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Idwaliaueagnszunniunsivan ulevsvamifanisane femauagiminudadiy
HadeiidmunauguLsr8InsBnana (Hochswender. 1988 : 74) i‘]wuuuﬂalnm'i
ViU uazsetlsrresatesaInsaANlAIINNTA A WENITWITE Wy CT wag MR
Wusu

finitesamnniidnuientsnevauswssdswsaywdre Tngidunnszuna
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wnniirnugesefuniagnaa Cramer uazanig (1989) Waiun Tolerance Ring Tagansld
fuavsanszuentiliagmely sheet Panel uagdiel¥haumu (Ring) flaglu Sheet Panel
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2.2.3.2 ANULATEA u,a::msmﬁﬂugﬂ (Strain and Deformation)
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Relationship) TN 15UaAIANEIRUSTEWINAIULAULATAIILATYA Tuitsreslidulds
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Sampawriaidy ovgliley vewas sliuanigansinediedaioy udinfiiiisne
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Incompressible $n31duve4 Poisson vzdiAwviniu 0.5 wed didagnidmnssuluma
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23 sudeudsivludiedwud (Finite Element Method)

Tnevlutlguineiand wazieanssumansanunsaesunelddrsaunismia
atdnrnanslusUretaunadeyius muitgmealdiinisiesett (Analytical Method)
Tnemsufaunsdeeyiusiulsenaufudeulavevvestymify nawseiilénniddind
Fuunalaauslunse (Exact Solution)

< a (3 a &af t a 3 a 2
szifguisivludiBuudiiunumedwannlumsieseitymmadmnssulusy
1 L ld Q) 1 b b =3 b f,
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mraAaslagyszannl (Approximation Solution) MedSnsnisdiaiay (Numerical Method)
ad ¢ a f & ada o Qo o 2 1 o P &)
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wuudaesian \Jusu

Sunaudl 2 nisiasent (Analysis) e FunBLYBINITAUIAL 1Y N1TVUIINELEN
fnnseviluudazgade msmeanuuds (Stiffness) Msmsesznszda nasmenuduly
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Imaginary line
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AudauwRBLTUsEnaUMEaNYae uasunandesunsiazdiuldslelentsaming
Tneiluefiuddmdsuagldfumufiomnnninedundaumien saifinselunsdi
sefiumERInAL wikuddmasesnawasigndeiuginin dunndenldiedung
dwdeudumswiesulfgestiuagiudny jusnestuemais uaslasiluesaunfli
AIvNYe e dmudliAnAw wiaearimun e duiaiduiuRiianls

Talenwswumsnd

HUUTITUAN

()

BUUBIIUMN

)

{ = aa = A d @ A d a [J
JUT 2.11 oABIAaRNA (n) eRwdamEu (v) BB (T : fifa Yas1an)

2.3.1.3 wAudaudia wiwudaudfzlifunisieseilymeanudia
o o o d <R d 1 A
9 W dnvurvesedwudasfufindonyifu wargunsavanuwdey wu Tugui 2.12 (1)

[

Juediudamiiinsannuit (Hexahedral) wilainunse (Linear) uuUngnade wfimduns
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°_a/ . . . < i o b4 v o @

ANa9eeY (Straight-Line Quadratic) 8&uyasie waryllndulAeindsaes (Quadratic with
da ! | a (3 aa o 2/ a v

Curved Faces) B8ugasie U 2.12(0) (WuieBwudasfifings@vit (Tetrahedral) wfingu

nsedgare wladunsatdeas dugane uazvindulfsihdsaesdugase auddu

TolawrsnumSnd

LUYUTTIUAN

1 = aa a a 2 a <
JUT 2.12 ofwudandia (n) vilnUiTuvitevliavswinui (@) wlanTeauieuse
a i L4 = @ o
ylansadnth (i : Rea yasen)

(n)
11N 4 9908 JuAN 9 YARID
(1)
fulAs 4 gasie
i N
HUAN 5 060 yuaM 16 A0
@ :
fulA 8 gasie AUlAY 16 a6

