208-199 Yoo 12 o lesbs 14 0,9 1393 Isdml (o SulSo (w3 Alxo

isbs3; ol dolinle
OV I S0 wihigo

mme.modares.ac.ir

ll

Tyl

De

& -

9 oo _wlod O 1 oy 7 3058 b Sy Bllamil B9 S0 ily uidl i ulow

CYCPY T g;;‘“ﬁ'.‘i

2 Slal aSing aligs Fobiadila e s

oo 8ol wes oSl (Silsin puwigs ybolial =1
Mg gt (w93, o8I ( SlSo i il =2
imani@um.ac.ir 9177948974-1111 i, Ggdio apuio ™

LXVLES

Ao wleb!

@ S (25 degeie )3 (63b5 Syt sl Wl o SWge Wl b g labad colu I L8 lallad 3 ( SHlSe dsgecne S5 5
ASin a4y a8 lalad o gys 3L (o pdscilanil L5 & (gjlh By sloojle y sl IS5l o 5, Slos 5 et 4y s 05 Jlowsl Jua
) e Alyd wlgi o goly Jao il )Ll > 1) attuun IS 130 sy s (b 51 b slallas: ojlail & cmd o &) Slige
gl 3 4S5 ol a b Ll Cuonl o by wules ol | degorme log Sl 5 lebd il o LI s i |, Laojlus
" B slaosls Slige 2ol (a0 bt el & ey ot Nt i et BB 5 0y Ygens Slge (slasilb o5 cutly
el gy s ) olol 2 8o Slge 1008 ol g 31l (85 0000 A8l o SlSge e 5 S b gl blite ol a9
«Brg sloojle (i)l Julod )3 1503 o y5Sl a3 dalsd as g (695 gl o 2b5 CBMBT o 5 e ) Lasyy SIS 4 e
2 e (o) Sl e cpl 5l B 39800 39 S e LS K pesds (e Jlite (ol sl sl o Cunlan sy daw (Stusge
O bl Jelow awdlidgiey JS5 L (b b dgame izl oo o 3 o el piyllasdl (58 By slaesls (i)l Jibs
dplro ) (5590 degecme ) Juolo (gllad 5 48,5 Jlai y3 ) Lasyg o (Stuwgy 5 e (oleS SI1 Wlgis B 398 0 oS 5 Cslaos

J gy, i

1393 5,5, 28 [cdl,yo
1393 20 09 5
1393 1012 1l o )

bl 4l

pdlasl (B9 gloojls usl i Juloo
gl Bl olo

b (St

s e 3905 glin] oo

asldgige Comlus 9 55l Jobo

ol 005 30b )5 g0 (giludnns 5 ialojl I ool ol ol S8 & 55 gy ol B bles

Tolerance analysis of flexible sheet metal structures including effects of
contact interaction and surface continuity of components

Seyed Ali Hashemian?t, Behnam Moetakef Imani2*

1- Department of Mechanical Engineering, Hakim Sabzevari University, Sabzevar, Iran.
2- Department of Mechanical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran.
*P.0.B.9177948974-1111 Mashhad, Iran, imani@um.ac.ir

ARTICLE INFORMATION

ABSTRACT

Original Research Paper
Received 17 April 2014

Accepted 01 October 2014
Available Online 04 October 2014

Keywords:

Tolerance Analysis of Compliant Sheet Metal
Assemblies

Contact Interaction

Surface Continuity

Nonlinear Finite Element Analysis
Improved Sensitivity-Free Probability Analysis

In a mechanical assembly, errors arising from part manufacturing or assembly process may cause
significant variation in final assembly with respect to the ideal model and affect the quality and
performance of product. In sheet metal products due to high order of compliancy of components,
errors generated during assembly process are as important as parts’ manufacturing tolerances.
Therefore, it is crucial to have a comprehensive model in order to analyze the assembly process of
these structures and represent the relationship between part tolerances and final assembly errors.
However, it should be noted that assembly processes are often complex and nonlinear in nature. In
sheet metal structures, the most important factor that makes the assembly process nonlinear is
contact interaction between mating parts during assembly. If this factor is disregarded and the
assembly process is only represented based on linear force-displacement relationship, the model will
result in part penetration and a remarkable difference between theoretical and experimental results
will occur. Another important feature in sheet metal tolerance analysis is the surface continuity of
components which makes the deformation of the neighboring points of a plate correlated. This paper
aims to present a new methodology for tolerance analysis of compliant sheet metal assemblies in
which a nonlinear finite element analysis is integrated with improved sensitivity-free probability
analysis in order to account for effects of contact interaction and surface continuity of components
and calculate the assembly error. The accuracy of this approach is confirmed by an experimental
case study and Monte Carlo simulation.
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5- Root Sum Squares

