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ABSTRACT

Wrinkle, spring-back, and fracture are major defects frequently found in the sheet metal forming process, and
the reduction of such defects is difficult as they are affected by uncontrollable factors, such as variations in
properties of the incoming material and process parameters. Without any countermeasures against these issues,
attempts to reduce defects through optimal design methods often lead to failure. In this research, a new
multi-attribute robust design methodology, based on the Mahalanobis Taguchi System (MTS), is presented for
reducing the possibilities of wrinkle, spring-back, and fracture. MTS performs experimentation, based on the
orthogonal array under various noise conditions, uses the SN ratio of the Mahalanobis distance as a performance
metric. The proposed method is illustrated through a robust design of the sheet metal forming process of a cross
member of automotive body.

Key Words : Sheet Metal Forming(2f% Ad%), Mahalanobis Taguchi System(A}St2fH|A TR A[AHD),
Mahalanobis Distance(O5t2HeH| A 7{2[), Multi-attribute Robust Design(CHSA 274 A H))
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ek, TE]al 232 W (spring-back) I 22 HPETF A D= AHgol FUletHAA 2z Euo]

o] AR FEe HYTAH T AF Tun 8% FAVE Ha Jdok 53] AFA dAANA =
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Wolebs 37X HEBAS FA6| Fol] I A
|4 Hﬁlt‘“ﬁé‘ﬂ %‘&/‘é o] T AT
A 4097 w4 FHoA AP BRTe
o]7] 9% thFd AFEo] FHHYF, 55
2HE FEEe] 28r|dH AT &
& A7 Ayt AANFAJAG. o5
KX B FEo) Azgumiy 4o oy
B o w HA AANHE AAsk
o m@ AT gie) A7 Asjsus A
Aol AAAT FALE 5 e dEadelst &
e kA ¥al vk Ty vk JE 34
e st HPzdel Feol EASLE,

zrﬁ‘r&éln rN

AAAAGC o]F nHsHA| GO AYPEF FA
7Vs/do] sobxith

mEha B AFelAE olyd vt A¥ FH
EA4E aElste] FFol EAEe AFoA FE,
sk, O3 ~xgolgte 37k AFEFS T
Aol A&7 M2 54 4d AA 34
(multi-attribute robust design method)= A A3}, A

AE g 484 AHAEe FaA ok
sy,

2. Mahalanobis Taguchi System(MTS)

mpstebenl 2 AZMD)E FATAR] whetehs
Hl 2ol ofsf ATEAT Agols F2 HEAY
of Aoy, FAESFAR] A7 MTSEH=
e JNdstEA AT AAZ o2 AHEH
A HJT. MDE vhstebiHl s FREelA A
el AHolAM Foj Frihdd H(olst H7t
ARl AglE ovidt. & MDE e &
FES zZke hEF ol E shube] T3 W7
Horz Uehls 783 =7tk o714 B4
@2 B@rke] ZlEe] He HolE Hde ovdith
aHy @A AR Ade ARse WEd 7
2 Ron, dutHor HEUPE ddste] w2
B7HAFE B dolH Jaow ARI,
MDE Te] SAZEIe] FHdAE et
of AAHE 7Aglo)r] wjZel, FABAE A
el Al vis] noh Z&3 Frirt

N
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Mahalanobis ¢ /
Euclidean {

;
Xz R
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Fig. 1 Mahalanobis and Euclidean distance
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Fig. 2 Cross member model
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Fig. 3 Tool setup
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FEdol ARE olFo AV WMAE + Ue
HyE T gHlE 42 (DBRF, draw bead
restraining  force)® E#3  EYJH(BHF, blank