] a e o aad 2 1 < a °
g‘lh’l 2.13 Laﬂl&mﬂﬁL'ﬁaﬁ]&lﬂ@ﬂuﬂ‘ﬂﬂigﬂa‘Uﬂ'lEWqﬂﬁaﬁ'N5] (1 : wWena %la@"lﬂ'])

wanAnedmudamiiinumna 1w Sdiefuuddnngunililalunig
a QI 1 A </ 1 L4 )
Ianeitlygmludnunzsunsanszuen wuluguin 2.13 Yymludnuazusulfs (Shell) wu
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‘E‘U‘V] 2.13(%) u,avLaamumw’t"ﬂumnLﬂﬂ”wﬂmmsﬁnﬁwaumm Faazifuefiudedin
'mumaaumaﬁmaawuusauniwaumm (360 @9#7) L‘U‘U‘SU‘V] 2.13(n) IﬂEJWJ‘] 1
Laamuwﬂiunaummmmamnq fwlwwaLaas’lnammﬂumuuumqmﬂm%aamumw
Uiuna‘umﬂaﬂmauasq Ltmvmummma’m‘lummnamn"ﬁ wazldiaalunisduaamnn
Methady tedusamieuaeda i‘lJ'VI 2.13 Usznaumeqnds 4 yase zlinalnasAIy
madsuinnnitedusvBsuiiusznautoun uazdunnyasie (Judy

2.3.2 mMsuusBudueaniluefiuudday

nslieszddudiuniednsdeisiludiofumd sududputidudiueemidy
Laﬁmuﬁéasﬁﬁmhqﬁuﬁaaﬂma Weanuazainsefinnsandymanialnodenls
Laamummmwawmummﬂiunaummmma wiulugud 2.14(n) drudymanudafle
waﬂmimmnumsmeumuawakuumaanL‘UmaaLuumamaawsaammaﬂuwmmﬂ
Tngjq few uwdiFswdwenidumiuuiaunisudosdnadanils AUVIB99068 (Node)
meueneduudgesmsezagludwmisiiinaasuuasguieeduday viadumied
Tnannssviwderumiaidnislifansieg M

-

- a < o a °
JUT 2.14 msuisudiussniueduudianumben (T : ferna yaghan)

2
a

Fughuglanuvdenlugud 2.14(n) Aeudvszudasduuddasliinie dwuagase
Tuustasiuvsseumdenliidunuwiniu andilssseninegasoaldqadensedidudniu
dintu aguit 2.14(0) Fudiuazgnutsosnudueduud uiaziuazidqane e
sewinegerevesirasirstaumasilis s uinty suiaediududasiofiuudded
yuuanAretuniifioints fudluedundanmauieiu wiludauvisuduminag
Tnawagiinan uidhdndudaddiedundamumaniag yumeluvesedundauvauns
28581119 30 89FN 14 120 DA

TunsdivesfudnufugUanunionlds inenalfiaduudaumdsndunsun 1wy
Tusudl 2.14(%) Fevildmunaveuuiraesmaedeuludntios drudwiureeduud
wanualuSudiuazinfiu (n-1°, n @e f{hu'suﬁ;ﬂsiamaaLm'azﬁwumaaﬁ?’fumuamméwﬁ
NIRRT RN R

° </ :‘x’ ] o a i 1 a (PR 4’5 o 2

dmivtudiugamdenluzun 215 nisuduefiuuddesq Uu Mildazainfe
o ‘ ' Y o 4 1 ' Coa 1% v ' %
mMuuagnseluwdiaziurasdivion aniduseningaseiegasidu ndnvaudasiduay
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Hrinveayanan wizaasuadmmansel -
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Wugasieneluvestusy wardussasdsmineduuddvdsusenduodundaumaoy
dosfivinl lnsanidunusauresefuudavaen meanidunusssutunisadenidy
nuguitduign nsrzasiilfofuudaunisuifadanlndammasuwinuniy
lunsdlfidenlfieduuddwdoy dndiudueigarodudugauonefiuudduniounse
whitu 1 SeasshiinaoaelndiAssiuusiunsanniy

al & A A a o = o °
JUT 2,15 nsuusdudiudmaeseeniduediuudanuwibey @ : fea yasan)