6- Sensitivity-Free Probability Analysis
7- Dimension Reduction (DR)

8- Enhanced Dimension Reduction (EDR)
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1- Method of Influence Coefficients
2- Key Characteristics

3- Sensitivity Matrix

4- Finite Element Analysis
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3- Spring-back
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1- Correlation
2- Principal Component Analysis (PCA)
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4- Key Options

5- Real Constants

6- Shell Element (SHELL)

7- Solid Element (SOLID)

8- Contact Element (CONTA)

9- Target Element (TARGE)

10- Multipoint Constraint Element(MPC)
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1- ANSYS
2-LS-DYNA
3- Explicit-Implicit
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2- Probability Density Function
3- Pearson System

4- Expectation Operator

5- Skewness

6- Kurtosis
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1- Computerized Numerical Control (CNC)
2- Migtigarc®

3- Coordinate Measurement Machine (CMM)
4- RENISHAW® Cyclone

5- DXF

6- MATLAB

205

Sl 2
&9

Sl i ol GSIM s
62959 Lyl e ile 5l LB ys JSiyess

=i il 555 S sl )
(5995 (G e
AM+1 5 2M+1 sl
3o o V' &y odls alais
143" s,
daf, SV ail=e | |
V=TV'
shl Jolos
S gl
A
S gdne LS'»}'.’I J...L?u
9 Jge anlyd Jas U el o yuite S5 351
U yolis acule ¢
6l yglitS dslme
aasio p)loz b Js!
asgezne (G35
aaseie gkl &i59 ‘
aegazmo (slS
< OF g2 o

JCRETR VNS TN ECReRjEy T

sl Ll 5 sy oo alold o o & ialeT 3,90 asgorme Linles 8 JSi

3909 byt misi Sl oad ools LS Lo (ol 3 oS psbiles
4 ol ansl gy adsl IS8 s wilgioe Jle Glyie 4 a5 il
My sgioo hrod Jime Glopiite 5| (onj8 4 Sliomig Jolov S8
o Ngdee @lolid S0 ss e lagSl b L ye Jies paie
Sl ' £307 o5b yo Nl Gg,y wlal p Judos sl oY ools bl
o 8 eslinul 950 (a3 18 Sgame (sl Sl 58 63955 Olsie 4
1y 45 s degorme (a5 dasiin polie LS (nl (295 S
Slrwm alye o @b cal gy S5 @ U@LV V) @b 3
SeS 4 L*il*’:* 5 0pSis yE edlitul 0y50 (g el (slayglinS aculoe
Sy (s3lige degerme sS aaine il @iE g e
S LSS avuloe sly Basios () jo a5 Cul gedsi 4 p3Y el walss
Dloedg el 0dd 485 0500 Sl1,S= ugS (g39e 65 JISS )

ol 0001 [2726] 15 6,05 SIS (g5 0l 9590 50 5 JalS

12 oploib 14 055 1393 sisusl ( yop0 SilSe s ideo



ileal Sz oliyg 9 Ylesbld Sle s

W)y Ehow Kiwwgy 9 Jalike oles syl (3855 3185)3 b a3y dlasil (B9 Sl w sl Julxs

ol BI85 3 Un 3y IS5 5 ol 555 o o 5 nSln polin ] Jgaior

(@270 Foshe) mllss misle Glodes) (el ol
0/400 07427 07428 07400 0/549
0/427 07490 0/512 0/502 0/d56|  esome
" Zlomasosizoms00552] M |osare -
107409 0/502 0/552 0/577) o582
0/663 0/756 0/748 0/637 1/286
0/756 0/926 0/946 0/812 17483 s
"= 0/7480/9460/9930/885]  "®  |1/485 6“"3@5
10/6370/812 0/885 0/857| |1/488]
Jite 5o pite (ol l958" o yile 5 (Silin polio 2 Jguzr
obylesS e ile Sl polis
0/000000 0/021
00700900  |-0/130 e
M= 1000/0760 ¥ 71 0/058 s
10001/932] [ 0/028 |
[0/00000 0] [ 0/017 ]
00702900 | on3s O
"= l0001320 27 0042 sads
10003/277] |-2/844]

