
a. d3plot 4 s~/
# Database option =|B] 2
El
b Nodes L]
nodes sensor . APPLY
’7 Frev
Mt |
A |5 5DATABASE_OPTION -- Control Cards for ASCIIl output
[ABSTAT] [ABSTAT_CPM] [AVSFLT] [BNDOUT] [DCFAIL] [DEFGED] [DEFORC] [ELOUT]
T 007 [ T 0071 | 0 001
[GCEOUT] [GLSTAT] [JNTFORC] [MATSUM ] [MOVIE] [MPGS] [NCFORC] [NODFOR]
0. 001 | o.o01 o.o01 [ 0. 007 | 0.001
[NODOUT] [REDOUT] [RCFORC] [RWFORC] [SETOUT] [SECFORC] [SLEOUT] [SPCFORC]
w|[T 000e-07 | 0007 | T.007 | 0001 [ T 007 | T 0071 | T 001
Binary Options reject
- ASCI-BINARY default

b. #r i HIFEMFE =4 F R

*DATABASE_BIMNARY _D3ITHDT

[OT] [LCDT]
0.00z
c. d3thdt #ir i =41 F A

“DATABASE _EXTENT_B INARY

[NEIPH] [NEIPS ] [MAXINT | [STRFLAG] [SIGFLG] [EPSFLG] [RLTFLG] [ENGFLG]
[ 0 0 El 0 1 | 1 | 2 | 1

[CMPFLG] [IEVERP] [BEAMIP] [DCOMP] [SHGE] [5T552] [N3THDT] [IALEMAT]

0 | 1 \ 0 1 \ 1 | 3 | 2 | 1
[MINTSLD ] [PKP_SEN] [SCLP] [HYDRO] [MSSCL] [THERM] [INTOUT] [NODOUT]
0 0 | 0 |
[DTDT]

d. HAb — 3t F) A 425 F K
B 217 XAHHmd =4l FRRERA P @
Fig. 2.17 The GUI to define the file output control card

AR B 5 & B R 7 a0 R (BAR Ta] 22 42 i = v *control _shell S5 41):
*cardcreate("BeamShll™)

set WRPANG [::hw::pmgr::PmgrgetData 0 " WRPANG.value”]

set ESORT [::hw::pmgr::PmgrgetData 0 " ESORT.value”]

set BWC [::hw::pmgr::PmgrgetData 0 " BWC.value”]
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set PROJ [::hw::pmgr::PmgrgetData 0 " PROJ.value”]
*attributeupdatedouble(cards,2,2088,9,1,0, $WRPANG)
*attributeupdateint(cards,2,2090,9,1,0,$ESORT)

*attributeupdateint(cards,2,2096,9,1,0,$BWC)

*attributeupdateint(cards,2,3219,9,1,0,$PR0OJ)
227 B KXHHFE

MR 7 Ee B SRR . k ST, key SCIF R hm 3off. 2 K SCfF
R 2.18 Prom . AAFIR 2 4% 584 755 java beans HLVE ) HWPM
ZSICHINE

var value = DataModel.GetValue('comboexportFiletypes');

var filters = new java.util.Hashtable();

if (value.equals("HM™))

filters.put(".hm", "Hypermesh");
else if (value.equals("LS-Dyna"))
filters.put(".key", "LS-Dyna");

filters.put(".key", "LS-Dyna");
filters.put(".key", "LS-Dyna");
}
DataModel.SetProperty(‘fbexportportFile’, 'filter, filters);

X <] [orinstancessideimpact k Browse

B 2.18 k STAFF 89 L P |
Fig. 2.18 The GUI to define the k file output card
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Loop K% Bl & % i 3

2.3 REFFRIER

MNP NEIREREESMCRS, BAHEREFRSIRED HIKR, B5H%
JEA JE A P i 25 e W T v E 1, X AN Jg e 40 75 T8 I 2 A Bk i
the BEF RO N T IE R AR R, S 2R & FPF I B AR
B RAEMGENE, A RGEHATHE— DR E S E .

A SO TR AR B S RS IR, EEAEBITPIA T H: —/>2 Process
Manager ¥, —/N & Hypermesh (14

FIF Process Manager &% )2 i & B GUI IR, #HTEHIBIE, I
RES SN I ORAE,  SEBLS TRIARE PP 1R [ P8 20 5 BRE

PR, NAFEF A Hypermesh ()4 % K (command window), ‘B3K
bR Nk T Active Tel/ Tk F R 344, FEIIA T HyperWorks API p% £ 1] TCL iy
4% I (Tel Command Window). 7] DUEFE T R H 2% 1, 247, [RIEARHE AR T
command.cmf s SO R A R BRI, HFEEAT E AL, AR B R 1T (.

2.4 FEING

AEENIEME R RN ER N TEZ, TR, FERENS
Hod Z 1FF R, 456 TCLITK 35 5 « Process Manager T E -/ 1 i filf 48 43 A1 it
FEEZMERG: TR TR IIAORH R gy P2, Sl 7 is AT b B AR b 3N
CAD AL, HiMUANT . ERALIERE. FESZWIMERE SHAib. i F . R
WA SR BN RAE R B ahe,  RIE RS e 100 R d A PR T AR 2K
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PFIFESUV EBEFRTEENEBISHBRITOH

AR SCUASCE B M 22 Ak Re, SR EAC BT iR % H s, RN ZEORUES
TR VERE NI L, N Bl 22 4k . B NI #1022 B s A4 1l
A AERATIACZ AT, AAE | i RGP BerIRES M 1 g dn s vk 45 1a)
BN R RS T AE R A IR B0, 48 b — SRR s TR,
SEIREE A IRTE R PR, 70l L 38 2 4 fr) EEAT SUV (1 ) T il
iz AT, BB R AT AT 115 T RIS 70, B X W E e AT 1D
TSR 8. 2, RIES T KRG Hral RAEE P IHE, RS
FIPEAE BETH SR AR

3.1 SUVEEFRTIERNEST

BTS2 — DT B SRR, /e 2EAE CATIA &
=4t CAD A @S SRR, KR RO A By L AL, AR AR
R BT IH2E . SRIGA T TG SRS R4, 200 48 45 CAD 6%
BEAT DAL TRT AL, AT A0 200 P A 4 B Al B AT, [ e s DR B fRi A
M) A7 B OB 2R PR P s T A AN 2 R P G N A A B A2 ) TR . CAD féifk
i, SN T RG0S N A BRICHT AL EE 44 Hypermesh 1, 4R J57E Hypermesh
TS RHT AL TAE: &k, ST CAD BRIk 2, BHA CAD its
CAE A (e I 5] S i TU AT A ok S ) s AR, gk b — & IR R
MAEAZNM RS BRI B, AT UMRHEE R T35l
BRIT MR 7 S5 A% BT BT R A . B S S AL R R L IRARHS BT
JEVE. BESLHEARS MRS L S A SRR S S R
AR R, Bl K SO, R ERR ST RS T SR AR A S
fiilf o

55 —BIPR MR B S TR, BREFET R A3 T AR SUV il
flfAeE A7 BR e 07 B B AR A ] 3.1 I :
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Loop K% Bl & % i 3

=5 EE HEE s

1
1 1 FA
| CADAET 328 wi L] L@ S A |y

] —l =3

: 52 E [ R 45 FERE » WEEERE
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1

HitetE S gx | . BT
FRARAYTEE AL e ine TR BEES

, B #E | [ o | ar nme | e [ ] e | R
LR || B8 | [sipmi| | 99 || B8 || B | e | [Tan | ferey] pores i

o SR TES
B4 | 1l
T BHE R oy ’—- o
\ : ww | [z | & | [oW dpiot | [ bz | [ EwE
ik | EIER g e | | e | e | meme | | ess)

B 3.1 % F M w sk e A (R R E 5 R A2 B
Fig. 3.1 The flow chart of whole vehicle side impact finite element model

X EPLIeE&asNtEBIREAICRETETR. EitEB5E8)T Hypermesh

B R RGBT E, HIERBOHIE R il TR TE R, EME B TR 5 3)
AT LR R I S R I 20 AR o e ] L, B I AT A A, T DR R
B I {E SRR B B TR 5 Hypermesh J&t i AR 2 (8135 4T 146t o
311 CADRBIFXS5FA

PR ZE CAD AN R By . AR JRAL PR AT IH 2K £ A\ CAD
BER 2 B E S BT CAD BB R A . R B R AR BT & Wi haiE, IF
XFAN ) B R S 2R 5 M ER AE AR BEAT T A BA R A IR 2 R A
W, JERMATGHEIET . CAE BEBLEE CAD AL IR FE NI, MER HERGC
BRI CAD B A R g H A AT SE ¥ CAE B

SRJ5, £ Hypermesh i i] Process Manager, J33h%5 2 #F K& KL H3h
ARG, RAEE 2.3 FIH IR, E£ Import Model 5, i&FFKEALA catiaVs,
sty import $%£H At BE R JC UR (0 58 U LT RS N
312 HEFES/LAFEE

A R A 340 2R G0 58 B bR A S SR 5 6 R e T EEAT T LA
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B TAR . BEAT LA B L2 H A IS, — B IR il U R b Az sk
B, oA LB/ RURRAE, B R IX EE A NRFAE 3 E0E BR Jo MR i 22
TS A i b G A X S A D 80 A 1 A <5 S DR A A T LT ki R L 2R
BALAFBREE, LS B AR R R B R R, RN L T2,
B DREMSL NG TR IEL S/ INRFIE .

313 ARTMERSSHEREEE

IR CAD BRI TE SE Rl LS EE TAE S/ faifba, 8t IR o %
353 S AT AR B AT PR AR AL () i ¥ . ZERIp it A, BRELORAIE S5 A RRAE,  [R]I
BAEAWTH RS LI RTIR S, REWE . X TEE Lt s hrm s, R
BRHERIG, SRS RIG, HIk s oSBT R, 8 G
PUTH A PR s S F U AR AR T IR A nsh F1 e R R G ASlAE . dde . 1%
A5 AT F N B O AR, DL T I AR RSO 5 A A i A il e B ik
FFI I *part_inertia T i B A FE AR REME BT ELSR K SO B AR R
P

ST WA R, A B TR R ARt . AR RIS R, —
E AT IR R A, 3 G R D90l A BT R E AR AR T SRR R, A4
ATTEE, BELEIHE . RERAENAEFEG M. K, s
. =M HISESE. BARE) 2D oo & 2R N 3.1 ;3D FocZisksgd
BN RSFAS/NT 5smm, L E N T 60 . RIS R ER LS G, WA

A B S kg A RTINS, Wi 3.2 s
% 312D ¥ LAER TR
Table. 3.1 The standard values of 2D element quality checking

A A Ideal f&  Good {  Warn {& Fail {8  Worst fH
/RS 10mm 8 mm 6 mm 5mm 3mm
5 KRS 10 mm 15 mm 25 mm 30 mm 50 mm
K5 b 1 1.2 2 3 4
T 0° 5° 14° 15° 20°
= PN BUB AN 90° 110° 130° 135° 145°
s/ NI 90° 70° 50° 45° 40°
SN HI A 60° 80° 110° 120° 130°
SN HIAP T 60° 50° 30° 25° 20°
L FE 0° 10° 55° 60° 90°
e L 1 0.9 0.7 0.6 0.5
B K5%ZE 0 0.3 0.8 1 2
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Loop K% Bl & % i 3

= I 0 3 4 5 8

a. AFHARITME

b. Hl S5 A IR IC RS
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Fig. 3.2 The finite element mesh of different subsystem
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Fig. 3.3 MDB model
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Fig. 3.4 The stress - strain curve of DC04 with different strain rate
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Fig. 3.5 The spotweld and adhesive distribution graph of whole car
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Fig. 3.6 Cylindrical joints schematic diagram  Fig. 3.7 Universal joints schematic diagram
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Fig. 3.8 The whole car side impact analysis finite element model
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Fig. 3.9 The exchange curve of the system energy
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Fig. 3.10 The side impact deformation of the whole car
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Fig. 3.11 The side impact local deformation figure
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Fig. 3.12 The measurement points’ position of B pillar and the front door
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Table. 3.2 Maximum intrusion displacement and intrusion velocity

WEAH B AR R /mm o ERABKR A/ 51
= N SHE HERESR N OFHE HERESR
P1 Bdl 138.387 <150 Bvl 8.153 <8.5
P2 Bd2 154.249 <160 Bv2 7.863 <8.5
P3 Bd3 176.901 <180 Bv3 7.715 <95
P4 Bd4 184.464 <190 Bv4 8.003 <95
P5 Bd5 193.171 <190 Bv5 9.762 <10.5
P6 Dd6 49.364 <100 Bv6 5.402 <75
P7 Dd1 180.978 <190 Dv1l 8.851 <95
P8 Dd2 189.070 <200 Dv2 9.468 <10.5
P9 Dd3 182.050 <210 Dv3 10.246 <10.5
P10 Dd4 195.853 <210 Dv4 10.626 <10.5
P11 Dd5 186.794 <190 Dv5 10.044 <10.5
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Fig. 3.13 The curves of intrusion displacement and intrusion velocity
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Contour Plot
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Fig. 3.14 The first three modes vibration types of vehicle doors
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Table. 3.3 Vehicle doors first three order mode frequency and description of vibration types
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(%] M {E/Hz H b5 255K /Hz PRALH IR

Al

]

W NP WDN -

Fmode; 32.67 >30
Fmode, 41.85 >35
Fmode; 66.02 >45
Rmode; 30.81 >30
Rmode, 37.54 >35
Rmode; 48.01 >45

—Pr S
B HE+ AR B AR 2
PR RS A AR 2
— RS
PR+ SR A A
AR R B S
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Fig. 3.15 Constrains and loads of window frame bending stiffness in side direction case
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Fig. 3.16 Constrains and loads of torsional stiffhess case
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Loop K% Bl & % i 3
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Fig. 3.17 Constrains and loads of torsional stiffness case
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Fig. 3.18 The Y direction displacement color. Fig. 3.19 The Z direction displacement color
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Fig. 3.20 The Y direction displacement color nephogram of torsional stiffness case
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Table. 3.4 The summary table of the front doors stiffness analysis
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Fig. 3.21 Constrains and loads of window frame bending stiffness in side direction case
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Fig. 3.23 Constrains and loads of sagging stiffness case
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Fig. 4.3 Vehicle body deformation at different time
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Fig. 4.7 The deformation of vehicle doors
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Fig. 4.11 Design variables distribution
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Table. 4.1 The parameters related to design variables

T2 LAk T2XKT5 A E/mm FAE 8 B /mm #R7E £ /mm
B A 1 Aw AR B; 1.2 081012141516 0.01
B AL Sh A sRAR B, 1.4 081012141516 0.01
AT AR(BE) D; 0.7 050.60.70.81.01.2 0.01
AT T AR (AT) D, 1.2 081012141516 0.01
AT TSR D3 0.8 060708101214 0.01
¥ 791 D, 0.8 060708101214 0.01
LARIZE Ds 0.7 050.60.70.81.01.2 0.01
AT 48 R (L) Fy 0.8 060708101214 0.01
AT E(T) F, 1.6 121415161820 0.01
P15 R(L) Fs 1.6 121415161820 0.01
B3R (F) Fy 0.7 050.60.7081.01.2 0.01
b5 R (T) Fs 1.6 121415161820 0.01
AT VAR & A 3R AR R1 0.8 060708101214 0.01
AT 14l Ao 5% 1 S 1.4 081012141516 0.01
] 4 A % S, 1.2 081012141516 0.01
Bk Ao SR A Hy 1.5 1.01.21415161.8 0.01
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N1, HE 4.14 a 7] DU H RS R IR0 R R 7 BRI 3 7K-F, LS ARGt
RANREHIT 2 B W&l 4.14 b AT LA ML T8 3L 5 k38320 454 A5 AT LU R
97KV, SEaRl UG 2 Brdrgkib R R L E w1y HUihn 18 57 77 il s
i MRS, B RS T DR 5 2NV 2

X1

; L ] T—-. 7y 1
¢ ®
o & $ ®
' L 2
] '@, & — x | ’ 81—

a. =K-F BRI % b. 42T A8 = 77 XX ot
B 4.14 E3RIE SR ML T AR 2 7 X Bkt
Fig. 4.14 Orthogonal arrays design and optimal latin hypercube design

(a8 s R R RE AR ST BE T 25 18], HA I R A 22 [ 3R TR e T A8 2
AT M 4.15 (I a 518 b W LUE HBEHLRL T L 7 1 g s e s
I A U T RS 5 AR B TS B RS R AT 50 o XM A AN R 2
B, MK Bu e, FRA R AT REPERE K.