Snugarsuuiulndtunadududvieuentsuandstu udsuaugadeddu
asediuzAedlidnuwihiy HuuafemnsannioveneruInve waRluuA TeEETEnINga
Aoo19vzuanseiy duiiliedumdiivuadningniudsinssuugaseuusiudszney
suvestuduAviuiifenisuiesniuetunsdes

o : : & i o v & & A 2/
Tugun 216 szezsewinyadevestudiudivisussduuied vty Miliioasl
a o A 1 2/ o L4 o <l j 4 U [
wiwudluuinaidudiulidvunndn Aanewuvitlisuudiessdivunlndidsaiuiy
A” 1 a = al 35 1 b= L4 -2 ! LY
PWIATBUEINITIWINTIgA UnAliteaiusediuudlyidvuiairiy uaelisuiamiiouiu
Q‘l < ‘J Y d 1 a ] L%
ARDATUIN INTIEUSNTEANIALGVIUT AR IUANAN YRRV AITISUUILYE
a 3 < [} a o ] 73 o a (3 =i
wiudvundng druvsiailnasenluazutsldlug¥u avsidsundasediuunazi
< ° o a s ot P w w agd A <
Usglgnlinndwiunsiesesitymniigusedudou Bnheiigaresmsiuasuulaiun
a ] 2 o 1 9/ k24 = s < 2/ 1 o i
vouefuuiAe Anualvinauadevuiuassd e seiuuddvasuliuansdnduduly
< v
JUM 2.17 Wudu

t:i ] Qv 1 d' ei k73 -1 a cd' o e] 1
JUN 2.16 mauuBudamasulrieenituediuudiivasy uasauvisuges
(#31 : Wena yadra)

128589
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%
—Emss—-h
0
)

LL LR L T ¥ TV
-
Ml -
-

M o
"

.
BB -

d p = { A o [J
JUN 2.17 msvgnevnadmusmuwten (an : da yadian)

2.3.3 Waidunsnszan

aufinaIuILE ﬂ'ii'il,ﬂi'lw"lmqa%'wﬁus‘lﬂ‘luﬁtaﬁmuﬁﬁu%ﬁaaLLﬁq%uehu'w%a
Trssadreanilutediuddos wasasdasans@iaidunisnssdnlagussuiuvssunas
R tagUsenaudneiuiulassedwitetudiusiu nsnsedalagUssunaiiauudty
Funin Hefdunisnseda (Displacement  Function) %38 WUUI1@BIN1TNTLAN

</

(Displacement Models) #30a111n135n353R (Displacement Fields) M‘%@gﬂwumiﬂimﬂ
(Displacement Patterns)
Herdunisnsedadidealdniuiag W azduilenduneduadiva Tunsdiveslyms
e fanduwedueiisafe
w(x)=ay +a, % +a3x> +.t ay X" (2.6)
=] L a cf a < 1 = LY a
ay,a,,as,.a, fo dulssdvivemetuediva dw u Ae n1ansedaludianie x Tu
nstivestymaedin Hsiduneduadisaveloulddil
u(x, y) =a; +a,x+azy+a,x’ +asxy+agyt +..+a, "

2 2 n
v(x,y)= Al F A X+ A3 Y+ 854 X" +0y 53Xy + a0y 6y "+t a2 Y 2.7)

u Uag v fig NMINTEIMLURANIY X 1ag v auany
U o Q‘ =3
a Ao duUszdvcuaedusiliva uay

m= Z mlitn+2-1)
i = aa € Qs a = <
drnlunsdiveslgymenudid Handuweduslivans
u(x,y,2)=a +ax +azy +a,z+aszx+...+a,z"
n
v(x’ Ys Z) =y t Ay X+ 0y 3Y T4 2t Ay sZX .t Ay Z

n
w(x, Y, Z) = Aol + Aom+2X + Aom+3) + Aym+4Z + A5 2* +..+ A3,z (28)

u, v HaE w A9 MINTEIMUAANN X, ¥ WA Z AUE6U wag
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m =Z lin+2-1)

wedusdlvaiivaneweuvierindegeq sxlinisnsedailauuiivu felndturaiane
wilumast winsudaunisreudraildein egslsfinm msasdenldilaiduneduadios
ey wiusgiudnuusvesiiym wasmmadonvemaansifonts 1wy lunsd
valgmiifvien faduneduedlsariaiaes (3 wew) slinamasinifedduneduaiioa
R GHI P TR GRTVGLY

MINApEALIAMEN1INTZAN B19ulIsanauidveswaduafisalfawngu
S I a o . Ve v A w W .
Ao NEILTRNET (Simplex) ngaLivea (Complex) daznguidsdugou (Multiplex)