Ol 1y Jis slojyeiio (uily)lssS sl 5 eSile ppolie 2 Jsor
Sl iie ullgeS e yile il o)lal 3 iy 0 o5 jsbiles aad
ool ile los gdly s o osls GLas A L Lasl 3 &S Jiews
oy molie 15 1 jolic 5 Cony b s ile G 45 o sl Llis Lo
b i o a5 asst Lulal y oo 1 (2) Jlasl bl il g8 e yilo
S8 o @ late pwin lblgsS e Sle o Jlon 8 ad ke
Al olien S 35 I L Bl (ol sl ) o5y oo oslodl 5 S s
ohlesl 950 slas degaze glp Ablige 3y LS JSbpmis o S
by «5't, = [0/4300/501 0/5310/532] sy Jos A 3 0
Pl § 555 GBS BB K5 & 2 Jpaz e o1 b baipe ol
oy molie ol B9 )3 JSI s LI oSl 4 by o il )l
st = [0/7360/222 —0/196 —~0/609]  lafs, L bl
i sbaos, 5 a5 & 55, = [~0/450 07436 0/528 — 07566
Olas T S 0 e Byme (6550 s b oy aws cpl anglie aijls 13
0392 (¥ s92me Js> ie3) Loojlads 5501 & Blaioty o3 oy 45 w23
Sl 4 ol @ e e o 585 L 0 L it gt bl g
B slagyy ¢y stelie gz bl b (nized Sigdhigo bgipe 352
K a5 5 oolitd 350 inled] ool )0 &5 _alass g e oanlive
1352 SlasSl g aisS oo 595 1 ojlos (5550 51 glabadle L5 IS 4,
13 s ye Gal JS s 53 (558
OBk 5 lismin Jelos S8 4y Jas Lol gl yuitie (s 5l g
5 Vs Sl yeite) 35 |y assarme S50 5 5l (i o (gl it
PSLS ol 2 1y oyl o anlb olys e (2 oz ool v
2 Silge asgaze dgame lizl Jao Sl ol yo 08 e 8 S

12 oploib 14 055 1393 sisusl ( yos0 Silke s ideo

Ja.::u » Lmé)s C.Iaw OOged J..\.A 6‘1; m}l Sl ‘dl‘-’..ig“do
1 ; . A Leile s
oy S sl Ol 4 ote BB So JSE 4 | el

5 3 1y Gl layore jo  2l8iles] acgeme 30 ol 5 (S 11 IS
o5 (Gagr ) Loy Jlasl bl (Kb ol jo s ol 5lise Sl asy
I8 %008 5l e e 60 alols 4 gx = 270mm L cleul, o Ko
4.:.]9‘ ‘5’:‘[2.’[} (R O A goo 4O ol 00 ua?b.mn W L: ):.: ..\.;)L)
lo e plyie 4 5L 5 3 @y 5 Sosm (59,0 Wa bW ek Jlox
oy aegeze lpvg Gus 5 A slagds degarme gl vs B 11) G395
y =120mm g x =240mm claise 4 glakis 10 A 55 5 olyee 5 (B
@S aarine plyie 4 3lige anl pleil Sl an (3lEge degee (59,2
@ Y el st MlS S8 cnl jo oS ond 48,5 i s (U) dcgee
IS i (ool e el (Soe (slabail (5o Sl e 1l
‘5}')1)_> slo s QT 51.4‘ cde a5 o)LXf Sl Gher bl o jo JPETeTV
31 BE o3l 4y acgemes (oS Aastin (lgic 4 oals a3 F Ly s abags
g 3l o5 ndge sl S s b ol anils alols g bl o
abais ol Sl )0 uiomen aBb atslis 6,56 61 Soslail (g5, p (slaais
IS 5035 e sl b j2enS0d 51 90 Lo o] oo 45 Candl o s
220 olad e 1) (5lge degece