CIL P v v I RS e A Ik P

OAFTEL N FONE R MBENLALE 77 sORAE BB, T AREXIE
AT BAEER AN o SRJEXRET Isight B, W] LLEd gmf SEIL IS E 5 Bk
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Loop K% Bl & % i 3

H [F]BE AL 7~ (random seed) (475 3k G ik 56 AN 7T # 52FA ik i

ST e
- e * ®

s o ¢

| ’!_.—-)n I ’ 28— — xn

a MMEaTAHZHERT b REETAZT &t
B 415 MiALis T AR = 75 it fo AR A2 T A8 2 7%t
Fig. 4.15 latin hypercube design and optimal latin hypercube design

441 WHEEFERL

IRYE 4.3 TWHRPIERE T 16 NMEUHRE, 1% 16 AN S0 T 0] T il 2 22 4 14 0
e —ERVER, T AFRIRELS M, SRR A A, P
TCARZRIGHE LT, T 16 ANARE, i o e S Y By e S T AR 7R gk % /D 7R L 185
WEFHHARS R 4.8: n=(16+1)x(16+2)/2+2x16=185), XFEAIRIG M &+
Y En ST, PR AE AT BRI B v 1 7 R AT 0k 1 . 20T B F A
PFrelhn: R MR REE, WEANFERI sz —, MRERENH
MR Re R VR TNI B R AR, BVt REROR, SUENZRENA
REETTBESTERE, T2 VT RIT RS R AR, B R AERMEGIR, ¥
Wi R 22 RS PR, I AR A A3 0 v A i AR, R e AR e g SR
F&. BHITRZEMRE I SR ERE SO EZ S RERELE, Kbk
TR S0 A R A O TGS (R O\ 0 T G R 1 N A A
TR R BRI BAE N AT B o 1K T Bl I IR Aok 5E K. @i Ay
RIS VT VAR B AT BUE Y 1 Dy e a6 B )2 2 IR S 80
Reit, B A SO S IS HORI Wt d BTt AR B kAT ik

ZH0A%: (Parameter Study, LA TFFR PS)BC RN RIZREL 2 /K, 73l
FARAE 587K o BROAXS AR SO & 5 ASORHR J5 AR &R AR BAMSZ I, BN,
AL B HAE BRI, BT LR BRFEROR I - AR T2 5 43 ) HRAIRK
FHEIK,  FR R AR SR (E, 35 16 MR E, Bk AL FRE 33
UCRFE, HORFEREMEUNER 4.2 Pz . 0 S oR 2509 D0 TH AlE 48 R e 0 TRl 42 N
B (TR AR N GHE DL B R TR SR &
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R 42 PSR B RHAE R

Table. 4.2 Sample point matrix of PS experiment design

178 WA B /mm

%

F B B, D, D, D; D, Ds Fr F, Fu F Fs R S S Hy
%

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
7 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

E: 07 KA AR RO, 17 AR I R RIAT, 27 KA

(2) ik 545 Rt
23t 33 KA IRTTRAERARE, W LS A AIREAR R LS5 R o SR A SRR
AR 10 2 BRI o %73 R OR W N [ T O S o At A AR B A AN KT B e

LRI, BARSKAF AR -

Wit R 2 HKF,

LA A Bt A2 BN, ARG R AR AR A i m] DL 2 o0 IR Bl AR Y, 22 T

AT

Yy =C, +CX +C,X, +c3xf +c4x§ +CX X,

R (4.1) R 215

W, x1,x2 MIZRMHEEHNA: M, =cdx, M, =c,dx,

dy = c,dx, +c,dx, + 2c,dx, + 2¢,dX, +C,dx; X,

(4.1)

(4.2)

BERS, AT DA 25 AN 150 T H 22 B 6 A [R] i 57 R B 261 = RN B, an P 4.16-
K 4.19 Fis.
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Fig. 4.16 Main effects graph of design variables to intrusion displacement
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Fig. 4.17 Main effects graph of design variables to intrusion velocity
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Fig. 4.18 Main effects graph of design Fig. 4.19 Main effects graph of design
variables to internal energy variables to mass

= 2R P AR 2 R ] 58 B Sk T R P S I R A, R DA T 08 P T A HY
SHENE . RANEE LB KMZ By Byy Div Doy D3y Dsv Dsy F12%; XA
BE. FRERME K Biw Bay Div Dypy D3 Dgv Dsv Fou Fs %,

N T TEE RE S AN AR R AN S 1 BTk, R (4.2) B IR B — 1L
BI[-1,+1] A b B G R R 2 5 IR R H S, . AR (4.3)

NTTERFEE T EEN, 5 MR Al 25 A B 28 5 ) Pareto [, 4&] 4.20-F 4.23
IR o
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1008,

X

—; S, TEER WAL R A (4.3)

D18,

0 2 4 6 8 10 12 14 16 18 20 122 5 s 3 &
% effect on B&d % effect on D2d

B 4.20 &t E 2312 A2 49 Pareto &
Fig. 4.20 Pareto graph of design variables to intrusion displacement
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% effect on By % effecton D2v

B 4.21 &t T2 32 AR 49 Pareto B
Fig. 4.21 Pareto graph of design variables to intrusion velocity
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% effect on Ein % effecton mass

B 4.22 &t B ExHOR A ARG Pareto B B 4.23 &t T2 £ 49 Pareto B
Fig. 4.22 Pareto graph of design variables  Fig. 4.23 Pareto graph of design variables
to internal energy to mass
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Loop K% Bl & % i 3

ST HAB 10 AN &, 8 0 821 TR AR XN o BRI 2 BRIX 6 MR
PAFRIAR 1 10 MRS IEAT T — R niks it dr, DA E 8.
442 REWHHERERERRRE

Zid ke, MWEF 10 MR, AT MR RTHIRR#ET, 2
FRFRIG BT B RE BT R RS TN TS TR R &
M TET R Fok A2 N TR E L MR 43 P9 R B B0 TH R MR A . 4 R iR 1A
ff e B, H2 AFEI TR B LLECR, BORILEUC, LS & T b 3P HOA
K Z WAL . IEAS RIS T HIREA 3 50 o d. BB AT L, (R B (9 AR A AE
IRZ PR TS R BT BRI R E 2 . SRS AR 20, AR
D BREAR 555 S BEA Vv 23 18] AR, (E SRR R IR A BE CRAIE 3 20 1A 23 A B A 1
TEsiE . i, ASCEFRGGEESMERLE, RARREED, 2R
S s SRR T B L T RIS BT T RS RE A L R D R AR S8 S 1
AT EEANBEUE 2 B, 2 v R A R (1 [R) I Y30/ AU AR 1) R 22

FEBAT AR BB, 2000 Ji 465 B 37 PR 0 ALY BT 55 PRI RE AR L R AT T
fltio STTMERERESNI S, SERANE. RANEE. PRERICE . 5T 250 A
RIBER: BHNIMRERE. EIEE. iR ERES% 10 Mo, HixLbny
RS EA m FEARLR I R R O T IR AR RS T, TR BRI 2 IR,
CAPY B o 7 TS B AT VA, 22/ 2 n=(M+1)(M+2)/2+2M KR5S, Hb M
NBT RN, XHEZRDFRE 86 KikE . N T E T UL 78 2 1
PEA S, ASCREET 90 MFREA S $RIVMIE N . BT & Mass_design,
] T AR Fak i A A ) B K I BE B TR B KA B 1R N Bdy-Bds,
RNIRE Bvy-Bvs, TR 1K) 25 1107 B (112 N & Ddy-Dds, 2 N J# ¥ Dvi-Dvs.

IURE AR 250 B 28 H KR ST A, A ST A U A 75 TRk
Ttk oA, Faddbh o b v 75 25 PR S DR 3R s, DRIy T 3 i i AR 2
FIRERE, WM RENBREIR I EEG KF, WK 4.1 FR), BERRIUEN +
30pum, KA EAMRSL T AL RIS B KA, 220 90 R IR TR S B AR A
HARR 4.3-% 45 For (HTRAESENEEWEIEET K, BMITER 4.4
MFE 45 b, HRFEAWBOHEEHIERL 4.3 —H0.
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Table. 4.3 DOE samples and the response value of mass and internal energy(partially)

R Wit &E/mm FiEl/kg AN
5 B B, D, D, D; D, Ds F. F, Fs Mass_design E

1 120 1.40 073 147 070 117 097 103 160 163 71.79 52904
2 137 1.00 1.03 143 117 067 057 083 203 183 64.66 50874
3 120 1.00 120 077 083 067 097 080 183 117 62.70 51164
4 120 097 070 150 0.80 0.83 0.80 1.43 153 137 63.47 50766
5 097 100 083 120 070 117 080 1.03 1.20 1.63 65.68 50852
6 117 117 1.03 117 117 137 120 1.00 177 143 84.20 53091
7 097 103 063 100 137 100 117 097 177 137 69.59 51530
8 1.43 157 117 103 067 143 070 123 140 1.23 73.73 53222
9 097 160 063 137 143 123 073 143 160 1.80 79.08 53412
90 097 137 063 123 1.03 120 097 117 117 153 73.47 52545

% 4.4 XIIEHEONR B ok AR (T i)
Table. 4.4 The response value of intrusion velocity with DOE(partially)

R RN EE /mm - st
5 Bv; Bv, Bv;, Bv, Bvs Bvg Dv, Dv, Dv; Dv, Dvs

1 8059 7885 7814 7860 9246 5469 7946 8507 8971 9655 9455

2 8354 8380 8225 8639 10292 5428 9211 9423 10913 13328 11471
3 8401 8435 8404 8946 9748 5430 9450 10111 10682 13361 10858
4 8329 8257 8432 8551 11692 5449 8873 9356 10603 13286 11819
5 8472 8549 8582 8628 10905 5417 9164 9559 9977 10925 11109
6 8147 8298 8933 8920 9440 5487 9641 9453 10958 13489 11232
7 8660 8651 9071 9410 9856 5451 10719 10158 10640 11845 9644

8 8394 8127 7778 7926 8356 5478 8164 8905 9229 10916 9302

9 7982 8083 8003 8198 9173 5501 9174 9313 10278 12131 10161
90 7816 7980 8372 8353 9336 5489 8992 9251 9522 10030 10555

% 45 1ZNEeh AT )
Table. 4.5 The response value of intrusion displacement with DOE(partially)

56 2N E/mm

F5 Bd, Bd, Bd; Bd, Bds Bd;, Dd, Dd, Dds Dd, Dds

149.25 13148 172.01 178.38 183.46 4825 176.08 183.35 183.78 180.09 177.02
169.78 148.39 201.31 209.56 197.72 4851 206.73 210.53 212.02 205.52 199.40
169.93 145.77 202.26 209.66 191.44 4562 21526 216.57 214.38 207.09 196.47
169.71 143.97 205.68 214.00 198.83 46.66 207.82 21253 21219 203.12 203.09
17480 14510 21148 21850 20259 47.83 22144 22128 218.16 208.09 202.19
163.04 13586 197.14 203.42 183.80 46.68 208.91 209.51 206.72 197.15 186.49
178.17 146.99 216.36 222.89 202.27 46.78 223.71 22317 222.76 21239 189.05
145.07 130.36 164.16 169.37 164.47 4837 17546 178.03 180.07 180.05 172.80
156.88 134.47 182.83 188.41 182.00 49.68 193.00 191.10 185.65 178.63 179.65

O© 00O NO Ol WN -

90 160.83 134.39 191.86 197.83 184.97 4798 198.61 199.36 193.98 181.38 184.39

XFF AT IR LRI IR =, IS B ARSI IR R E AL &
FIDTRR AR /N, R R 7 B2 PR AT T P AR S R 1T B i 9 B 55 6 it A2
B, FFRHAT B R  T AR BT, O 1R TR ST AR AT T A AR
A, ARICREET 64 MFEA S, WK 4.6 s,
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R 4.6 RIE T RA SRR TR B SR AL(T &)
Table. 4.6 DOE samples and the response value of front door stiffness and mode(partially)

S Yei 4 /mm AT TR B e W1 N1 B fmm
=) fmod fmod fmod  fstiffn fstiff  fstiffn  fstiffn
F5 b D2 Ds Fu F2 e, e, e3 ess; ness,  essg ess,
1 1 1.17 0.77 1 1.97 37.24 4161 69.62 3.88 2.67 2.70 1.77
2 1.03 0.77 0.67 0.7 14 35.26 40.76 67.04 3.90 3.36 3.83 3.86
3 0.63 15 1.2 0.8 1.8 33.84 41.79 68.05 4.16 2.91 2.77 1.24
4 1 1.2 0.7 1.37 1.63 3737 4170 6956 3.89 2.66 2.69 1.70
5 0.8 0.97 1.37 1.37 2 3553 41.00 67.17 3.99 3.04 3.25 2.37
6 0.97 0.97 1.37 1 2 36.74 4100 6853 3.83 2.76 2.92 2.37
7 0.6 1.37 1.37 0.67 1.37 33.08 4158 67.21 4.18 3.09 3.06 1.41
8 0.7 1.37 0.67 1.03 143 3438 4209 6791 4.20 3.09 3.05 1.47
9 0.67 1 0.73 0.77 1.23 33.21 4156 65.89 4.24 3.67 4.00 2.44
64 1.17 0.8 0.83 1.23 1.2 36.94 40.70 6823 3.75 2.92 3.31 3.49