force)©|TF. DBRF= E=ZH|Zof 23] A
gtjeFo® shsiRle &S onsid,
3 Zdd o3 #Ae AR E T
2e & oudt. AA FEolA FYS DBRF
£ Zte 73k AR S e 2ol 4F s
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Attt -4 Fig 491 A F2he] 3] L
BRFE Z &3t 42 A WA X275 EN=Z
AA T 79 %%%P DBRFE 2zt 7to
2 U1, Z+ 3+ DBRFS BHFo thal] 733
245 AAET oldg 2HL dAA Ao
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Fig. 4 Pictorial description of design variables
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Fig. 5 Drawbead configurations and forming limit of
the preliminary analysis
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' 5] TA A Uo7 wAst
ool AEHeE nstol Table 29 2

ok 7L°l T8ttt A
e L 117;54 2904 8¥7tA] AD~GBE
gl MR wAEa, FEETE L, Has
o 1€l A 497HA T, L, R, Yo €42 #jxst
Aot ZF AdExANAY AutoForm AR ZER
1= MWC(maximum
MFC(maximum failure criterion), SSD(square-sum of
AdstAE A7A
LAH=E Hrlste AEo|aL
MFCE 3tde] AEE Uil Ax2ZA 48 &
Ao Aol ZAHY FHPFEF] FHFEY A
FAAAA ] Fh2 Ao w2t HefjAl= 2
stolth. SSDe AA Al x| 715 Bt
st AREAN 2 SHHSNA Add =
zgule] el AEgelth. MWCE o H|8) 4ol A

wrinkling criterion),

spring-back  displacement)&
MWCE F&F°

Table 1 Control factors and levels

control factor | unit | level 1 | level 2 | level 3
AD - 0.35 0.40 0.45
BD - 0.50 0.60 0.70
CD - 0.45 0.50 0.55
DD - 0.45 0.5 0.55
ED - 0.50 0.60 0.70
FD - 0.25 0.30 0.35
GB kN | 900 1000 1100
Table 2 Noise factors and levels
noise factor | unit | level 1 | level 2 | level 3
mm 1.52 1.6 1.68

- 0.108 0.12 0.132

- 0.67 0.74 0.81

<X |3

Mpa 383 393 403

FEo] AT rMeAol =2 A Fig 69 (2) A
A E9)S Meste] A4ksllal, MFCE Fig 69
(@) AAFGoNA AFstH o™, SSD+ Fig. 69
(b) 6702 HE& 71FoZ ALslAY. AutoForm 3
A2 FE] MWC, MFC, SSDE Al4tsl= W
A7 el o] Al AAlE AwE o] o,
AAZA mIA Fex71d noddA ALkE MWC,
MFC, SSD Hl°lH= 22ty Yo Yamm
(m=1,..M, n=1,...N) °o|a, oI7]1x HAAZAY
M M=18 o]a FexA9 74 N=9 ot}
Ay dolHZ5E MDY SNHIE A4kl 3A
2 g3 2o AA, MWC, MFC, SSDE =43%
202 Agzitt 4, A o] tlolEE tha
7 o] Adegth. AA AP HOlH (Wi Yomns
YOl B SHGEEZ A7)0 g 9] (rank)
g T3k, ol (R Bompr Rapy) ©1EF ST
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Table 3 Normal group for cross member