Wi Ul BlEs 5 U g IS5 005 il 555 e o 5 (i ool
yolie (cad 11 JSs ol 5 baay) )T s 5) el ol 1 Jgo ;o Wa b
St 555 558 olis 5 JLatl L& ol fy S e o Lol S
eboe onlin a5 gyebolen wiiwe Jlal LU u eblsS
Lulps aszg 5l S8 &5 S)ls Sezg Jlal BlE G g0k ob)lysS
i 4 Sl ot 4 oY a2l Sladyy Sl S 0 gl (Shss
Sals Onizred 55l Jlo g L....M )9 Sed bla cpl das oo las baosls
SN 3929 By9 99 ) Bl Jlal LI (e (ol )lgsS e &3y

(@)

ol (6,5 ojlul alais

S aatie e
7 e bly

(<)

o (2 5850 51 Gty (Gl el Jrsoma 50 degazme gazme (sly2! Jow 10 Sl
GlS aasin flgie 4y Hlai o g0 aladi g b bla Gioled b ool e 5liss 5l

1- ANSYS Parametric Design Language (APDL)

206



loal iSino plivg 9 Yleubld e damw

L9 g SSiwgs 9 Jilike Guled wlyil (yid )5 165 b p3dgblbsil 589 Slbo jlw ul )5 Juloxs

— Q)P-1(p — )1
1 (u—-a)(b—u) (12)

B(p.q)  (b—a)Ptat

MelS” slaJSs Wil o g 5P sloyeSB polie @ aiwy W 38 S

polie o L mo5e8 wiges wiz 12 S o ol sy glite

P(u) =

ol sy gy b =1 ga =00 Il 0 9q 9p alia

5000 (giluas 5l &5 (@) ol aanin plSyie jloge
el 00 ools QLAAJ 13 JS“ L ‘QMT Cewdo BJ)UWBA ‘_}49) 4 dfgane
29 O s g 4 5 Jlatol JB b Geizmen JS5 0l 50
o0 a3 0l (yaens aBBLgagy Comle e el Jelos ol
95 9 P Cige (siluand @IE (K05 Sl 9o ool awlie ool
i Wlie e 5o 0 )

& 5 4o -5
S By leacgeme il Julow sl aelr (o5, Wlis (nl o
Ol 5o ead plosil L3 slo o b anolie jo sl ouls &3l 530 Bllasil
el o B 5 lasyg el ((owain (milhlgsS) (Kiwgm 1 i
b ol el bagys gl Jlie ules (T 50 o5 ylel (oS s

L] ~ _ .
! R -==p=05.9=05 |
251 E ==ep=2, g4=2 -
[ p=2. 9=5 '
' —_—p=25.9=125
1 '
1 H
218 ]
1 I
: ]
[
4 1 e~
% \‘ "p‘f‘ S ,'
1.5F 3 Ka e ~ ]
K 1 o ~ ’
ﬁ \ K4 \, 7
’ N\, K
- AN ’ N ’
1 N\ 7 s
4 S~ _f’ \
4 N e = - N
: 7 --------q_r- \
: ; \
05E 7 Ay
H »I’ \
i/ \
s ’ \
¢ 7 \
L L T

0 ! L . ! ! " 3
0 01 02 03 04 05 06 07 08 09 1
&bl yuica
2o Oy 03l 50 olgsds Golel pite SO Gy b e diged iz J;J"Lo_'.lz JS8
4 3P o)yl ilize polie slila S g

1.62,

| 5o jlo and mlbs ]
1.44/ P ¥ S) = - /_w:

el s /7 \
1260 TTP=220.9-12Tt g5 E
1.08] ]