2.3.3.1 Huidunisnssdadwmiuwanudidefior Ussneumeneduaiilea
wewfifirnasa wasweyliludunse dnduussavivemetusdlavsuiiusedusum
ieSvesszuu Tunsdiveslymfifiiien Wy vieulave man Taseenyy Tassdouds Wudu
Laamuﬁl?mLﬁawm{]ggmmei'nfﬁwﬂiznaué'waaqa;ﬂﬁiamauanﬁ’agﬂﬁ 2.10(n) Feanunsnve
wildhenoduadageananfe weniidiudrii wesmeriiududunseie

u(x)=a; +a,x (2.9)

Tunsdivesllgmansdd wu Jywanuduszuiv mMnaalonssuu uag
Pyvmaumuunuausng (Axisymmetric) todundiduiemesdgmimvaiiozduediuud
ammﬁauﬁﬂwﬂaué’aaawﬁmcﬂ'aﬁagmaaammﬁauéﬁgﬂﬁ 2.11(%) wiazyasos
Usenaudaen1antedn «  wae v Aeduneduedsad wiuiedunddudnannioues
Usznouse 6 seiutiues

u(x,y)=ay+a,x+azy

v(x,¥)=a, +asx+agy (2.10)

dmsunsdaaslguiaindid wiwudduielnde ediwudelinniae

= = [ a ' @ < 3 ' 1Y @

AUMBIUNUTENBUAIATARDABUBNANIUN 2.12(0) udaaanearUssnaumy NSATLIR

o © a Y z ﬂ! = 4 = <f

u, v wag wluflane x, y hag z  awdieu ddunisediuudauvasudafiends
Usznaume 12 Juszduanue’ wasladuneduedlsadwiuefiuudninanife

u(x,y,z)=a+a,x+azy+a,z
v(x,y,2) = as +agx +a;y +agz
w(x, y,z)=aq +appx+ay y+apz (2.11)

2.3.3.2 Waitunsnszdndmiuefuudidedou Usznaudeneiuadiva
fiflourreiy weudady weurdaes My wazmendiiiidsgentriuwiitsiy
Guegiussfudumnuiaivesofun) jUisuarsiavenefunddidousavmiloudy
waluAFuAe wiisiyareneluiiutu mmuandafiddyseniaefiuudiaion uae
Wdaunfe unugadovetefuudidourzinnnififveefuudegntes 1 gede
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faa o

aa a n. k74 o a d
Tunsdlaesdaymififer tedwudniBedovaziluiediuudiifiend
Y 1 ) 27 1 u A
Usgnaumegaraniesluegatios 1 qasie AU 2.18(n)

Y 3 S Py ° p4 a & a o w ) P

| faluilinduweatuallsadmivieduudiBdauidass (3 Iade) Tugun
2.18(n) fie

u(x) = a; +ayx+a;x’ (2.12)

= o ca o v ) < 9 [ aa o &
Fuluflenduiivszneune 3 seRutuaimua’ dvsullgmasdifediuud
d - a v o [ 2 o @/ = Q9 Qs
auwmiRentdeuiidaes wagidam glaeingui 2.18() uasileidunadualivadniu
a d a v o
iludmumeuddeuidaasde

u(x, y)=a +a;,_x+a3y+a,,,x'2 +as)qy+a,5y2
v(x, y)=ay +a8x+a9y+a10x2 +auxy+a12y2 (2.13)

Fauduileffuiivsznoudie 12 sefvdupnuad daugud 2.18(r) 1By
waAdaumumasunneidaniazidse fssnousie 10 yade waz 20 gade
mudiy dauilsiduneduaiflvavesediuudisasudouldluvusafivatufuiefimd
auwdsmddauaedia

[r————y Y

4 T
fésaas (3 gania) Maseed (6 yasia)  faeana (10 Yasie)
PV H
fdsanu (4 yaee) Adean (12 9asie)  Andsatu (20 gavie)

(n) () )]

JU# 2.18 wdudidedau () waluddaie) (1) wiuudauvien 2 38 wae
g A - e :l R o
(A) fusiananvaeunsie 3 If (v : fena yadann)