XTI SR TR T, BT TARUS . BAEARS i) B e A 5 5542
RN TTEREAR /DN, P R w5 B R T A AMRE LS R TR R R A 3 Bt
A, AT M SR LR T RN AR BT O TR I S U R T AL Y
FEAR R, ASCRE T 32 MEAR KL IR A7 P,

AT KRB BTRA S AT TR B SR SAEL(T i)
Table. 4.7 DOE samples and the response value of middle door stiffness and mode(partially)

. Wit A2 E/mm W TS A #E HZ HTRIBE AL S /mm
e Rmo Rmod Rmo chuan  chuan chuiz  chuiz hiuzh  niuzh
75 D, Ds Fs gkuan gkua . . uan_d wuan_u
de; € des hi_F hi_R
g L ng_R own p

0.83 0.63 1.63 3135 38.02 4874 781 5.90 -0.05 021 5.42 13.98
0.73 0.8 1.6 33.94 4047 5257 6.47 4.97 -0.04 017 4.34 11.42
0.7 1.2 1.77 38.06 44.64 5781 4.48 3.61 -0.03 0.13 2.83 7.88
1.37 1 1.2 36.63 4256 5542 4.47 3.61 -0.03 0.13 2.99 8.14
1.17 0.57 1.37 2998 36.97 46.70 1.77 5.97 -0.06 0.21 5.68 14.47
0.97 0.77 1.97 3352 40.01 5187 6.24 4.84 -0.04 0.17 4.19 11.20
0.8 0.6 1.47 30.85 3754 4795 8.24 6.19 -0.06 0.22 5.80 14.76
1.43 0.97 15 36.18 4224 5491 454 3.65 -0.03 0.13 3.03 8.29
14 0.97 1.8 36.15 4225 5496 4.57 3.67 -0.03 0.13 3.02 8.32

© 00 NOoO U~ wWwN B

32 0.67 0.83 1.57 3428 4084 53.06 6.38 4.90 -0.04 0.17 4.25 11.21

4.5 JE{MER S ERIRBENT

451 JEREBFE

EAZETER, LA Schmitt®® R AR SR it b g kI T
AR M 2, RO 7 HRAL 73 BT 1R S e o I AUMASE 2R i PR B 15
BERGET . 38T BOAR DL AR A AR B0 R ) —Fh A DO, 3 5 ) A
BTSRRI RS I BT a5 RLAE S, T I T 4 AR R R 1 i R 2 A
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X TR A% T v J82 F) 250 2 A AR o A ABARSL AR 1) R BEARIAAE T2 FRAIR T B SE vk A
YRR Sem TS B R BT AL R R T AT s £ A R U )
RRART, G o3 e AR FE T, RIS A poe 7 ek BT L HEAT T oI AL B, B
I 7 TH SR, S TR SRR

1 T BB P A A4 -

1 FEAKHERAE . FEASCREN T X FZH: WITH(DOE). R KK
wit. YEEm ROt 2ot

2. RIS . H AT H AL AT - 42 [F 2L/ [ 2% (RBF/ EBF)
M 2B AL . D) EG S 2R 1IE 22 22 T 30 (Orthogonal )T S AL . i J8% 1] (RSM)
PEAUKE T . 7 B (Kriging) DU RS, He e i i A g T 5 Ry iz (108

3. MEAMBAIHI AL o« BT X EEF I AR T A 0 T AN R, e Y
M 7 ST ABMSE 2R (R 4 A A 7E 48 R Y Bl Y i — R B I REAS 5, K5 X B AN RE AR
PR A R SERRE, R BN IRiE T 2 TR, e H e N R

4, JTABE LR 22 AT SRS BRI IR o I BB 1) TS FEE 2= R £ Ak 13 2 1)
BRI AT SEME S A B . I R BT I AU A 15 25 3 AT SR FEBRAIE , A DU
TR PRy S A % 22 FH W) I3 87 2 8] (Response: Fit Graph) K27 Fif S 38 1 J 1]
72 SN L SEAE S T ADME 2 T8 B0 LIS W00, A DG T3 M7 B 5 2 ALMASE B v 7 £ 2 (1]
HIFRZE 1. B 4.24 X AAMARR TRIIIERE, HikZ2NT(ELE=1T1
), RWATA RIS ER X ALk b, s dEw g sk, W REiE N
U, B AR T AT A5, A SN SO, W BB TS T s oK
SFLRARTR TP IA A BB KN

0.3

-0.7 0.3

B 4.24 v &S R
Fig. 4.24 Response fit graph
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Loop K% Bl & % i 3

WO BT B Y R ZE i YR 2 BH U 8 R 2L (Coefficient  of
Determination, R?). #x K%} 1% % (Maximum Absolute Error, MAE) . %7 1R

% # (Root Mean Square Error, RMSE) L Az *F-34) 4 % {H 5 % (Average Absolute
Error, AMAE), HAFREXWARK(4.4):

Nest Neest
z(yi_yi)z Z<yi'9i)2
R =1 =1-2 : MAE = Max| y, - ¥; |

Mrest
Z(yi_yi)z Z(yi')_/i)z (4.4)

1 Mhest . 1 Mhest A
RMSE:\/ D(-9) s AMAE=—|>"y,-;

test i=1 test  i=1

K, Nest ARIGFEARTVECER, v RIS BRI AR, ¥, S i S AE 13
{8, 9, U AR R A DO, SiUURE R BRI P I, S TS A R,
DU EESR BT AMEE A . — I M AR A L OB B AR S B e i DS AR S Y 4
FARSEERE R, HBIR AR ER AL,

(1) FHE ML Ul A

20 tH42 40 4E4%, McCulloch A1 Pitts!01 ¥ kg 3r 7 N T2 4 A5, 1982
4, Hopfield! b i 22 J 45 1 th it 37 FH A2 2 A Ak R, A28 0 2% L2
PN BN TR RE AR AL . BR AL BUEEIL SR .

PR 2T A A S . BB AR AR IR @, X T omIR A
A RO T S I B RR R AT IO, RRBEAS SN PSS, TR T . 24
IR, PR W LA A R 2 AL, R s R A A 38 A5 Y B 75 P IS R) 2 L g 57 8 T
VR TG 22, 72 1) R B — MR AT 2 i) R 400 A SRR v 7 TR 72
4

(2) ML I AT B A 2

M S THT AT LSS 7R R P 22 0 2 b UL A e v h 2 I, 22 000 R 3 — Mo i fe
/N FRIEI VAR AT, e o T AR R S e D R A S R TR R AN (MR £
M A, W13 4.8 FR R — I PUF o SR RS AL I AR, o, g0
R ALk SAAE, M AR TR B RN

U T 72 (0 AL AR, TR, MR AR, T
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e 2 A [al AR, TR e ] 005 22 Ml N, AR PR R s AT ORI B SCHT
SRR, A /N ZIRIEIEAT I A, R N pR AT 1O AL B, e TR
FE AR ISR o B BR s W L T (DU AR IR AR S BT AR A s, AP AE
iRz AEG TG RBEARLYE R 2% Rl

% 4.8 w5 & LR A N X BAF A SR
Table. 4.8 approximate model formula and sample request

Bk WA 5 1 B D REAS R A3
1B M+1 Y =PFo+ X+ PoXo +F Py Xy
Y= Lo+ BX A+ LoXo +-F Py Xy
” T B P X P
+DBixix,

i#]
y:ﬂo+ﬁlx1+ﬂzxz+"'+ﬂMXM

2 2 2
X+ BuXo o+ Loy Xom

3T (Mr1)(M+2)/2+ M +ﬁ2M +1X13 + ﬂzm +2X§ Tt :levl X;M
+zﬂu i
iz
Y =05+ BX+ BoXo +-+ BuXy
B X+ BuioXs +oF Bow Xou
4 Ty (M+1)(M+2)/2 + 2M +Pom +1X13 + Bow +2X2 +eot Py X33M
+ﬁ3M +1X14 + ﬂSM +2X§' ot ﬁ4|v| X:M
+zﬂu i)

i#]

W 7 T S I R, AN A2 2 U A — 0K i e SR 2 i Z ), AR TR
LR AT 22 T A S B I Y 156 3% (Polynomial Term selection method), HIE&AS 4 B ()
WL, AT i B RS FE AN B B o SCBRE I Ry, — it aad ooy 7 T8 28 AR AT B
EVER IR R E o Isight PSR AL 1 DU W) SSBEITE £ T, BATH S 6
PERSBE VLRV TR AU E 15 B OB U & R R 4.9 PR . gk
AT R BT By — M LABR 25 7 5 F(BL RSS #oR) i/ B bk, Fodh k227 5 A
(RSS) KL=t (4.5):

RSS = Z(y, ¥i) (4.5)

Ay, RWINSERME Y, RN N AME s n o A 3 i o T AR 7R AR AR AR R
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49 ZRX KN EF T &
Table. 4.9 Polynomial Term selection method

HiEd  HBMNAGRE SR T Ay IR
MBI AG,  RFRG I — I
NI 5 4t , B FIWRZE T OTR (RSS) R m/h,
Sequential ik ik T 2P AR I
Replacement B, &R OAAEMNTUS RSS S/, 25 BRiZI0;
MR B 1% 00

SRR R -
WEHIOHE, L& 2 TR A
SN —BUR, LR
RSS, —RSS,

> Fyer » MG INZ I
RSS,,/(n—p-2) ™ 8
T T " MR TS, e DR
i IS RSS . —RSS
(Stepwise) -1 P F . WM.

RSS,/(n—p-1)  “
L, P RFEIEMTL F L2 (F-ratio to add term),
Faetere 1RFMIBRTTY F LR
n ARRPEAS 2l p AARZ I

WH BTG, SN —0,
AW ZE T T M (RSS) & /)N

453 VR B 45 7 T H R P CAREI I
(Two-at-a-time /& JEH4F B—AIE, RIS prA O BT HRAL,
Replacement) o 25 R B A O Tl
BRI BIREfE RSS B /MULLA

FFEE U PR, BHRIER R RIIIE.
e A4l 2% R EBHAE T,
(Exhaustive dAF# R T X FT A R AT AT RE A2 E kA T A
Search) 1 FE RSS f/MUA A

(3) I K (Chebyshev)1E 38 £ T A5 A

XTI R R 2 RS, 35 SR /s e S T A2, UL R Y
THEAME A, 0 EA R R TR IS ARDE, REUEREA R, SECRM
ML RN TR, s A BRI B — R R B S T LR EE R,
Giit i bR T B AFAEANE TG R o BN B AN BE ] 5 M FUL 5 AR r i) 2
W J57 PRI, 55 DU ok e 9 T S 28 2 25 2 SO, SR DI B R IE A 22 T AL
7 THI AR B OO A07D - A AT i p o Ao R (SRSt Ak, 1T BT DA AR e /s —
FevFi 3R F AR = AR I R B B A T B o (R R s R AR A IR RS 2 T
AT EL 2d+1 MEAR S (d £ 20 E HE), BERUEFEA fU2 S5 m BRI, 750
s, RE R DGAT G, (HRTCVEEAT IT 2 00
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(4) Kriging ULl 7Y

Kriging T MEE R (R ARA T V22 — MR S B HGRE 77, B RLC AR
B, %ISR AR A A E A OCHFE, ARAE SR A TR A B N Rt
ERA RGN, BEAT PALE B 2 n] @t T DUAL& S 2ot 1]

Kriging ifF VB 40 LA, 49 B LAY £ () 5 RS R0 2(x)
P e 4 5 1 25 350285 5 L 2 3 24 L
y(x) = f ()B+2(x) (4.6)
b,y ARG (x) A B B T VA B M T R B
—HETAR W LT, SEEH T, o) BE R, XA SRS
(IR, S BOS THOR EER2 £ (0 MR IR, sight #f
fh1 1) Kriging JEUBERL 1 ] 955 6 5 £ () BRI R 50D 2(x) IR BEBLA i
ZOOMIBEHLIT, ZOORM TEA 571 N(O,0%) » SIS, iy 2R %, Jr 0 o7
HLAA B ZO) AT, (R A
£ () 500 L TSI O AB7R o ) 5 AR AL, 2 DA < 2
R, T 2(0) WA BEL2E M0 <R BELIRE . Kriging 75 M Rz 45078
KRIIX BRI BN 1 Z (7775
2 P72
Cov[z(x), 2(x,)I=a*R(R(x. X;)]) (4.7)
Rt R IR A RECGERE, &0, xn B, R FTEN 1 B
SRR, R(xx,) 1838 0 MR SR T x5 x (RIS B (R
5 SR MY Iy ), B Kriging AU I URS B 2 v A I
HERBR( x,) (TR A S 80, LB 3 45 bR IR, W19 410 7

7N
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Loop K% Bl & % i 3

* 4.10 A X &K
Table. 4.10 correlation function
EEEAEL N EENSSEA
R BT )
R(Xi,xj):Heek\xik xjk\;(i,j:1,2...ns;k:1,2...,ndv)
(Exponential) k=1
TR 5 B 8 el
RO %) = [e*™ ™ ;@.j=1,2Ln;k=1,2L,n,)
(Gaussian) k=1
232‘[&7"59\%!%[%& R(XI 'Xj):HHk ‘Xik _ XJk ‘)eek‘xik—xjk‘;
. k=1
(Matern Linear) (,j=12-n;k=12-n,)

1
Nev 1+0 Xi -X. +—02 Xi -X.
DVLENEE Roex )] X=X+ 67 X=X

S A 3
(Matern Cubic)

eek‘xik_xjk‘;

(1,j=12---n;k=1,2---n,,)

E: O RERLMBER Y Roeda X 58, ny, REBTE N

® 410 F, SRR BN RO Z, 2RI R R, HE
FEA R T 5 I RORANE - A S 48 B0 ¢ s BoE AR A Rl BB 1 1 DL

452 E{MMEREST

B, WAL RE R, A5 A0SO RIS BT A AL, A W B
AR EIHAEREL MR R, A5, oA W& Mass_design, filffi#E % 74
WS KRR E LAJL B AT, AT MR NG AR N R S5 S ) 2 A [ 1
AR

(L) B vl o A2 o S8 P ST B A Y

MR LRI R stttk 2 BRAR RN AT 0, et A8 5 ) e ot B 5 e v AR ORE
R JELJBE 2 T 2 56 A IO 2R 1M DG 2 o OGS v J5i B (Mass_dlesign) i i 137 b 50k g — By
M R THT IS 2R, o BT ] 4.25 Fiios, R S/ iR I S TR 5, 15
BB & T U Y an =X (4.8) -

Mass_design =2.5917B1+4.3314B2+6.7643D1+4.2022D2+12.7530D 3

4.8
+16.7232D4 +14.8824 D5+ 2.7593F1+1.9957 F2 +1.5588 F5 (49)
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Mass_design
641