09| m A

/

N

4 0.721

Jes=! JB

0.541
0.36}

0.18}

0 ,
-1.8 -16 -14 -12 -1 -08 -06 -04 -02

Afgeze GodS aasiin Ol sl 0dguxe

acgerme ol aanie Jlaim| S ali g ol S5 loges 13 S

207

s U polia gyl 5l g ol i g0 ol Sy ol
US4 (10) abyl, 51 oolizd b |, degame saulS acseis slogliss
5 ol Dy 5 14 (5l e @l Lab U calady ol 45 15903 cywns (11) alay,
4—'“.") Q—g‘ 5 u.:iaL:.n ﬂoLE.,o L ._).S)l.; ‘5‘5 )L:_m{ u“jl'i)b oS L i J.iL.,;

g g pol>

my = E[U7 (g, v tg)] + E[U7 (7, v8)] "
U (g, .. g) (12)

09 el Jelos) Wi ol ) 00 )l (595 @l S oy 12
ol 3l 4505 5000 (ol o5 ige (g3lutts b (aboggy ol
i) Rl slaesls b Jol> mls cors 5 dwslio bacgezs
el b pimman el samlie L5 3 Jouz 45 polie ol el on
5o oatd Bl laggyg poba (Shugey 5 eoin ilyjlosS S ol o o8
4 G dgd o0 0dalin Jgaz pl ;o oS U olie ool oad anslas
ol 0y dploe o ool 5l eael vy gl
2,5 gl Hlgse 25 b 4 pie 4 23z 3 Jsax
Ol )0 &5 aBlosy Comles o bl Jelow jleasl cosny s -
riySlasl (35 slaojle olyls Llod j0 waz (S0, plsie 4 G
el o935 Rislesl b b g lie ;o cenlin 85 3l ionds (3 ,m0

b (omin (ol oS 1 (58,55 )l 50 oS 398 0 0daline gl cnl bl
e dndoe 1 oS Gl b az ST (ol 0 gy v (Siwgn oo
YU ely glalimdle B S5 4y Lol el of yas degarms (oelS” s 5:Sio
255 ot g3 s ol loaaslis plo 5 dilme (sl (3,
oled ety Gl 4 dssemme GulS aatie JTise g, 0 -
L sl lcige iluwaned gl (S35 290 drmlne 539y b jeiie
of GRBlIS LS uyl 45 ams e i dllie ol 4 o &l oy95 ls
Vg gy b dslie ;5 (oS Sl Guib)ly & Jiiewe slopiio 5l s
4 5950 sl i a5 Caul S5 4 p3¥ il Cenl 039 pzes Sl Wl
od (1) alaly j3 oS jobplen oSk g ges JUS Juolow 5 (IS jobo
By disles ol Lo 0 855 ke polie b eogd o
warie @iy SO weboe gl Jooz & 6% e £S5 -
Iy Wlodg Jloy (Koo (539)9 slaosls @i o ol b el dgarme g5
95 5999 Sloyite b pd lalaly 392y Js 4 oS 98 oo onmlin
Sl SSa el 85 053 a4 Jlop puf ISBU @55 (glS aatie
Vi de ST jio pln () @is o) pas ke Jloy s o 0
o g 03l 2o 5l 5 SosS ST Conly Caon 4 @8 3L S | S
¥ S22 (Br) (FonsS (ol (pizmen 05 dalss L ()lB poe
@y e b il 55,5 (asls ol e 4z 2 b 3 i Sy
18] cusls awlgs YUy s 4y (s StS

degarme (S35 danis mig end sl 45 0B o)l 3 sy o
oS g e 1l Sl g (g lol Jelos S 50 (s3bse
a5 a0 o lis 3 Jsuz 5l ese] sy (FaiST, slaaasly ogd ais
Se a4 bgrye Ggeim el ol pu Jlisl JBs b S
I @l IS Ul o o5 salss by w55 b TS £55 Gy s
93,8 45 q 5P IS5 slayesl ba<u<b oflh o Ly mjy Jloo
ol bl )3 B) 9 oo iy (12) bl p 8 4 caitens Coe (5 0l
[23] (ol b oo