2.3.3.3 Weidunisnssdndusuaduudidedudau Hendunisnszinues

a & a @ v . v a = P ° w t Y & /-
leAunudau (Multiplex) szUsenaumeneduadivaniimasgaududeiiuilendunis
N5EIRUDUDRUUMTNEDU AT UTDUDBLUUAILADIVUIUTURAUVDIRNATINVBITEUY Y198
A %4 v 1 a & 1 dl [ w ) d' P a o/ 2/
Welinsnsednsyninvewesedudianusaiseiy Metiifvewsdwusidedudauf
A a ‘ﬁ & P o o o & a «g ni oo o v
Ao todwuddmheniiuandaguil 2.19(n) Fatuedwudiamdslunstlifiavivsznaudme
4 YAsiBNIBULN 8 FEAUTUALLES
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)
‘-
)

()
SRR
R ;:.. .

Lo
L)
5
e
Kb,

R
RO
Ay SR q(u‘ h?-q.
Q il»‘q'-\-(‘
R
‘-

N OO A
ROy

() (m)

:éﬂ

o] a o Qa a 9’ a o o
g‘d'vn 2.19 Laamuﬁﬁmaauamm (n Laamuﬁt.%mu (U) WPAURNRIADY Wag
< £ o @ o o [J
(A) toRmuAraEm (1N : fena Yadian)

& Qs a < ) QU - aa ¢l = a o =)
Wanduneduallvadmsuiodliunavdsndudauns
u(x,y)=a; +a,x+azy+a,xy
v(x,y)=as +dagx+a;y+agxy (2.14)

o a P | = 2 2 a '
wiglenwedusiieaney xy uwiuizidonveun X was y. Nmezdl wioy
[ QU d 1 d =Y 2/
xy deilimInszdntumud x uag y S udsmuadu

o v a A t=‘ a 2/ [ 7] [ A

dwivefuudamdeundsiudouiides uasidsanulugui 2.19() uaz

vy ¢ a = o v o & car aw o
() ansaunulameisituneduadivalisenaume 8 wan Mluileiduiu », 8 weu 9
o Car W a g cae @ o & ca o o o
Wuiandunu v wag 12 wien Mluiendunu « , 12 wendilurangduiu v sruaisu

[} a fa @ v v aa ) o @ =2 s a 2
mut.aamumL‘uaeuwuauﬁi‘umﬂzymmuumzLﬂumumﬂiszjﬂuaﬂwmLémt,au
i o as 1 o @ 1 o
3 YR8 NS 20 Q1) BagnNINdu 32 Rzt mugﬂw 2.20

(n () (m)

d o =y Ty a a v a o o
3U#1 2.20 ofudeiind3Tu (n) wdmundudu () wiuudidees uae
=9 o as d =y o
(M) eduudmasany (i : wena yagan)

o @

du v Y Y a 1 a o w
muflanauwdl nasdenldieduudniindegs 1du teduufniasdas

Y
Qo o/ o ¥ = 1 L] 4:‘ d’! 1 c\l < A H
AMasanuagynran1siwTzelug iy Insewizegnduiiuinniiasiinuduyes

AmNaAugs MInszaevesnuiyaglingg Jndudeudenlfiedumdiiidginse
Undsna ieananugiennvesmsduiinsadeiaey uazannatlunisduiitng 191
anazlduuudiesivludiednuduuunanssvinaeduuddafsndudulng wazieduud
Bedaurdaeduuddududounsusnaisuiy
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2.3.4 muhlugnarasuiunse

n'mLﬂiﬁvﬁﬂsgm@amLamﬂaalwlquaaLuum Qvuﬂsvawﬁmwmﬂuaammlﬂuu
*uua&mumiauumﬁanﬁumsﬂivam Wawuudiaegninizinvauafiuum < Tnovhlunaleaet
‘mem“lﬂlumaamumalv‘l%ﬂ'm'ﬁnsu'«muaam'xmu,uuma waztiteldinudiuladn fua
wiilasiatrevetudiutsieandiueinudton s NNTULE navaINITIATIEAIzfeudn
Tndvisatnlug (Converge) aasuiunse psaAilifunianssdadinsiifermuavie
msmmﬂuwxmu