] MWC MFC SSD
. Ly Loj L35
: ~ ) 1 0.0175 0.785 122.8
i_. . = 2 0.0235 0.789 79.2
“ 3 0.0126 0.757 143.3
/J 4 0.0167 0.710 147.9
. 5 0.0156 0.774 152.4
(a) Measurement area of wrinkle and fracture 6 00152 0672 1801
Pl P6 7 0.0172 0.785 114.8
8 0.0172 0.734 139.9
9 0.0243 0.842 120.9
10 0.0124 0.725 162.3
P5 11 0.0164 0.732 131.8
P2 12 0.0269 0.806 96.5
13 0.0197 0.823 113.2
14 0.0224 0.781 109.1
P4 15 0.0275 0.845 85.8
+ P3 16 0.0170 0.782 113.4
17 0.0289 0.794 122.2
18 0.0150 0.744 133.2
(b) Measurement points of spring-back 19 0.0225 0.755 103.3
Fig. 6 Measurement points of main experiment 20 0.0312 0.732 115.7
21 0.0301 0.717 126.4
9] = wi Ry, F Wy Ry, TWyR,, OF T3k 22 0.0182 0.793 98.0
= e == — 23 0.0230 0.800 123.3
o. A7A THEA w, © SHEES] AU T 2 00254 0oLl 5
EE 15t dAAIT A B A A= 25 0.0335 0.761 85.0
szl Jjdel 7 sad AR Azst m, 0.0212 0.774 119.7
o, w =01, wy=0.1, wy =08 & FAsAtt 2} 5; 0.0060 0.050 26.2
24yue BE BrEdolnz, A AY fol
E1 (ylmn, Yorns y3m” %‘ %@%%7]‘ /\J% 15% o] MD+ ’—“}(2)9} 7ELO] ] I;]'
Woll <38k 25709] dlolElE AAF Zgh(Table 3)°. AAZA m B ZE5E2M n A9 HOlE (yyu.,
E Ak, olF (z;, my, 1) 22 UERAAG. Yormms Yzmn)S) MDE 21(2)92} Zo] A4t
AR, MDE A4t ZF AgzAdA L Ho]
HE ()& o83t A3t ok MD,, _% Z R'Z7, @
Zj,,;,, = (yj,,,,,,, _mf)/sf (D

0:1 7] A-L Zmn - (%mn %mn Jmn) le] = ('/I”ij - n]'i)/si’

0217] A‘] mm T Yimn ‘/] %"H‘E}— ﬂ] O] E-] (Z - 1 2 3 R= [
=1,2,...,. M, = ) = .

m L A 5 i’/ > ’ >N)7 . ng‘ Sz xlj J:25 o]q_

(j=1,2,...) & B3 FFGAIT A=A m WA, MD. ©] SNHIE ATk B Aol A

mn
:ﬂ]— @—%}‘ﬁ n 0]]/(—19/] Eﬂ 0] E-] (me’ Yomn» yiimn)'o/] A 1;g_/\E}\‘] O] \=5=4 /é—g;] Z7 m(m =1.2 A[)
L == — L= R T L&y Lk

Fowlggr  Tou ZXUXW/J D) (v,w=1,23),

—99—
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Table 4 Results of main experiment (c) SSD
(@) MWC Lig NI N2 Ng No
Lis | N N2 Ns N9 1| 2181 | 1820 1479 | 180.1
1 | 0018 | 0.019 0.017 | 0.015 2 | 1805 | 1248 109.1 | 131.8
2 | 0.033 | 0.023 0.022 | 0.016 3 1614 | 1057 344 | 1129
3 | 0.035 | 0.027 0.022 | 0.019 4 1432 | 1008 292 | 1012
4 | 0.033 | 0.028 0.024 | 0.020 P 133 | 1041 212 | 1134
5 | 0.041 | 0.030 0.027 | 0.017 p 1881 | 1375 1207 | 1426
6 | 0.035 | 0.021 0.018 | 0.013
1'3 0.(;30 0.(;27 0.(;24 0.(;17 D] LS | 1054 589 | 1143
2 Tooss Toooa 5025 003 14 | 1823 | 1280 1033 | 143.3
15 | 0.042 | 0.030 0.027 | 0.023 | 175 | 1011 870 | 1140
16 | 0.036 | 0.030 0.029 | 0.022 16 | 1440 | 970 766 | 1069
17 | 0.035 | 0.029 0.028 | 0.024 17 _| 1499 | 1043 85.8 | 1209
18 | 0.036 | 0.030 0.030 | 0.018 18 | 1586 | 1084 42 | 1228
(b) MFC (d) MD and SN ratio
Lis N1 N2 N8 No Lis N1 N2 No SN
1 0.635 | 0.647 0.710 | 0.672 1 6.90 | 2.77 1.96 | -105
2 0.679 0.706 0.781 | 0.732 2 8.23 1.00 049 | -10.2
3 0.743 0.759 0.844 | 0.796 3 8.20 0.51 0.18 | -9.42
4 | 0703 | 0712 0.789 | 0.750 4 371 | 204 136 | -8.46
5 0.742 | 0.750 0.812 | 0.782 5 876 | 1.03 045 | -101
6 0.692 | 0.756 0.768 | 0.721 6 122 | 023 086 | -12.7
13 | 0707 | 0.746 0.812 | 0.785 13 332 | 0.79 036 | -6.55
14 | 0674 | 0.719 0.755 | 0.757 14 102 | 067 069 | -11.1
15 | 0.685 | 0.721 0.790 | 0.718 15 12 | 199 113 | 134
16 | 0.695 | 0.756 0.782 | 0.753 16 549 | 1.08 055 | 733
17 | 0.744 | 0.828 0.845 | 0.842 17 | 611 | 104 181 | 8.02
18 | 0712 | 0.794 0.775 | 0.785 18 709 | 089 019 | -8.46