1- Type I Pearson System

12 oploib 14 055 1393 sisusl ( yop0 SilSe s ideo



ileal iz oliyg 9 Ylesbld Sle s

W39 g Siwgs 9 Jlite ulad wlyil (i85 J163)3 b g dlosil 89 Slbo jlw ul )5 Juloxs

(W) acgormo (G0l dasiin 6?_\.5\). slaasls 3 Jeus

(B2) G?_»_...S 1) o pas (0) o luibdd GBlyl (1) (pSils loio
213164 -0/4217 0/2955 -0/7398 (48900 30) alKiulejl s
2/3332 -0/4299 0/3091 -0/7429 (43403 5000) ¢, 15 cige (6 jludmis gl
(0/73 %) (1/94 %) (4/60 %) (0/42 %) [(PESRWEN)
2/13061 -0/4270 0/3080 -0/7427 (8L 90 ol 9 (5 Lol o) allie o, oo &3l,| (6,955
(0/44 %) (1126 %) (4123 %) (0/39 %) [(PESRWE)
17111 -0/0453 0/1907 -0/6980 (Sl 3900 (5 kel Julos) Jow 5 zolaw (Swge 51 g
(26/13 %) (89126 %) (35/47 %) (5/65 %) [(PESRWEN)|

[9] M. Tonks, A Robust Geometric Covariance Method for Flexible Assembly
Tolerance Analysis, Thesis, Department of Mechanical Engineering,
Brigham Young University, Provo, UT, 2002.

[10] W. W. Cai, C.-C. Hsieh, Y. Long, S. P. Marin, K. P. Oh, Digital Panel
Assembly Methodologies and Applications for Compliant Sheet
Components, Journal of Manufacturing Science and Engineering, Vol. 128,
No. 1, pp. 270-279, 2006.

[11]S. Dahlstrom, L. Lindkvist, Variation Simulation of Sheet Metal
Assemblies Using the Method 4of Influence Coefficients With Contact
Modeling, Journal of Manufacturing Science and Engineering, Vol. 129, No.
3, pp. 615-622, 2007.

[12] X. Liao, G. G. Wang, Non-linear dimensional variation analysis for sheet
metal assemblies by contact modeling, Finite Elements in Analysis and
Design, Vol. 44, No. 1-2, pp. 34-44,2007.

[13] K. Xie, L. Wells, J. A. Camelio, B. D. Youn, Variation Propagation Analysis
on Compliant Assemblies Considering Contact Interaction, Journal of
Manufacturing Science and Engineering, Vol. 129, No. 5, pp. 934-942,
2007.

[14] D. DeDoncker, A. Spencer, Assembly Tolerance Analysis with Simulation
and Optimization Techniques, 870263, SAE, 1987.

[15] K. W. Chase, A. R. Parkinson, A survey of research in the application of
tolerance analysis to the design of mechanical assemblies, Research in
Engineering Design, Vol. 3, No. 1, pp. 23-37, 1991.

[16] S. Rahman, H. Xu, A univariate dimension-reduction method for multi-
dimensional integration in stochastic mechanics, Probabilistic
Engineering Mechanics, Vol. 19, No. 4, pp. 393-408, 2004.

[17] B. Youn, Z. Xi, P. Wang, Eigenvector dimension reduction (EDR) method
for sensitivity-free probability analysis, Structural and Multidisciplinary
Optimization, Vol. 37, No. 1, pp. 13-28, 2008.

[18] D. C. Montgomery, G. C. Runger, Applied Statistics and Probability for
Engineers, 3rd ed., New York, NY: Wiley & Sons, 2002.

[19]1 K. G. Merkley, Tolerance Analysis of Compliant Assemblies, Thesis,
Department of Mechanical Engineering, Brigham Young University,
Provo, UT, 1998.

[20] R. A. Johnson, D. W. Wichern, Applied multivariate statistical analysis, 6th
ed., Upper Saddle River, NJ: Pearson Prentice Hall, 2007.

[21] ANSYS, ANSYS LS-DYNA User's Guide: ANSYS Release 12.0, Canonsburg,
PA: ANSYS Inc., 2009.

[22] ANSYS, Contact Technology Guide: ANSYS Release 12.0, Canonsburg, PA:
ANSYS Inc., 2009.

[23]N. L. Johnson, S. Kotz, N. Balakrishnan, Continuous univariate
distributions, New York, NY: Wiley & Sons, 1995.

[24]J. Zhou, A. S. Nowak, Integration formulas to evaluate functions of
random variables, Structural Safety, Vol. 5, No. 4, pp. 267-284, 1988.

[25] A. Papoulis, S. U. Pillai, Probability, random variables and stochastic
processes, 4th ed., Boston, MA: McGraw-Hill, 2002.