63.8
63.6
r63.4
r63.2
r63.0
r62.7
625
623
r62.1
r61.8
r61.6
61.4
61.2
61.0
60.7

B 425 =vh k@
Fig. 4.25 The mass response surface

(2) R 2

RO AR BT IR R 4 A5 TR TR0 T R A R 5 812
82 WAL S MR ARG, 4R Wi LT L, X
TR R BT, 2300 UE o ST UMLRRS R S oK
[ 4.26 7 02 Y RE KIS, 45030 4 RE S IR f 0.(4.9):

E =40143.4047 +2471.1808 B, + 6585.7432B,+993.6359 D,
+930.3195D,+1643.2633 D, +506.1880F,-1170.9400 F,

-851.2859B,*-687.8401B,-180.7282 D,*- 306.3525D

+571.6744D,*-880.8645 D, 2- 403.1484 F.*+187.6005B,D,

-431.7532B,D, -394.5191B,D, - 411.6596 B,D, - 456.0224 B,F,  (4.9)
-286.6316D,D, + 261.8918 D,F, + 233.2777D,D, +143.7962D,D,
-313.1392D,F,+613.7989 D, D, + 226.1842 D,F, + 506.4484 D, F,
+456.0984 D,F, +184.1678 D,F, +512.0006 D, F, + 329.2916 F F,
+260.9979F,F,

Energy
5E407
52,005,0000 SE+07
SE«07
5E+07
5E+07
5E407
5E407
5€+07
& 5E+07
o SE+07
5E407
SE+07
SE+07
SE+07
5E+07
o O 5E+07

B 4.26 N fE R &
Fig. 4.26 The internal energy response surface
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Loop K% Bl & % i 3

()R T AR A

T W AR N A N I ECS R, B RS AT TR AN R L A &, By
s, BRI SR FH DU B o L TR o O T 4R SR BRI T B, SR B T R
K CHREREB BT (Two-at-a-time Replacement)ff) 5 ., 733 B ¥ 5571711
RN BN N A& 4.27 Fros, 45 20U A 45X (4.10)-(4.20) s

@
B
a

2

=

- o

193

@
5}

191
189
188
187
186
185
184
183
181
180

160

156

150

_ — _
i
= ]

L CEEEEEmEm

a.BRENERE® b. AT MEZANZ "R &
a. The response surface of B-pillar intrusion b. The response surface of front door intrusion
B 4.27 ENEvh 2 & (T L)
Fig. 4.27 The intrusion displacement response surface(partially)

Bd, =357.2336 + 302.0030B,-1318.2446 D, +116.7881F, - 251.8167 Bl2
+2011.5116 D42 -280.1358 D52 -92.5265 F12 +7.5354 8182 -25.1589B,D,
+14.8247B,D, - 3.0440B,F,+13.4837B,D,-3.9528 B,D,-14.7956 B, D,
+8.7033B,D,-11.3013B,F, +6.2088B,F,-16.0556 D,D,+12.2941D,F,
+11.6586 D,F,+4.2693D,D,+7.6230D,D,-6.4032D,D. + 6.5397 D, F, (4.10)
-9.5956D,F,+6.7880D,D.-13.0953D ,F,+5.6170D,F,-8.2959 D.F,
+22.3761DF,+63.4385 Bl3-l3.9608 BZ3- 7.1247 D33-1328.4213 D43
+353.2908D,°-1.5246 F,*+8.0758 B,* + 7.1555D,,* + 320.26 71D ,*

-134.7646 D" +14.4683F*+0.3023F,*

Bd, = 448.3049 +629.4648 B,-98.1139B,+56.9748 D,-1756.9883D,
-552.1181B,°+22.7241B,%+15.0418 D,*+ 2640.4827D 2
-287.3209D,” + 25.5234 B,B,- 25.6152 B,D,-12.6088 B,D,
+9.5467B,D,+9.5111B,F,+8.8122B,D,+11.5675B,D,
-15.0847B,D,-5.2128 B,D, +13.7303B,D, - 13.4006 B,F,
-11.0000B,F, +8.4768B,F,-5.9280D,D,-6.7127 D,D,-5.5825D,D,
-21.5233D,D, +4.8064D,F,+15.1147D,D,-8.3023D,F,+17.2115D,D,
-6.6294D,F,- 7.3896 D, F, +16.4988 D,F, + 7.9070FF,- 2.8793F,F,
+144.1055B,-1744.5754D,*+ 388.2150 D>+ 422.5463D,*
-154.4168D,*+1.5219F*- 0.5002F.*

(4.11)
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Bd, =1098.3036 + 264.4403B,-1858.1182 B, +50.2223 D, -1908.7385 D,

+2400.2398 B, + 2518.1652 D> +8.9323F,” + 3.5934 F,*+ 97.8767 F 5
+27.0693B,B,-21.7685B,D,-19.0394B,D,- 22.6220B,D,+10.5318 B|F,
+10.8883B,D,+7.3206 B,D, -14.6703B,F, - 5.8876 B,F,-10.8163D,D,
-13.4039D,D,-13.3461D,D, +8.9489D,D,- 4.1052D,F,-6.8930D,F,  (4.12)
-7.2955D,D, +14.1748 D,F, +10.0534 DD, +11.8388 D, F,- 9.3937 D, F,
-11.4913FF,- 203.2800B,*-1414.5504 B,*+5.8925 D *- 1434.1262D,’
+30.5048 D*-83.4190F,°+ 79.4276 B,*+ 310.4055B,* + 300.3761D.*
-12.3232D,*-2.0186 D.*+20.0880F.*

Bd, = 336.1445+1028.2578 B,-59.9537 B, +53.2200 D, - 2001.0900 D,

78

-863.7177 B *+2746.7211D,*+ 49.3567 D>+ 11.2448F*+ 148.2673F,”
+15.0929B,B,-14.6552B,D,- 21.6411B,D,- 28.6375B,D,+ 6.8407 B,F,
+14.1304B,F,+10.7210B,D,+4.3903B,D, -16.5984 B,F. - 5.2640 B, F,
-19.9353D,D,-15.2047D,D,-7.2938 D,F,-13.3556 D,D,-12.0812D,F, (4.13)
-4.6227D,F,-16.5336 D,D,+19.8647 D,F +12.6494D,D.+9.1198D.F,
-7.4948 D,F,-6.2123FF,- 4.1318F,F, + 226.0286 B,>-1603.8584 D,
+2.1208D,%-127.3123F,*+2.9146 B,*+2.9217 D,"+ 344.5042D,*

-5.9056 D, - 2.5058 D, *+30.6651F,*

Bd, = 904.4604 +34.7857 D, -14.2608 D, + 286.4086 F, + 2435.6953F,

-19.3309B,°+10.6122 D,’- 251.3498 F,*- 2154.0902 F,*- 4.2579 B,D,
-9.1943B,D, - 6.6730B,F, + 3.4657 B,F, + 4.7074B,D, - 6.8235B,D,
-5.3782B,D,+15.2930 B,D, + 3.4955 B, F, + 3.6896 B,F, - 4.2083B,F,
+6.8084D,D,-7.9221D,D, -8.3164 D,F,-10.6703D,F,-14.2080 D,F, (4.14)
+4.5484D,D,-5.3425D,D, -8.2701D,F,-7.8533D,F,-11.4361D,F,
+6.8551D,F, +3.1935FF,-8.2378 F,F, - 7.1145F,F, + 30.2689 D °
+76.3909F°+850.4752F,° +15.6549 F,*- 3.3059 B,*+3.0820 B,*
-16.2517D,*-124.2693F,*-5.1119F,*

Bd, = -264.7791+60.4875B,- 75.3095D,+ 4.3622 D, +7.1271D,

+11.0775F,+ 2.0519F, +827.2999 F, + 9.1553B,*- 49.3471B,?

+65.7562 D,*- 2.3949 F,*-845.9922 F.>- 2.7289B,B,+1.0141B,D,
+1.2425B,D,-3.0075B,D,+0.9552B,D,+0.9078 B,D,-1.0893B,D,
-0.7077B,D,-1.5898 B,F, +1.2997 B,F, + 2.0731B,F,-1.4697D,D,  (4.15)
+3.1516 D,D,-1.8490D,F, - 2.1559 D,F, + 0.8668 D,F,-1.2986 D,D,
-1.2328D,F,-1.8901D,F,-1.7912D,F,-1.6930 D F,+0.9144D,F,
+1.2447D,F,-3.2673B,°+13.3949B,°-19.2581D,*-5.8687 D,
+377.5571F,>+3.5221D,*- 62.2748F,"



Loop K% Bl & % i 3

Dd, = 2477.7751-5092.0761B,-3011.8949 D, - 20.9886 F, + 26.1503F,
+175.5446 B >+ 6560.5535 B, +30.6773 D, >+ 4141.8360 D2
+19.6582 D, +64.4436 B,B, - 43.4222 B, D,-16.1148 B,D,
-19.9301B,D,+15.1000B,D, +6.4253B,D, +14.1306 B,D,
-19.1969 B,F,-14.4017 B,F,-8.0663D,D, +9.2853D,F,
+14.5565D,D,-19.6399 D, D, +11.8852D,F,-11.4644D,D,
-27.5660 D,D, + 22.7947 D,F, +13.9487 D,F, +14.0408 D, D,
+12.1082D,F,+9.7972D,F,+ 7.7344DF,- 7.8886 F.F, - 228.9168 B,*
-3796.122 B,’- 2477.3845D,%- 46.4151D *-18.542 F,*+ 71.212 B *
+814.6343B," +542.6764 D, + 21.9998D,* + 6.0861F,

(4.16)

Dd, =1118.3397-103.3330B,-79.6827 D,-1976.3852 F,+100.0044 B,

+34.6753B,2+16.7517 D,2+1843.3434F,- 40.1377 B,D, - 4.2455D,F,
+18.5867 B,D,- 20.4231B,D,+5.5501B,D, +6.7036 B,D,-5.7746 B,F,
-7.5754B,F,+9.6700 D,F, +8.4936 D,F, +12.4165D,D,-1.2272D,D,  (4.17)
-7.410D,D,+11.6496 D,F, + 20.4279 D,F,-9.0722D,D,- 4.9360D,F,

+0.0740D,F, +0.7120 D, F,-110.3967 B,*+66.1776 D,*- 0.0373D,’
-767.4679F,°+0.6100F.*+34.6176 B,*-29.0135D,*+118.1990F,*

Dd, =1728.0382 +909.5667 B, - 3665.9147 B, - 47.2968 D,-1310.1105D,
+1978.2884F, - 2565.0311F, - 796.5477 B,” + 4833.8572 B,
+24.7251D,%+1765.1054 D’ - 2942.6394 F* + 2688.2040 F,*
+19.4574B,B,+12.6654 B,D, - 20.9451B,D,-9.8378 B,D,
+6.9236B,D,-14.9117 B,F, +12.9948 B,F. +15.5811B,D,
+14.7591B,D,-5.2930B,D, -8.9281B,F, +22.2284D,D, (4.18)
-7.2602D,D,- 25.8552D,D,-10.9357 D,D,-12.7458 D,F,
+9.4061D,D,-15.8782D,D, + 21.4346 D,F, +13.5945D,F,

-7.6993FF, +210.7542 B,*- 2842.9018 B,-1016.8816 D,
+1908.6517 F*-1237.4605F.% + 618.2883B,* + 214.5357 D"
-451.2874F"+210.2607 F.*

Dd, =-3117.1188+15113.5554B, - 2945.2983B, - 2277.0634D,
-66.3686F, -17865.8900B,2 +3911.1070B,% + 3677.1805D,2
-7.5564D,2 +27.8707F +37.9697B,D, -11.1457B D,
+7.8049B,F, +10.9704B,F, +13.5302B,D, +6.4957B,D,
-9.2359B, F, +6.1378B,F, +9.6258D,F, +34.4340D,F,
+15.1576D,D, - 7.8974D,F, +8.0131D,F. +16.5218D,D, (4.19)
-15.4917D,D, +16.7686D,F, -16.9968D,F, -10.7600D,F,
-14.2321D,F, +4.5008D,F, +9.1887F,F, -16.1495F F,
-11.3099F, F, +9213.4275B* - 2302.7206B,> - 2745.1409D,’
+2.2256D,° -1761.4184B,* +502.5268B,* + 757.0089D,"
+2.7076D,* +0.9042F,* +0.4437F.*
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Dd, = 814.0083+38.7959 D, +79.9107 D,- 2613.7859 F, +52.0684 D *
-12.3505D,%+15.6653 D, +3845.7342 F;2- 4.3998 F,2-14.0068 B,D,
-13.9621B,D, +6.1271B,D,-20.7176 B,D,-14.7464 B F,
+6.7737B,D, +7.8508 B,D, - 4.4622 B,D,-17.0208 B,F,
+6.9147 B,F,- 6.0873B,F,- 22.5421D,D,-13.9254 D, D,
-17.1487D,F,-15.6883D,D, - 3.6525 D, F, +5.2606 D,F,
-11.2157D,D,-19.3535D,D, +5.8863D,F,-13.7210 D,F,

-4.6004 D,F, +9.2160 D, F,+8.0962D,F, +5.1675 D, F.-

11.4636 D, F,-6.3899 FF, + 22.1090 D,*- 2406.6000 F° + 2.7544 F.°
+2.2709B,*-7.7042D,*-8.9558D,* +553.3511F*

(4) 12 N3 B P AL 2

AR N TR R ) 1 (S B R B, AR N T FEE PR e S T B O A A, AR R AR
B, VIR DRI AR, G A RILE B AL RS A, R?<0.9,
T BEANTH JE TSR o i 28R I P M B8 A 11 o AR (SR AA)3E , 19 3R NI FE 1)
Mg )32 1A Sl 40 1] 4.28 FITss

(4.20)

e
- e,

8128 a2
8,097 ]7?77
8,066 T
8.035 o ;
8.004 =T :
e Wm
7.042 T S
a. BHEANREWE® b.  ATITRARE 0 &

a. The response surface of B-pillar velocity b. The response surface of front door velocity
B 4.28 13 N3k & ok 5 (T iL)
Fig. 4.28 The intrusion velocity response surface (partially)

NG H Kriging ST BVSEAL B PEA ER AR A -

B RSO R AR R B A R BUE LR, AR 4.10 R 4R B
5% B # (Exponential) (¢ 8 75 2 8¢ = KA NG s 241k 1 IR BRI EUS, T
PHRAHSC R E T S0, e TT ik

Kriging — MR AR O ATREAR I SIE M ERVELL G, KAk 1B I RE AR (10 )32
CAFEA RIS BN A, WRERIFI BRI AY =y, Y, -y, 1« M
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Loop K% Bl & % i 3

HREA A THEA -
y=C'Y (4.21)
DU B 22 A,
j-y=C'Y-y
=C'(FB+Z)-(f"p+2) (4.22)

—C'Z-z+(F'C-1)'B
R Kriging B8 THE ) B m e, TAHIME E(9-y)=0. HCHMm
EZ(x)=0, K20 e (4.23)
F'Cf =0 (4.23)
fhTHE R T IR 22

RMSE(x) = E[(Y - ¥)*]
=E[(C Z-2)’]