oA19] SNHl&= 21(3)F o] AtdAT 714 N
Hexe] el

L
L

SN =

m

—10log( ZMD

n=1

mit

/N)

dB)

49] (a)-(c)?t %3, MDe} SNH|=

AA DG A AAE MWC, MFC, SSDX Table

3) 2o HAe A4
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Table 5 Comparison of MD and SN ratio of
baseline and optimal solutions

Solution | N1 | N2 | --- | N8 | N9 | SN

Baseline | 8.01 | 1.14 | --- | 0.33 | 1.45 | -10.4

Optimal | 1.67 | 0.62 | --- | 1.64 | 0.11 | -3.43
B4E 53l A,BCDEFG, 22 AR
PR tha A3 AxkE Taguchiol] A

Hol Aok A HAslo) wE M AHE B
371 918 Table 59 #ol HA=AdF} rlExd
(A,B,C,D,E,F,Gy)oll A 2] MD%F SNHIE Q149
< E3&to] Table 59+ o] Tt Th

kol Aol AL AFREFY Oadt 22 A8S

< 4 Atk AA, Table 59014 BHe A zgo]
7120l sl HAzZdA MDe 228k
SNHI&= -10.4(dB)°l| A -3.43(dB)Z 6.97(dB)7} Tﬂ

>
p=4

shitt. olels F7he AZzAcI Mol MDe| B
o] 7|Zz7A A MD B4te] 20%(=1/2 ) 4%
o7 ZFA o}‘}i——— ,] ]6]—\:]- 01740 HAlo] x|

) *J%LOM AYEFS 0%“423 =d 5 9l
omdth. EA, Table 42] (d)olH HE A
2ol g 7ol wel MDe] Wbt 493 =t
= T8 I, 2zl gk FAte] ¥
Ho] Atk a& ojugit}, whebA Wi Ay F
011/‘1% ANeE HOM FTAWUTY WEE 1S
A B¥xAS T3] FE

4. 2 E
e ZANE RN TREAL HA s
AL zk Aol Fa3 B} Holgth &
3 AAe] Hrtel] thare] EAo]l aEHAY
Exo) Qe FE WHSo] AN EAE
A% AEAA A3 wHoRE AV AU

stal AL tiFEe] 7|E AFdA ol& st
e i

E AT s ol#g A3 aEEte] Feol
EAetE vt Ay FAA MTSE ARSste]
BHAZE EABEE 37HA A EHFS HLsAT=
OEA 27 AA 9H(multi-attribute  robust  design

method) & AAISFATE A 28-S ko] Abd
A AA e F8ste] b 4% 34 A

“J(robustness) S F7|H o2 MNHE & A5 &<
‘6‘}“‘1:} 2 AdT7E 98 99 A dde =
2 Agd o, MDe A Hde] AdAe] vz
2 YFe wen ek MISE A83e A5
o3 AFsA B e ARstolok s, o
e F=7H4 A7 Bad Ao Azt =3
B Ao A AkE MTSE |83 th5A 4 A
A e v g3

Y FRwR ol e s1A
EEHe) S48 & 9e Zow BuH
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