[26] R. Piessens, M. Branders, A Note on the Optimal Addition of Abscissas to
Quadrature Formulas of Gauss and Lobatto Type, Mathematics of
Computation, Vol. 28, No. 125, pp. 135-139, 1974.

[27] R. Piessens, E. deDoncker-Kapenga, C. W. Uberhuber, D. K. Kahaner,
Quadpack: A Subroutine Package for Automatic Integration, New York,
NY: Springer-Verlag, 1983.

[28] http://www.migtigarc.co.uk. Sureweld PB & PBP Pedestal Rocker Arm
Machines Accessed 2011.

[29] http://www.renishaw.com/en. Cyclone Scanning system, Accessed 2011.

12 oploib 14 055 1393 sisusl ( yop0 SilSe s ideo

odd JSay ol Gisu 5o 5l dlie cpl jo eads &l (6,95 ¢ jslate py
o> 5 mshaw lite Goles jlaS s é sgame (slial Julow (1 ol
(2 lsis plo Sosm e Juloo SO 5l solial b 1) 5bige awlys
916! Slos,95 S 5 L & widlagay Comilas o )bl Julos
degozme (G Aasin w0 1) G, e Swgn Sl slews
Sl g ool low (Ghgy onl 0 S e Bl (g3lise
2 A ool lapite slasi (3,5 o b Wigie eizen aBloget
Obey ol sl (g BB JSL 4 cacsorme (GolS aatin Ol
51 ool Cpuiomed g Slinles] plosl SaS @ 55 ool l,l (5,95 (wlal
203G a5 e s, b annlie jo .l oas b o5 ige (g3lmand
U'i‘ GL"’ ol ol o salatul J.n.\adua.pl ‘5'9')5 é‘lﬂso)‘l.m ‘S.M.:UL J.:.l.?u
St e3S Wlgige oal (Brme iz (5 8 A e LA BT
S o s (s3lige degerme slS wasiine ()bl @je8 il S
dalsl ol anils wed cai jelate Julod )0 Zolaw cwais b lesS il
Olgre s 3ls o Sris g0 )8 e S USRI ORGP PP W-E
oS pyn Sl st St )3 e SIS 51 (S o lsen (Jle
Szl ol b SIS Ll S8 a4 Ceg i 6y 6,0l

bl aalys way

&lp-6

[1] B. M. Imani, M. Pour, Tolerance analysis of flexible kinematic mechanism
using DLM method, Mechanism and Machine Theory, Vol. 44, No. 2, pp.
445-456, 2009.

[2] Y. Ding, D. Ceglarek, J. Shi, Modeling and Diagnosis of Multistage
Manufacturing Process: Part I - State Space Model, in Japan-USA
Symposium of Flexible Automation, Ann Arbor, M1, 2000.

[3] R. Mantripragada, D. E. Whitney, Modeling and controlling variation
propagation in mechanical assemblies using state transition models, IEEE
Transactions on Robotics and Automation, Vol. 15, No. 1, pp. 124-140,
1999.

[4] S. C. Liu, S. J. Hu, Variation Simulation for Deformable Sheet Metal
Assemblies Using Finite Element Methods, Journal of Manufacturing
Science and Engineering, Vol. 119, No. 3, pp. 368-374, 1997.

[5] J. Camelio, S.J. Hu, D. Ceglarek, Modeling Variation Propagation of Multi-
Station Assembly Systems With Compliant Parts, Journal of Mechanical
Design, Vol. 125, No. 4, pp. 673-681, 2003.

[6] J. A. Camelio, S. J. Hu, D. Ceglarek, Impact of fixture design on sheet metal
assembly variation, Journal of Manufacturing Systems, Vol. 23, No. 3, pp.
182-193, 2004.

[7]1 J. A. Camelio, S.J. Hu, S. P. Marin, Compliant Assembly Variation Analysis
Using Component Geometric Covariance, Journal of Manufacturing
Science and Engineering, Vol. 126, No. 2, pp. 355-360, 2004.

[8] M. Fitchie, N. Juster, Presenting automotive tolerance analysis data within
a virtual prototype environment, Thesis, University of Strathclyde,
Glasgow, Scotland, 2004.

208