=E[z°+C' ZZ' C-2C" Z7]
=o?(l1+C"'RC-2C"Zr)

(4.24)

X, R=[R(X X,), R(X,X,), -+, R(X, X, )] 72 5 Al f -5 CLRIFE AR 5 2 TR A AH O

M. HiReWhiRZER/N, HefMdR/80EM C K@, NPl F&EY
WAL AL n)

Find C
min RMSE(x)
st. FiC=f
G NZ PR ) ) R A BA BRI A
L(C,A)=c’(1+C'r)—A(F'C-f) (4.25)
A, ARNASHH T WZhig B H o T C kR R ECN,
VL, (C,2) =26*(RC-r)-FA (4.26)

AR 2 P 24 SR B HRE A 0 R FF) — B 0 BE P SR A, ARAE ) B A A4,

{RC+X=r (4.27)

F'C=f
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iy,
h= ‘Lz ~F R I IETR - 1)
20
c=R Yr-Fi) (4.28)
R ERTA, LIS R
y=C'Y =r'RYY-(F1)'RY (4.29)

=r"RYY-(F'R'r- )T (FRF)FRTY

BTSSP A
yerQ‘Y-(F R‘r-f)AB (4.30)
=f "B+r"' (X)R(Y -FB)

X(4.30) 4 Kriging ARGt RAE A= X, p=(F'RF)IFRY,

NI S e THE
AN T3 AT A BENLI 2(x) R 7 ZE il oA

& =L v-Epy Ry -FTP) (4.31)

RINZH 0, v LLEE ARG TH(MLE) ik #E ATl i, B

2
o N In(@*)+In|R| IR|=det R (4.32)

6 >0 2

AL, AR RARAL THE I SRS R T R AR T A A AR 1] A B

4.29 firor, RDNMRZH & i
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Loop K% Bl & % i 3

FEA(x, 0, ) i=1

v

TELIRARG M ~————— Hbrpf 4. MLE
« A d

S A A det R &

Y B } f
| — 9 R — R —bR‘l—bﬂ
A}
7

B 4.29 48X A4 0 WA IRAR
Fig. 4.29 The fitting process of related parameters 0

KM, Ja, WTFIREAR i, r'(x) KR, 45 A X (4.30) 57T LK HFr
IRLTINAIER 7

FARAS TR AR §, IR L& 4.30 fros:

§* ———— BEEZ ()=,

& 4.30 Kriging #£ A bl A iR AZ
Fig. 4.30 The fitting process of Kriging models

H1:0(4.30), 7€ [FIVHE R EL f (x) N HE L 193] Kriging #5244

v=p+r(0,d)R (Y -Fp) (4.33)
#xth, v=[By, By, By, Bv, By, By, Dv, Dv, Dv, Dv, Dv,]";
d=[B,B,D,D,D,D,D,FFRI;

A1

P =—x[4.178 4.314 3.031 3.337 1.087 0.172 0.641 0.182 1.331 0.465 0.579]T;
10

~ 1 T

0= EX[BBV1 0sz ers 0Bv4 0Bv5 0Bve 0Dv1 0Dv2 0Dv3 0Dv4 0Dv5 men’
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1.457 1.395 1.395 1.399 1.395 1.396
er1 = : ;BB\/Z = : ;er3 = : ;er4 = : ;ers = : ;BBVe = E ;
1.457 1.395 1.395 1.399 1.395 1.396
1.395 1.394 1.394 1.487 1.396
0Dv1 = ;esz = ;9Dv3 = ;eDv4 = ;BDVS = ;
1.395 1.394 1.394 1.487 1.396

R(Y —FP) 2 90 <115, HAHME 4.11 fis:
& 411 4B R (Y - F) 89 YA

Table. 4.11 The value of array R™(Y - Fp)

J—

17

s

Fs 1 2 3 4 5 6 7 8 9 10 11

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38
39

1.0697 0.2983 -0.4512-0.5071-0.2144 0.4540 -1.0930 -1.4939-1.1705 -0.7456 -0.6739
0.5882 0.5193 -0.2980 0.1139 -0.2256 -0.8373 -0.2591 -0.2964 0.7413 0.2541 0.9546
-0.4370 0.1659 -0.3810 0.6969 -0.9934 -0.4820 0.5630 1.6974 0.9566 1.3336 0.5850
-0.1848-0.1790 0.7103 0.3741 2.4045 0.6629 -0.5602-0.6791 0.3274 1.7317 2.9910
-0.0830 0.1168 -0.0985 -0.4662 0.6951 -0.0653 0.1743 -0.0109-0.7650 -0.0132 1.1573
-1.5070-0.6076 1.3625 0.6544 -0.3627 2.0636 0.2468 0.1051 2.0988 1.7972 1.1321
1.4042 0.6757 1.7566 1.6823 -0.9231 0.0445 1.7932 1.4464 0.7086 0.3218 -1.4658
0.3691 -0.0011 -0.5628 -0.3028 -0.7404 1.5098 -0.7218 -0.4271 -1.3324 0.2029 -1.1359
-0.7612-0.2004 0.0165 0.2357 -0.2414 0.5359 -0.2589 -0.0739 1.2211 1.4792 0.3879
-0.1113-0.5791-1.8799 -1.4214 0.8860 0.4115 -0.2257 0.2536 0.6398 -0.2175-2.4510
-0.8983 -0.6531 -1.1247 -1.3398 -0.9358 2.1776 -1.2000 -1.0897 2.2607 1.7075 -0.3175
1.7498 0.8303 -0.3562 -0.5778 -1.0047 0.4436 -1.2194 -0.9005 -2.0422 -0.9635 -1.4495
-0.8911 -1.3547 -0.5869 -0.9032 0.2379 -2.1657 0.4033 -1.0504 -0.0248 0.1074 -0.7119
-1.6084 -1.3780-0.0138 -0.0217 -0.2700-0.1535 -1.0825 0.2625 1.3633 1.2018 -1.0573
-1.3800 -0.9887 -0.4263 -0.0471 1.0645 -1.3319 1.4740 -0.0060-0.7035 0.3976 -0.1773
-0.2348 -0.2804 -0.0794 0.2811 -0.4193 1.6595 -0.1005 -0.2338 -0.5486 -0.1042 -0.9794
-0.9762 -1.2736 0.5235 0.3294 -0.9970-0.8371 0.6623 3.0791 1.4048 0.3115 0.8506
-0.3797-0.1919-1.1624 -0.9870 -0.8101 1.5102 -0.8278 -2.1822 -1.2265 -0.4120 -1.2859
-0.4329-0.3512-1.6193 -1.1198 -0.1106 1.3884 -0.7242-1.9322 0.0171 -1.2553 -1.4469
0.2769 0.4275 1.2039 0.5527 -0.7400-0.3985 0.9196 1.5336 0.6273 1.0712 1.2360
-0.7592 -0.6179 0.6891 -0.2064 -0.1016 0.1534 2.9990 3.7028 -0.6387 -1.0326 0.7756
-0.2320 -0.7489 -0.4595 -0.1667 -0.2593 -0.4918 -0.8839 -0.2652 0.7765 1.2620 0.5807
-2.1804 -1.5805 0.3169 0.3884 0.3619 0.6594 -0.3420-0.6396 -1.2861 -0.5183 -1.6168
0.8455 0.9092 -0.1985-0.0607 0.7636 0.9106 0.0504 0.6043 3.3241 2.9513 1.7000
1.0217 1.3550 1.2999 0.8908 1.5302 -2.0217 0.2544 0.0521 -0.4189-0.7314 2.1896
1.5342 1.3559 0.8249 1.3567 0.5457 -0.7133-0.0810-0.6857 -0.4198 -0.4306 -1.1166
0.1770 0.6712 0.6375 0.3544 0.0677 1.6338 0.4992 -0.5120-0.4084 -0.9096 -0.7912
-1.1888-0.8819 0.5734 1.0139 0.6605 -2.0277 0.5298 0.6987 0.7729 -0.6580 1.1653
0.8468 0.7423 0.2060 -0.2639-0.5274-0.1467 1.1003 -0.5048 -0.0361 -0.8278 -0.5873
0.6099 0.6290 1.1546 1.3357 0.1149 0.4829 -0.8954 -1.3514-0.6727 -1.0271 -1.1727
3.7688 3.8844 1.4146 1.3362 0.1749 -0.4323 2.2493 1.1753 0.8673 1.1255 0.2478
0.8353 1.3413 -0.0463 0.5888 2.3783 3.9655 1.0276 0.1203 1.0911 -1.0588 -2.2288
0.1900 0.0148 0.9805 0.2189 -0.2141 1.0705 0.4206 -0.0227 0.6146 0.7522 -1.4922
0.8560 0.5677 -0.0115-0.2127 -0.1661 -2.3313 -0.3322 0.8329 2.4019 1.5261 0.2186
-1.6759-1.7489 -1.7350 -0.9042 0.2122 1.6551 -1.0994 -0.3037 0.4862 -0.0277 -0.9123
-1.9679-1.9725 0.3899 0.5228 -0.1097-1.0355-0.1174 1.0535 -0.8044 0.1656 0.0793
-0.3957 -0.6717 -0.8082 0.4515 -0.5105 1.4032 0.6992 0.4009 -1.3207 -0.8374-0.7429
0.4617 -0.4883 -0.8995 -0.0216 -0.0439 0.1915 -0.5520-0.4717 -0.9877 -1.3022 -0.1276
2.1543 2.6142 0.8036 1.0735 1.3066 -1.9623 0.8964 -0.0004 -0.6445 -0.7720 0.7643
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Loop K% Bl & % i 3

%k 411

40 0.0032 -0.0950-0.3598 0.0642 -0.0044-1.7311-1.1882 0.9451 1.1440 0.9359 0.6769
41 -0.4415-0.8508 -0.3574-0.4315-0.9624 -1.0049 0.2670 1.0706 -1.2532-1.5178 1.5509
42 1.7399 0.9576 -1.0683 -0.2445-0.4769 0.9872 1.0878 1.5997 -1.3367 -0.2969 -1.0051
43 -0.8064 0.1623 -0.1395 0.4479 0.9645 -2.6264 0.5973 0.8720 2.9339 3.9620 3.2191
44 -0.6785-0.4320 0.0696 -0.1085-0.0356 2.6491 -0.7092 -1.2440 -0.4205 -0.3544 1.7688
45 0.1923 -0.1591-1.7351 -1.5511-0.7172 1.4962 -1.9623 -2.8017 -1.6929 -1.8558 -0.8837
46 -0.8987 -0.6945 -0.6282 -0.4600 0.4348 0.4856 -0.1444 0.9542 -0.8299 -0.0493 0.3340
47 -2.0239-1.0332-0.6622 -0.6393 -1.0910 3.0648 0.2023 0.5129 -1.5373-1.6361 -0.5158
48 -0.7210-0.4200-0.3971-1.0472 -0.6402 0.4920 0.4695 1.8991 -0.2628 -1.1405 -0.0706
49 -0.2336-0.1894 0.2557 0.1677 -0.0172-0.9947 -0.8810 -0.8804 -0.5038 -0.5943 2.4522
50 0.7932 0.6822 -0.7186 -0.0909 1.2397 -1.3523 -0.4768 -0.6282 -1.8118 -1.3688 -0.9199
51 0.1756 -0.0206 0.0970 0.1767 -0.1058 1.9900 -1.4699 -1.2512 -0.2031 0.4767 -0.2531
52 -2.7641-0.5622 -0.2431 -0.1514 0.2255 0.3839 0.7265 -1.6567 -0.2172-0.1676 0.4633
53 1.3495 0.2403 -0.5047 -0.5588 0.4305 0.5561 -0.5246 0.1524 0.6706 0.3015 0.2146
54 1.1069 0.2033 -0.3436 -0.4050 -0.1694 0.1047 -0.7889 -0.8894 -1.8667 -0.9297 1.3347
55 0.3829 0.3714 0.3462 -0.7282-0.9735-1.9327 -0.7958 0.7401 0.5378 -1.0061 -2.5955
56 0.9536 0.5197 -0.4694 -0.8807 1.1654 0.8415 -0.7833 -0.8261 -1.0345 -0.5571 -0.4660
57 -0.3462-1.2583-0.7413-0.5132 -1.2387-0.7639 -1.0357 -0.4749 0.7350 0.0200 -0.8461
58 -0.4247-0.2538 0.2158 -0.1789-0.4906 -0.7293 0.8386 0.1830 0.8759 0.6012 0.2786
59 0.2871 0.6110 2.1639 1.2937 0.0241 0.9173 0.2218 1.9311 1.2141 1.4016 0.2071
60 2.4537 1.2466 0.3124 0.6972 -0.9531-1.6717-0.3903 0.0453 -0.1362 -0.6251 1.4669
61 0.3870 0.1770 -0.0889-0.3931 0.1845 -1.9761-0.4253 1.1159 1.2872 -0.8911 -1.3588
62 2.0166 1.2627 -0.3476-0.4476 0.8940 -1.7518 1.4489 0.4886 -1.9692 -1.8596 -1.9598
63 -0.5686 0.1254 -0.1714-0.1235-0.7797 0.6373 0.1756 -1.0298 0.8717 0.1485 -0.8961
64 -4.1687-2.2887-0.6304 -0.7607 1.1160 -1.9414 0.2558 -0.3129-1.0179 -0.0964 1.1466
65 -0.3494-0.1492 0.5883 0.5695 -0.5133-0.2386 1.2342 -0.9450-1.7991 1.0232 0.2610
66 -1.0028-0.6493-0.5853 -0.0231 -0.7458 0.2656 -0.7870-0.7132 1.3981 0.0283 -0.1777
67 -1.1534-1.0998-0.8571-1.0767 -0.7859 0.2667 -2.0949 -1.7953 0.2849 -1.0815-0.4171
68 -1.1754-1.0948 0.3369 0.4601 -0.5098 0.0206 0.2446 -0.3807 0.6188 0.4501 -0.3579
69 0.8098 0.6782 0.3433 -0.0230-0.1083-0.7327 0.2553 -1.6279 0.1170 -0.2569 -0.1865
70 1.2029 1.2088 -0.6554 -0.2040 1.6516 -0.7951 0.4985 0.3629 -1.2980-0.9993 0.4045
71 0.8870 1.2509 -0.5809 -0.7267 -0.9203 1.3508 0.0416 -0.1677 -1.9806 -0.7380 -0.6704
72 -0.0893-0.1084 -0.3521-0.4183 -0.2128 0.0283 1.2253 0.5521 -1.4532-0.1878 -0.1423
73 1.2557 -0.0294 0.0055 -0.3844 -0.1957 0.4637 0.9408 0.7790 0.8207 0.1611 -0.9988
74 -0.5421-0.3793-0.2642 -0.7936 -0.3596 0.9259 -1.5217 -0.0689 0.7256 -0.0907 -0.8824
75 2.6324 1.6103 2.4577 1.5305 0.1616 -1.1144 2.3199 1.9525 0.0952 0.5367 0.7279
76 -0.2474-0.5301-0.1074 0.2364 -0.4714-0.1170-1.1108 -1.2847 -0.2237 -0.1455 -0.6771
77 1.7642 1.9646 1.9046 2.4396 1.2564 -0.2219 0.0336 1.7401 0.1684 -0.0721 2.1195
78 0.4922 0.2049 0.5537 0.2970 -0.7406 -0.5442 0.1889 0.2065 0.9875 0.6120 0.5497
79 -1.2985-1.0178-0.7383 -0.5614 0.0987 -1.0359 -0.0029 0.4019 0.2441 -0.6457 1.2767
80 0.7194 1.4137 1.7087 1.8387 2.3668 0.4557 1.3161 2.2097 0.6732 1.1606 1.1520
81 0.7946 -0.0028 0.5046 0.0305 0.9767 -0.5672 0.1135 -1.1752-1.6098 0.1715 0.1309
82 -1.1367-0.4328-0.4770-0.5479 -0.4623 -0.0209 -0.2156 -0.1899 0.0288 0.1493 0.0998
83 0.3966 0.4892 1.0994 0.9697 1.8095 -0.7550 0.8283 -0.7977 0.0954 1.3998 -0.1007
84 -0.6468 -1.0553 -0.6595 -0.4507 -0.4500 0.4472 -0.6179 0.1453 -0.6802 -0.5840 -0.1760
85 -0.6648-0.5551 0.0830 0.0299 -0.5577-1.8561 -0.6900-0.5467 0.2311 0.4346 0.9283
86 -1.6417-1.2199 0.3546 0.2593 0.4464 0.1003 0.6551 -0.1835 0.5422 1.8766 1.0797
87 1.1244 0.8273 0.2654 -0.2323-0.6186 1.8029 -0.8157 -1.3635 0.2035 -0.3250 -0.8296
88 0.3709 0.5086 -0.2644 -0.6805-0.7963-1.1871 -0.4472 -0.6238 -0.2425 -1.0210 -0.8761
89 0.9809 0.2128 -0.6816 -0.6586 -0.3632-1.9296 -0.3111 0.9123 0.8831 -0.2523 -0.2331
90 -1.7219-0.7169 0.4980 0.0648 -0.4630 1.3047 -0.3828 0.2010 -0.2568 -0.3605 1.5777
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I AR Y G =X (4.34)-(4.39):
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Fig. 4.31 The response surface of vehicle doors’ modes(partially)

Fmode, =16.6762 +15.9880D,+ 7.6386 D,+0.3812 D, + 2.1709F, + 0.1574F,
-5.7196 D,*-3.268D,*- 0.8645D,*- 0.3808 F,*- 0.0433F,’+ 2.919D,D,

4.34
+0.7163D,D,-0.2671D,F.- 0.0072 D,F,+0.4637 D,D, (4.34)
-0.3305D,F,-0.0438 D, F, +0.3396 D,F, + 0.4003D,F,-0.1795 F F,
Fmode, = 38.5377 +0.0777 D,+5.5518 D,-1.3791D,+0.1560 F, - 0.1445F,
-0.8131D,2-1.6843D,2-0.0607 D,2-0.0930 F,2+0.1911D,D, (4.35)

+0.7276 D, D, +0.0627 D,F,+0.0810 D,F, +0.0869 D,D,
-0.0345D,F.-0.1271D,F, +0.0393D,F, +0.1380 D,F,- 0.0224 F;F,

Fmode, = 45.4071+19.7535D,+11.1401D,+1.6436 D,+ 0.6902 F,
+0.3133F,-7.3487D,?-2.8026 D,*-1.403D,*- 0.4797F

-0.0875F,*+0.4689 D,D,+0.5955 D,D,+0.1034 D,F, (4.36)
+0.0654 D,F,+0.7522 D,D,+0.1031D,F,-0.3247 D,F,
+0.1212D,F,+0.2677 D,F,-0.0596 F F, + 0.2677 D,F,- 0.0596 F|F,

Rmode, =18.0186-0.0221D, + 25.5648 D, +0.2255F,-1.3831D,2

(4.37)
-8.554D,*-0.1843F,*+2.981D,D,+0.192D,F,-0.1142D.F,
Rmode, = 25.4111+0.3582D,+ 23.4628 D, + 0.4893F,-0.2782D,*- 6.3882 D, (4.38)
-0.1656 F,*-0.0840D,D,+0.0130D,F,-0.0626 D,F,
Rmode, = 27.7730+0.7707 D, +39.1452 D, +1.263F,-1.715D,”-13.9357 D, (4.39)

-0.3661F,’+2.9704 D, D, - 0.2368D,F,+0.0953D,F,

(6) 4= T BE FAy 3 ALl A 7
W E 0 M7 Jes - Ze Atk e M v s, Wi AR S BT AR B 22 TB) A AR 2R Sk R B IR A
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75 K% &k Wil 4 %2 £ i 3

e, SR e ST A AT ALl . A5 32 DT B e ST B B 4.32 o, &
[T B 3 AU TR 41 5K (4.40)- (4.49) BT

Fstiffness, = 4.4632-1.4730D,-0.3131D,+1.0332 F,+0.3784 D ?
-0.2126F,+0.1520D,D,-0.1972D,F,+0.0907D,D,  (4.40)
+0.0189D,F-0.1494D,F,

Fstiffness, =13.7221-13.0719D ,-1.2205D 51.9718F $4.5009D 2,
+0.4602D,%+0.4184F,?-0.5875D,D,-0.2933D,F, (4.41)
+0.4538D,F,+0.1041FF,

Fstiffness1

443 niuzhuan_up
4.38 159
433
4.28
423
418
414
4.08
4.04
399
394
389
384
e
374
ar

chuangkuang_R
chuizhi_f

-0.03
-0.03
-0.03
-0.03
-0.04
-0.04
-004
-0.04
-0.04
-0.05
-0.05
-0.05
-0.05
-0.05
-0.06
-0.06

B 4.32 £ 1R E 6 B (i)
Fig. 4.32 The response surface of vehicle doors’ stiffness(partially)

Fstiffness, =9.8109-5.1199D,-5.1744D,+1.2497 D, +1.0289 D,
+0.9210D,D,+0.0756 D,D,+0.0974D,F +0.3458D,F,  (4.42)
-0.2649D,F,-0.1223FF,

Fstiffness, = 13.3865-7.7814 D, - 7.5502 D, - 0.4680 D, + 2.2637 D,?
+1.6259D,%+0.2141D,2+1.3905D,D, +0.2521D,F, (4.43)
-0.2740D,F,-0.0531FF,
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chuangkuang_L =16.756 + 2.8941D,-32.605D, +13.2675F,-10.2029D,*
+18.8136 D,*-12.4326 F,*+1.9113D,D, +0.0633D,F,
-0.0116 D,F,+6.7255D,°-1.5528 D,*+5.1034 F,®
-1.5166D,*-1.6458D,*-0.7781F.*

(4.44)

chuangkuang_R =17.2671-0.1833D,-35.9554 D, + 4.1138F,-3.0052D,’
+36.5309D,*- 3.8231F,*+0.8644 D,D, +0.0331D,F,
+2.0963D,°-18.5446 D,*+1.5457 F,*-0.4808D,"
+3.6382D,"-0.2323F,*

(4.45)

chuizhi_F = 0.1724-0.0163D,- 0.3285D,-0.0015F, +0.0096 D2
+0.3452 D, +0.0009 F,2+0.0026 D, D, +0.0003D,F,
+0.0005 D, F,-0.0043D,°-0.1880 D,*- 0.0006 F,*+
0.0008D,*+0.0411D,*+0.0001F,*

chuizhi_R = 0.7960-0.1104D,-1.6179 D -0.0799 F, +0.0516 D,
+1.8617 D2 +0.0791F.2+0.0183D,D, +0.0007 D,F,
+0.0007 D,F,-0.0141D,*-1.0547 D.*-0.0349 F,°+0.0013D,* (447)
+0.2333D,*+0.0057 F,*

(4.46)

niuzhuan_up = 50.9058-2.8838D,-106.6987 D, +1.5031F,-3.4457D,’
+114.3278D.%-1.2598 F,2+1.7567 D,D, +0.0507 D,F,
+0.0995 D, F, + 2.9608 D, - 60.9534 D .+ 0.3803F,> (4.48)
-0.7173D,*+12.7049D,*-0.0367 K"

niuzhuan_down = 25.8655-2.0523D,-52.7720 D,-5.9533F,
-0.3829D,*+59.9715D,*+5.6233F,°+0.8643D,D,
+0.0503D,F, +0.2819 D,F, +0.4543D *-34.1591D.°  (4.49)
-2.5194F.°-0.0755D,*+7.6395D, "+ 0.4183F,"
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Enerzy
Mass_design

Biv

- 53€7 e 8300 °
T /

s 8200 .
69

.
56 g s . a100
¥
e
.

@ 8000
&1 SAET
7900
59 " >

Actual

Act
Actual

51 55 59 73 SAET S53ET 8000 2200
Predicled Predicted Predicted
D5v B1d D1d
11800 -
»
11400 145 . *
b 0
11000 —
. g 141 E
Z 10800 4 E 137 g 10
10200 -.. 133 - L] -
9800 129 | . . 170 1%
129 139 170 210
10400 11400 .
Predicted Predicted Predicted
fmode1 Rmode1 Fstiffness3
387 381 43
1 28 ‘
g 35 ey g
E X 341 £33
344 27
4 36 a8 4 L] 2.3 33 413
Predicted Predicted Fredicted
chuangkuang_R chuizhi_R niuzhuan_down
4}
B 0.1
5
=5 = =
= = =
= Z = 4
4
3
011
4 5 3] 011 0.1 3 4 5 A
Predicted Predicted Predicted

K 4.33 vh g B (T i)
Fig. 4.33 Response fit graphs (partially)
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& 4.12 FMBEALR £ HSATIRH S5
Table. 4.12 The approximate model error analysis evaluation parameters

A~ BRI
6 L LR R? MAE RMSE AMAE
Mass_design 1.00000 0.00000 0.0000 0.00000
E 0.99113 0.07062 0.02673 0.02079
Bd, (P) 0.97920 0.08936 0.05366 0.04250
Bd, (P,) 0.99524 0.05247 0.02171 0.01613
Bd, (P3) 0.99417 0.05668 0.02341 0.01739
Bd, (P.) 0.99764 0.03068 0.01505 0.01320
Bds (Ps) 0.99451 0.03876 0.02298 0.01951
Dds (Ps) 0.95863 0.13604 0.05493 0.04122
Dd; (P;) 0.98286 0.07324 0.04179 0.03420
Dd, (Ps) 0.93011 0.17812 0.08584 0.06719
Dd; (Ps) 0.97342 0.10471 0.05413 0.04388
Dd, (P10) 0.97878 0.09603 0.04281 0.03202
Dds (P1y) 0.98110 0.09727 0.04323 0.03542
Bv, (P,) 0.98013 0.07314 0.04476 0.03961
Bv, (P,) 0.94811 0.14884 0.07933 0.06847
Bvs (P3) 0.98579 0.05153 0.03506 0.03219
Bv, (P.) 0.97891 0.06295 0.04219 0.03709
Bvs (Ps) 0.99330 0.05094 0.02249 0.01748
Bvs (Po) 0.96944 0.08072 0.04784 0.04174
Dv, (P7) 0.98497 0.09190 0.04042 0.03058
Dv, (Ps) 0.97402 0.06816 0.04760 0.04107
Dvs(Ps) 0.98803 0.05163 0.03174 0.02680
DV, (P10) 0.99550 0.04308 0.02452 0.02062
Dvs (P11) 0.97458 0.08485 0.04708 0.03797
Fmode; 0.99948 0.01582 0.00767 0.00582
Fmode, 0.99192 0.04803 0.02662 0.02171
Fmodes 0.99870 0.02430 0.01169 0.00915
Rmode; 0.99987 0.00559 0.00369 0.00334
Rmode, 0.999975 0.00878 0.00507 0.00452
Rmodes 0.999921 0.01734 0.00906 0.00726
Fstiffness; 0.98290 0.06558 0.04002 0.03655
Fstiffness, 0.99414 0.04599 0.02285 0.01981
Fstiffnesss 0.99584 0.04217 0.02013 0.01558
Fstiffness, 0.99687 0.04073 0.02015 0.01684
chuangkuang_L 0.99967 0.01664 0.00729 0.00588
chuangkuang_R 0.99993 0.00723 0.00335 0.00286
chuizhi_F 1.00000 0.00166 0.00083 0.00065
chuizhi_R 0.99998 0.00370 0.00196 0.00166
niuzhuan_up 0.99996 0.00479 0.00268 0.00245
niuzhuan_down 0.99992 0.00697 0.00382 0.00339

ERPHIEEESOKFEH/NN 0.9 ; MAE W AMHES KEH AN 0.3 ; RMSE W AHES KEH KX

7 0.2 ; AMAE BV AT K /R KRR 0.2,

4.6 ETHEFBEMMUNESGRWREN

AL RAL IR e 2% H bp A2 S b Sl 2 e PR RE i LAl , X2 — M I
2 HARLAL I o A HRIX S R R D7 A WA, — oK 2 H s )l DUINAL 5 05
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Loop K% Bl & % i 3

XEA B B AR I, AR NIE—4 7% — R Pareto HLE AR 95 il 4E
(175 AT 2 HAsfiAs, FRoOvAEIE—4 75

H— G ARG e 2Rk, A RWENE. BARRURIESE, FHAm
AR R — M IR K (R o e LU 22 E AR O B E AR
R R S G DAEZR NG, B, EOHELA B A R AE R 14
FEEER s HK, IZEETCVEIE] P RS A I AE S 1

B FEAFE LR LR : VEGA. MOGA. NSGA. NSGA-II. NCGA.

({13543 Pareto By HA R KR5S FHRAERISRIB: RESE AR PRI 5 v
FR PRI R SRR ) o, I — A B I A 5 — MR DA SRV AL STV )
RIS B HT VR A0 LU AB DL ] 4.34 Frows, o B RTFINAGE AR BEIVIRE B @, T-1)
BICVERT MIRE RSy, JoiR IR [V R 23 B R HS A T R IH — A T VAR I I A ok
TR LRI R AR B AN, T AR R ] AR B R
FIRTIEAR. H 1985 &4, dIF—1bi 2 Bhrs t BVEEA W o, fiibtEqe
WAEAKIIIRTE, JuH & 2000 45 1 K.deb AT S.Agrawa 2 H! ) NSGA-II (38 A%
A% HE A SR )R 2002 4F H A AL K I A« T B A R A Y
NCGARI It % H hrigi R M LU S ) SR ALV R Bt 2 B ARk
AR BTz R RS B ARE 2008 4F Tiwari Al Koch S8 H K
AMGA(E T 1714 st A5 50330, 1R — i i 22 B AR AL 505 oz 25 13
B A% 22 23 LA R Al TR 5 3 A5 i i 0201230,

f, fa

H—f ik RGE  * FEE—E
B 4.34 W47 A2 49 Pareto A7 %
Fig. 4.34 The Pareto frontier of sag problem

AR R PR AU ) R LA T AR RS 5 R Mass_design filf e A T
IR ABE E 5% 2 MRS HAReR %, AN Al 3 PERE A A B AR 25T T &
RN E SRR AT TSRS TERE . BT 5 P TR VERESE 38 /i
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MAE NI R AT BARIHf e A B A R R
[ Obj: Min (Mass_design);  Max (E)

Dd; <Dd;; Bd <Bd,,
S.t.  Side impact: Dv, <Dv]; By, <Byv/,

j=1,2, ;5k= 1,2,

Mode _ front _door, > Mode _ front _door,",

< Mode: Mode_ middle_door, > Mode _middle _door,",
f=123.

Stiffness_front_door < Stiffness_front_door ",
Stiffness:  Stiffness_middle_door, < Stiffness_middle_door ",
m=12,34; n=123:--6.

\ XiLSXi\XiU ; i:1,2“‘, 10.

A, Mass_design F1 E 43 BRI B THAS & 1) 2 5T 5 AN 3o R A I UAC 1) i
KINRE: Dd; 1 B 705 AZETTHEE | DNIIE AR AR B FE B2 k ANIIE S
IR NE:, DA A1 Bd” AR B BR(E %); Dy, A1 Buc 8 BAZETT R5 A
I AR GEEE R B A 55 k ANIUE SR NGEE, Dd” Al Bde” AR %
71 FFR; Mode _ front _door, ! Mode _middle _door, 4> HINRTT 1S H1THIZE f B
&AM ZE, Mode_ front_door, - F1 Mode_middle _door, - 4 Xf B f) % it

BiY; Stiffness_front_door_ Al Stiffness_middle_door, 735 NRGTTHIZE m ANRIFEALEE

E5FITHIEE n ANNIEEAR{E,  Stiffness_front_door, Y 1 Stiffness_middle_door, "
AR R IR x NS | AR RS, xi- A xR R T RS
ER.

ARATHEFIH NSGA- 1. NCGA. AMGA X =P H 2117 2 HAr i,
153000 = AR B et AR B R, AR A Mk 75 SR B2 e A i O B — AN 4@
IR A FARYE =R IR AR R R BIE R R 53 BN AREE, X =Rt
VLB R AR RS G AT 27 5 I HE
4.6.1 BT NSGA- | BENFEMMK

AR FIE T S H05E SO R PN 7 R P e 2 S Mg A% SV AT J Ak e
ISCHEPTIE, BRI SR MCEICR S, PO, B A 25 R P A0 o
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Loop K% Bl & % i 3

SR Pe i RIS, BHEARBLAS By BN, AT e i 8 B 10 A 45 1) B 2 1AL
ORI A0 P I /NEATT L, kNS 4 R g R g8, LB 1B A
His X TAERER Py WIS NG = AR A, AR ORI A L Uk 2
TR, T e RBENIE R EERY, DR RS E Pe. Pm HAGETT
R PRRI KA E , X PR X T NSGA-TTFEEIM &, A A R oLk
W& AE S HER, {8 FH SBX(Simulated Binary Crossover) [ 5@ & 52 1- 12, #sti] P..
Pm FEERAHIZEAT BN RS, RPN ZREPEI RIS, 381 i iiest
.

NSGA- [l FIEZHOR E . 58 X BLAR BN XA Ty 0.9, SRR/ 32,
BEALIIARECH 100, 28R BCIRECN 20, SRR RECH 10000 k. £3d 3200
YOEAR TR, IAAF B 5A H bR T Pareto JE95 R4, Wik 4.35 iR, Pareto
FRAE RIS B 0 A S L n & 4.36 s, BUE S N EERIOLAL i REan & 4.37 FiE
4.38 fiR. B g 5 03 Pareto iR, 406 BRI RARLMHNIM, Basin
RARE AR AR Pareto fi# .

55000 . 55000
= / ” -
40 50 80 masszggs‘gdkg a0 a0 100 40 50 60 massz:eggn ‘kg 80 90 100
K 4.35 e 5 R e) Pareto 3F % MEE (NSGA-11) B 4.36 iE 5 M Ak a4 & B (NSGA- 1)
Fig. 4.35 The Pareto optimal set of Fig. 4.36 The scatter diagram of
mass and internal energy(NSGA- 1) mass and internal energy(NSGA- 1)

Enetgy /j

1000 2000 3000

B 4.37 A REE9H 2 AR AZ(NSGA- 1)
Fig. 4.37 The deterministic optimization history of internal energy(NSGA- I1)
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0 1000 2000 2000

B 4.38 J= 0944 2 ML AE(NSGA- 1)
Fig. 4.38 The deterministic optimization history of mass(NSGA- 11)

HiF 4.35 A& 4.36 n] LUE H, BRGS0 A Vo R AR AL TIL L B

Pareto fi#7E Jii 2 bR A (B 3530 52kg I JF4 I, 7R B R EUN T 70kg It} Pareto Hij
i (Pareto HiVA /215 Pareto AE A MRERLE H bk bR #5018 H (48 IR 22 1 5 1) S PR
e, i 70kg B Pareto BV H I T [H BT, K4 80kg I Pareto fif il 2% .
H P 4.37 A 4.38 W] LLE H, JEF NSGA- I HiL K FRAE 650 £ X BIRHEA 15
F|ZE— Pareto fift.
462 ET NCGA HARMEMMIL

NCGA Bk E B 1 AR etk S 7 IFTHERCE, SIS G E 7
Pem TIRER ), TE8 VLSBT b T S0k . TERF AR m AT THE R
BRI, FEAT RN BISPHREIT, B SCRIAE Ak p B AR AP 1) 4 7E — S EL R
T o DRI “AIAE X E 7 RARTERS X AR AE R 56 4 AN [R] 10 = R 1) A4k 1]
AT, TRTE B — MU M (BT, Xy N I Aag 7.

NCGA HikS M HE: 2 XN 0.9, ZRMMEK 0.01, KFHERINN 32,
B HIAECY 100, LRI/ 20, &KV EY 10000 k. £25d 3200 (ki%
RGN, HEEFEA HARER B Pareto 45 e, WK 4.39 Fiis, Pareto fiffE
HC B R A G LA 4.40 B, BiE S N RERIOUL IR A&l 4.41 A 4.42
FR .
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Loop K% Bl & % i 3

56000 IR = 0.9978487264) 56000 R® = 0.9151337023

”
55000 g 0',

54000 /

53000 53000

52000 52000
50 60

55000

54000

Energy fj
Energy i

51000
70 80 30 100 40

mass_design kg mass_design kg

K 439 Fie5Raeey Pareto 3E % MENCGA) K 440 Fig5 M aas.5 B (NCGA)
Fig. 4.39 The Pareto optimal set of Fig. 4.40 The scatter diagram of
mass and internal energy(NCGA) mass and internal energy (NCGA)

i

B
!

51000
40 100

56000

540001 of

Energy/j

1000 z000 3000

B 4.41 R8G5 2 AR AL A2 (NCGA)
Fig. 4.41 The deterministic optimization history of internal energy(NCGA)

@
=1

mass_design /kg
-
=]

®
=1

a
=]
L
L

a 1000 z000 3000

B 4.42 J5i= 6955 2 R AZ(NCGA)
Fig. 4.42 The deterministic optimization history of mass(NCGA)

H11 4.39 1K 4.40 AT LLE Y, BN AR S5 AR AR A vu B ORR AL T30 S &
H.EE NSGA- 11 5% Pareto fif i 70 Afi SE AR, Ui W] NCGA HIFRZE I L NSGA-
It A FrdEE; Pareto fd/E = BRE(E L 50kg B HF 4 B, AN FE Pareto
RIS IRDE SRR 5 3 I VERR AR 15 22, 7E R 2423 95kg I Pareto fd 2% .

H &) 4.41 A& 4.42 FTLAE H, 36T NCGA BE K T-IAE 350 £ WK R %45
F|H—/ Pareto fift, b NSGA-TIZR Ti4%, 7 I NCGA FMMEK =, HE
R MR e SRR P BRI AR, X5 NCGA SE MRy U
DIAHE, NCGA SHVEA 2 [A)IE I BE i M JE Mk B, IXRERI AR R RE L
NSGA- Il VL INE 5 A B2 BB B, R sl A2 HT VY (Frontier) & i ELER
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Y=
ZiETM S, NCGA BiLM Pareto fREEMAGVEE, RS2 FEVERIfA,
{H Pareto BTV HGIE M SIELEMER % .

46.3 ET AMGA BEERfREMML

AMGA BE IR M, N AL ED . AMGA BiL4k 7K | NSGA- 1T
SBX S P SO HE P S, Bl AR ISR 2 Sb RS — AN fE RS (Archive),
FH T ARAF A I AR R AR S AN S A S 22 E b BRI

AMGA HyEZHIE . 2 XM A 0.9, LRMZ 0.05, YIUHFEE K/ 40,

SCFPRER/IN 40, BYRFEER/N A 3200, RPN IRECH 3200. 45 3200 ik
T, BAEREA H AR B Pareto %5 fR4E, Wil 4.43 B, Pareto fi#fE
B A L 4.44 Fis,  AMGA SERTHERFE WA 4.45 FioR .

57000

[ T B AR T J

55000 o -~
S0 / AR B AA,

‘ y\%xm:ﬁhgsam;m |

Eneray i

51000

T e LR SRR
- 7= AT O

B 4.43 Fi& 5 ka9 Pareto 3 % 7 5 (AMGA) ]

. . . SEXEFHTT L.

Fig. 4.43 The Pareto optimal set of mass and internal ot it

PR FAgEC, n=n+1

energy(AMGA) T i

o A+ AT

EER BT

!

57 PO AL U S R R 11

b FRAY I A Ay

HiEE IR

Fig. 4.44 The scatter diagram of mass and B 4.45 AMGA EEREHR

49000 J.
40 ‘

57000

-
40 50 60 70 80 90 100
mass_desion kg

K 4.44 Ji& 5 AR e30E B (AMGA)

internal energy(AMGA) Fig. 4.45 The flow chart of AMGA
K 4.43 M 4.44 nTLVE H, B ARSI ATTE R KL T E
P IHCR A R BB SR T, B IO S AR m b, i) AMGA HIFRR
VEAH ELRT A0S VA AR EEAF o Pareto fiffE bt B R B{E #%00 50kg IS F4R HHEL, A
I FE Pareto BIVTAELSEYE S35 2 MEFRAE R 4 , 75 K Z4z5 95kg B Pareto fift v 2%
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Loop K% Bl & % i 3

&l 4.46 TNE] 4.47 Fosit i 5 N aE AL PIRE T UE 25T AMGA B
FALE 400 Z IR (I 1435 55— Pareto fi#8, Lk NSGA-TIEH, Lk NCGA
—ub, R RE .

LRETN S, AMGA X Pareto fif PR R A Lt NCGA BX{IX, {H Pareto fiE£E K]
Sy A5 5V L Pareto HTVE (1 P LU AT T AR SRVE I EE AT, T ELAA IV 20 A YA BRI EE
RERS A AR, RR I RAF.

56000

55000
54000

K |
= 53000 NI
= |

a B
2
W 5z000
IRl

1000 84

50000

43000 #
0

B 4.46 M AE 69 5 € AR A2 (AMGA)
Fig. 4.46 The deterministic optimization history of internal energy(AMGA)

M u
|I|l|'I':|]||‘I'|
s Ml \IUq

i g Er ot oI i
V+meiw ’Mwm
btk VLT S

mass_desian [ig

1} 1000 2000 anao

B 4.47 Fi= 6955 2 AR A2 (AMGA)
Fig. 4.47 The deterministic optimization history of mass(AMGA)

46.4 BT=ZMHRAEZENHEGHMLCERNITERSE

R4 & 4.35. 8] 4.39 MIE] 4.43 i 5 N AERY Pareto JE 5 4R T LA -
Bt 5 o A (38 0 P RE MR OB AR I BT+ %A, T O P REMROAC R R S T R e R
A EbR SR IR E R B 2000 56 R o TREIT 75 BEAR 4 22 B () S B i A7 b R ik
BRI — Al . AR A AR, MWK B FE 52511 I & 212
NEES@ZNE, SCOESREN, RN SEEITRESERSEITRIEER, 2
A M =2H Pareto B S ik £t — 4, MENAR DRI E AL EE 3. e Mk
A E A B R 4.13 fin, RAESERAEBEWE 4.14 Fx, HISEK
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HomE 5 N BEE AR 4.15 Pras.
k 4.13 #H mAeaT Bt T2 E ik
Table. 4.13 Design variables values contrast before and after deterministic optimization

= 1 e s , NSGA-II NCGA AMGA
REGH BERAS WIREMM e nm Rmm R Emm

B A InsEAR B1 1.2 0.8 1.0 1.2
B FEAM s B2 1.4 1.6 1.6 1.6
BT TR (F) D1 0.7 0.8 0.5 0.5
BT T AR (RT) D2 1.2 1.2 0.8 0.8
RIT1AMR D3 0.8 0.6 0.6 0.6

HTAMR D4 0.8 0.6 0.6 0.6

TR D5 0.7 0.6 0.6 0.6
BT TR (1) F1 0.8 0.7 0.6 0.8
BT 1B7 42 F) F2 1.6 1.2 1.5 1.2
B () F5 1.6 1.2 1.2 1.2

& 414 R HEARACHT B M F SR NE 5FNREIT
Table. 4.14 Contrast of intrusion and intrusion velocity before and after deterministic optimization
& S KR B /mm W& R KR NG Im s

e NSGA-
=t I, ., NCGA AMGA H#r% . .. NSGA-1I NCGA AMGA H#Fp%E
g WA TR ottt P g e fefein

P, 138.387 134.796 138.777 141.884 <150 8.153 8.254 8.263 8.274 <85
P, 154.249 152.305 155.407 152.151 <160 7.863 8.068 8.108 8.138 <85
P; 176.901 177.519 174577 169.860 <180 7.715 8.136 8.086 8.059 <95
P, 184.464 186.337 177.768 170.766 <190 8.003 8.243 8215 8.186 <95
Ps 193.171 178.242 176.493 171.524 <190 9.762 9.276  9.348 9.344 <105
Ps 49.364 48.059 49.384 49458 <100 5402 5446 5445 5443 <75
P, 180.978 189.892 187.003 188.990 <190 8.851 8970 9.080 8.955 <95
Ps 189.07 192.626 192.464 190.187 <200 9.468 9.563  9.378 9.286 <10.5
Py 182.05 207.696 193.861 193.619 <210 10.246 10.168 10.088 9.923 <10.5
Pip 195.853 186.681 201.315 190.349 <210 10.626 10.395 10.288 10.168 <10.5
P, 186.794 179.256 188.037 173.951 <190 10.044 9.500 9.613 9.490 <10.5

& 4.15 # R EARALAT G 6= 5 A ikt it
Table. 4.15 Contrast of mass and internal energy before and after deterministic optimization

ERANEIEA ERANEIEA . NSGA-II NCGA AMGA
S5 o Ll i i i
Ji & Mass_design 60.844 52.27kg 49.40kg 49.87kg
W R E 51.757kJ 51.870kJ 51.494kJ 51.623kJ

WL E 4.14 538 415 W1, @ HEVEILREN KL SRR DL R &
flfE 22 e VE A H AR, B AR S AR TTRE AL MR AN S RN FTIEAR, PsIE
RERANEY P BVRNELA NS T HAREORULT, (HA2REHE L
SRR R AT E MR RRE M, IEA IR, &AL AT SR IR %
TR, WRTREAFCEAR KA o B MRS, DR AR A 58 AL R S Ak AT RS A 1k
B IRAT 2L
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Loop K% Bl & % i 3

AR =R Sl sty 7 = A ne e e seit, B2 7 =4 it
i, NN ISR RIS SRR RS A R, VAR TR REAT IR B T A
At s, FI ORI P SRR AR B SEAL 7 E IR A

4.7 ETEZERREMRUHESSHREN

BT UL L H e R AL A 0T, AT SR 4.6 5 10 = AL DR AR AT AT
PEorHT, K AEEEIA 6Sigma JiT ks SRR IR BT AR AR R, 45 & SR L A
ERE X R A 5 TR 2 A VR 2 BRI A B ERRE A, e — e B £
WA T Rt O A B 77 5 SR m AT R R 2 FARIR AL I 4= S it e
BRIt
471 6Sigma FREMBITHIZRT 4R

6Sigma A& fE 1tk BT i i B M 0 b ) 075 ¥k R A28 i AL AR 58050 iy S i S
Fedd i P EERE BOREE s AT AR RS R AR MAERLE ST, MU T A, e O E
ThReRRE /1), Sigma R IR U R B B K T IO Gi i EbrdE %o ¢ Sigma KT
TR R R I A 4R RR ), 8] 4.48 5% 4.16 A0, FTEERE AT LA Sigma
KRR, dn+30 1 sigma /KA T 99.73% M Al 5E . [F, k= E 30
FABPE BT E I A R BN IR E A 2700, (H/2 R4 4E 1.50 542 (A&
FETIR AR ), WA A R B RIRE BT 66803, [AIth, Ahilis 1 %
J&, 30 BUEKFBSRBEIN N R AT HEZ KK, BUAEBOR B T#% 60

ACT IR B i
% 4.16 Sigma K-FE5EBH RR S FEHH X F
Table. 4.16 The relation between Sigma level and PPM

- v P B AR 53 /PPM
Sigma /K F(£0 ) A SRS = KH(1.50 %)

1 68.26 317400 697700

2 95.46 45400 308733

3 99.73 2700 66803

4 99.9937 63 6200

5 99.999943 0.57 233

6 99.9999998 0.002 3.4
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99.9999998 %

%o | 30 26 1o L +lo +20+3¢ reo
K 4.48 6 Sigma £ A A
Fig. 4.48 6 Sigma normal distribution

472 ETRFFEHENTTEMESTSREKERE

FISEPESM AT H 2 PPN AR E PR AL 7 R 1% Sigma 7KF, SRR e AT A g
fith, FCEEAS AR SR X, BT B vE ACEEAT LA B0, A5 H P20 A BB A e — PR A
SRJG I GETE o T Ak TS — Vv b PR e S HR AR I B R KT AT RERE L R
MREAN T JIAS RS R A, (RIS G54t me SR b 0 ME RObR o 22 o 5 AR ]
YW ER : BT RSN . BT SR RIS IR AN T I i 45 . ASCR
JEBOR B 1) 2 R R Vs AR VR A B0 MR AL 77 R (0 B /KT o SRR RIS TR 10 7
YN RV S BN R R, R R PR R R D, (2
K AT 17 B B LA, E T AR SO0 0T A 78 2 A ST YR A AU A P Rl By, T
SEPEVPN IR AR, DRI 3 6T o ALt R R T v

FIFH 4.6 515 2 (¥ =20 AR BUR 8 PEARAL 7 S TP iR 10 AMBRORHIE B2 1 it
AN E R R, HbrfEZEg— 2 L 0.01mm, 78§ T g 37 i E AR AL
RERYRERS b, SR P 6] R BE LR R B REAS A, HRE I 1000 ¥, 3RAS
SETERATT R R RIN S, W3R 4.17 fiw.

Sigma BRIA KA A T 0~8 2 ], &wmm$tmﬁ%7$@tﬁ I
417 WAL, BREMERAG AR B P REFEEANRE I L 60 JTEKFIIEKR, E 30 iR
KA L, AFEAR R R R, b0 3 (e N B IR mT RE S 2L
flidE 22 Atk A TERE . WIFEVEREAN R ZKR, DL TE A 8 MO AL IR SRl L2k AT
R PEORAGIR AT B o 53 HIE I 5 b = Fff s PEARAL AR K PT S P2 5 Sigma /K7 7]
1, NSGA- I B AT BN SRR I AT SRR AR, 204 10 T0L) S0 R AS BE il
2 60 FREAKCTER, FEMRKIIAK; NCGA 5 AMGA [ AT S AH X i 5 4
=, NCGA 5 8 WA 2 i 2K, AMGA £ 7 Til.
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75 K% &k Wi 4 =

AL i 3

%417 Ts{)i i/\#ﬁ‘ %/E‘j
Table. 4.17 The summary of reliability analysis

NSGA-II iz NCGAffiset:  AMGA fiE ™  AMGA Fafd it
PEOLAL R AR AR AR
2 PR [ A SENE B A SENE S AT A SENE S AT A SENE S AT
Sigma  H[%  Sigma Sigma Sigma  AJ%E Sigma W%
7K 53 KA IKFE K i3 K- i3
Bd, 8 1 8 8 8 1 8 1
Bd, 2968  0.997 8 8 8 1 8 1
Bd; 1126 0740 3.291 3291 3.291 0.999 8 1
Bd, 1.881 0.940 8 8 8 1 8 1
Bds 8 1 8 8 8 1 8 1
Bde 8 1 8 8 8 1 8 1
Dd, 0617 0617 0.931 0931 0931 0.648 8 1
Dd, 2308 2307 3.291 3291 3291 0.999 8 1
Dd; 0.908 0.636 8 8 8 1 8 1
Dd, 8 1 8 8 8 1 8 1
Dds 2612 0.991 8 8 8 1 8 1
Bv;-Dvs 8 1 8 8 8 1 8 1
Fstiffness;-Fstiffness, 8 1 8 8 8 1 8 1
Fmode, 8 1 1701 1701 1701 0.911 8 1
Fmode,, Fmodes 8 1 8 8 8 1 8 1
Rmode; 3.090 0998 2968 2968 2.968 0.997 8 1
Rmode,, Rmode; 8 1 8 8 8 1 8 1
chuangkuang_L 8 1 8 8 8 1 8 1
chuangkuang R 8 1 8 8 8 1 8 1
chuizhi_F, chuizhi_R 8 1 8 8 8 1 8 1
niuzhuan_up 1.793 0.927 1717 1717 1.717 0.914 8 1
niuzhuan_down 2273 0977 2170 2170 2170 0.970 8 1

X RPFEKFEN 80, RRAFER 100%, LB HAERENRITEEXNEEA , X

£ MERBHARLRNEH N PRREH,

473 ZBEREEEMILTTERNZERN

EE—NES AR A SUV B SR 224110 2 H AR in
A, T T — i dgt it

(D w1 E VAL AR S ILAUAL PIRE R 23 T AT &T: NCGA 5 NSGA-11 5
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St Side impact:
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[ Obj:

u[Dv,1+60[Dv,]<DV/; u[Bv,]+60[Bv,]<Bv,,
i=12..5 k=12...6.
Mode:
< u#[Mode _ front _door, ]-6c[Mode _ front _door,]> Mode _ front _door, ",
#[Mode _middle _door, ] -6o[Mode _middle _door, ] > Mode _ middle _ door, ",
f=123.

Stiffness:
u[Stiffness_front_door_ ]+ 6o[Stiffness_front_door ] < Stiffness_front_doormU ,
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m=1234, n=123---6.
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IHTITER N RIS TR . AMGA ISR ZH0 B 5 i e PEOLAL A ]
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Fig. 4.49 The Pareto optimal set of all object functions

MRAE MY SEPREDSR, MBEAC B HES TR B I E A RARZ SRR,
KIS R R, SoE RIS TERE S 2R TN EEPERE , 5 v 2% TUE RE I m] 52 4%
2T ESR M A, AR B R R H IR 4.18 Fos, 3210

TR AT SE I S 5 RNk 4.17 Fios .
* 4.18 AEMMAKE 5 Rt E 2T
Table. 4.18 Design variables values after robust optimization contrast with initial ones

AR B AR AR UG E/mm FAEVEAR B /Imm
B P nss AR B1 1.2 1.2
B A4 namik B2 1.4 1.6
R TR (E) D1 0.7 0.5
HI 1T P AR (/1) D2 1.2 1.2
AT T4MK D3 0.8 0.6
T TAMR D4 0.8 0.6
TR D5 0.7 0.7
AT Ip (1) F1 0.8 1.0
AT IR ZE(T) F2 1.6 1.4
B ZE(R) F5 1.6 1.2

H13% 4.17 7T UG 2 AR A Itk B B b v, JUHR P7 RO P52 2 i Bk
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Fig. 4.50 The impact deformation contrast before and after robust optimization
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Fig. 4.51 The intrusion displacement curves contrast before and after roubst optimization
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Fig. 4.52 The intrusion velocitycurves contrast before and after roubst optimization
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& 4.19 R HARACAT G 69 &30 AL 69 3Ttk
Table. 4.19 Various performance comparison before and after optimization

FHAETR, EF +7 kRHERS.

Kl 4.53 Jufafd i ou e nna W ae th 4o b ol, W BLE Y, Ak R

Wi Py e B AT BRI
e Ll b,

2553 4.19 WL H BU RN 45

e S Ak i FEEDL s g \
T T T e
Mass_design 60.845 kg 53.992 kg 53.992 kg 0% - +11.263%
E 51.757 kJ 51.986 kJ 52.160kJ  0.333% - +0.442%
Bd; (Py) 138.387 mm 132400 mm 134.609 mm 1.668% <150 mm +4.326%
Bd, (P,) 154.249 mm 148.863 mm 145201l mm 2.460% <160 mm +3.492%
Bds (Ps) 176.901 mm 171.123 mm 165.816 mm 3.102% <180 mm +3.266%
Bds (Ps) 184.464 mm 177.958 mm 171.276 mm 3.755% <190 mm +3.527%
Bds (Ps) 193.171 mm 182.750 mm 177.054 mm 3.117% <190 mm +5.395%
Dds (Pe) 49.364mm  49.391mm  49.987mm 1.207% <100 mm -0.055%
Dd, (P7) 180.978 mm 173.771 mm 180.004 mm 3.587% <190 mm +3.982%
Dd, (Ps) 189.070 mm 178.738 mm 179.669 mm 0.521% <200 mm +5.465%
Dds (Pg) 182.050 mm 180.130 mm 184.553 mm  2.455% <210 mm +1.055%
Dd; (P1o) 195.853 mm 188.076 mm 184.961 mm 1.656% <210 mm +3.971%
Dds (P11) 186.794 mm 181.824 mm 179.342mm 1.365% <190 mm +2.661%
Bv, (Py) 8.153 m/s 8.052 m/s 8.201 m/s 1.845% <85mm +1.239%
Bv; (P2) 7.863 m/s 7.853 m/s 7.986 m/s 1.698% <85mm +0.127%
Bv; (Ps3) 7.715m/s 7.713 m/s 7919m/s  2669% <9.5mm +0.026%
Bvy (Py) 8.003 m/s 7.836 m/s 7.999 m/s 2079% <95mm +2.087%
Bvs (Ps) 9.762 m/s 9.022 m/s 9.130m/s  1.199% <10.5mm +7.580%
Bvg (Pg) 5.402 m/s 5.451 m/s 5.446 m/s 0.089% <7.5mm -0.907%
Dv; (P;) 8.851 m/s 8.439 m/s 8.675 m/s 2.799% <95mm +4.655%
Dv; (Pg) 9.468 m/s 9.052 m/s 9.223m/s  1.888% <10.5mm +4.394%
Dv3(Pg) 10.246 m/s  9.404 m/s 9.785m/s  4.048% <10.5mm +8.218%
Dvy (P1g) 10.626 m/s  9.892 m/s 9.870m/s  0.220% <10.5mm +6.908%
Dvs (P11) 10.044 m/s 9.498 m/s 9.292 m/s 2.170% <10.5mm +5.436%
Fmode, 32.67 Hz 31.28 Hz 31.53 Hz 0.770% >30Hz  -4.255%
Fmode, 41.85 Hz 41.90 Hz 41.96 Hz 0.129% >35Hz +0.119%
Fmode; 66.02 Hz 64.28 Hz 64.63 Hz 0.541% >45Hz  -2.636%
Rmode; 30.81 Hz 3251 Hz 3251 Hz 0.008% >30Hz +5.518%
Rmode, 37.54 Hz 39.11 Hz 39.09 Hz 0.061% >35Hz +4.182%
Rmode; 48.01 Hz 50.40 Hz 50.34 Hz 0.135% >45Hz +4.978%
Fstiffness; 4,320 mm 4.401 mm 4,391 mm 0.230% <8mm -1.875%
Fstiffness, 3.564 mm 3.8007 mm 3.747 mm 1.421% <7fmm -6.641%
Fstiffnesss 3.738 mm 4.105 mm 4.093 mm 0.293% <7fmm  -9.818%
Fstiffness, 1.835 mm 1.983 mm 1.974 mm 0.452% <5mm  -8.065%
chuangkuang_L  7.158 mm 7.674 mm 7.605mm  0905%  <10mm -7.209%
chuangkuang_ R 5.448 mm 5.747 mm 5721 mm  0.452% <8mm  -5.488%
chuizhi_F 0.058mm  0.0503mm  0.0502mm 0.230% <16 mm +13.276%
chuizhi_R 0.189mm  0.1983mm  0.1976 mm  0.355% <6.5mm -4.921%
niuzhuan_up 12.736 mm 13446 mm  13.385mm  0.449% <15mm -5.575%
niuzhuan_down  4.944 mm 5.289 mm 5251 mm  0.714% <3mm -6.978%
E: AP E T AT mABEEE S, AFPAS +7 b5 7 REFRD, 0T Y7 &

OadfeEtEiiiis, St mit, &2 am R it A2 & A fd

et

106

JEFSR PT ST SRS HH R 1Y 64.8% 422 T 100%, i &K T2 T



Loop K% Bl & % i 3
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PEREAR RIS I, T B ARAS B DRI 30.81Hz #Ehn$ 32.51 Hz, i
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Fig. 4.53 The internal energy curves contrast before and after roubst optimization
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