2341 ﬁqﬂ‘dumsni"ﬁma"maaLﬂuﬁan‘uumatuaama‘lumatuum waens
ﬂsufom“mﬁwauLaaL:uumma'ivwmﬁmma‘uaaLaamumwmnu%mammm'\nu %ﬂﬂx‘iﬂ‘(ju
waauaLuﬂm%ﬂuﬁdﬂ‘vuﬁwmmLuaqmeflut,aaLuummwmaami AMSUAIURNBVDY
ﬁ')‘u’ﬂ’d@ﬂﬂﬂ@ mins"ﬁm‘umLaamuwaEmmﬂuﬂumaa‘lumaqmmia%aunu #3BN1INTLAN
'izm'maamu@ﬂummumﬂu

8/

2342 fefdumanszinerdasiiveniilidinsnse favesTnquinie

(R|g|d Body DlSplacement) yaeRiuuAegneiu msnszdavasinguinnisaniiums

sedludnuaenisinaeuiidudunss (Translation) Wianswmu (Rotation) ) il lunsdives

ﬂtgmumﬂm waeiltitunisnseimdeuagluguvesweiiueilva wu aums (2.9) il
mmsnszdavesinguianieife a (Hudu

2343 Waﬁ%’umiﬂi ¥nqednilivenilymanuaionadi (Constant

Strain States) Y84LOANUAGIY Fitwsrhdisuaudiundelassaioesnduiodiuiud

WBnuINe Ausaaasenaeadilndand warlunsduesligmassiif RGHEIN

ﬁqmmﬂ'liﬂszaml,ﬂuﬁqﬂﬁuuwaauamaammumi (2.10) ineufazliALLaSEn &, &

Aafifiie maumauﬂasﬁmmﬂu a, Wag ag NG

‘Lunizﬁﬁﬁaﬁ*ﬁ’umsniv{fmaaLaal,uuﬁvﬂu‘l.ﬂmm%'aﬁmum 23.4.1 +313%
Liam'u,aamuwvmﬂulﬂmaLaamumwaqsaaﬂu (Compatible %38 Conforming Elements)
muﬁaﬂ%umiﬂiuﬁ)maaLaamummﬂu'lﬂmmamwuﬂ 23.4.2 uay 2.3.4.3 13un31 0B
‘Ui‘gﬁiu (Complete)

EAd e unInTe Sanaints (2.9) (2.10) wae (2.11) Tiaswilynives
violaneMISULIImaLIRNY ﬂmmmmmiam"mu wazdgmnistanguauia mumﬁm
Iﬂsmmavaun'ﬁumam'mw u,a“mauwuaumaiwaﬂma ammiwaauamﬂammm“
Lﬂu‘l.ﬂmmamwuﬂmmmaﬂa wadhuld LLazUi*U'sm (Compatible wag Complete)

Tuneu e Msaseilasiamiotudiu Wy mu wilave uasusiulavesls
WeeiElnludeaunsidu 'LumamasnﬂﬁlwaumiwaauaLuﬂamulﬂmmammﬂ 23.4.1
wag 2.3.4.2 agelsfiany nnmamsaneiuandiduifliddumanss s¥ndulunnnane
dovla 2.3.4.3 aunalinanasuiunsdde uas siastunsnssdafidiulunuderivun 2.3.4.2
way 2.3.43 (nenuantade 23.4.1) ) Aneuldfuialy ﬂamﬂwmaqﬂ'mml,mum'iqmawau
10 uaslirntesnitAusiunssianguliunans wayiey Taeinly wiwudiileueauid
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AsuanusEnsaglirwaassindewiuasueane vienandnifeniaiAetiavguliies
158UV mmuaqmmnwaulwmﬂwmﬁansuusﬂsw (Constrained by the Shape
Function) vlfiansudrs e duudiiiuty

o 1 & U L= (3 1 d A ) ) é !
megmavmitndudssnamelueiuudglsndmastegshouuuagassluiu
Y <

Jeuu Muandlugui 2.21

4: (;,,y.,) 3: (y3)
b
9
1: (::}’1) 2: ()
A\ ~ i

d a A d ] ) 1 : ld °
Ul 2.21 wAnAMRENEheULETada (17 quna 1ged)

a aw <l v 1Y)
Tnoisunnauuddnwaiznisnsyansvesnaasuugudinasalviogludnuasvas
WWaufug (Bilinear) Tugduuustail

¢(x,y)= Ax+By+Cxy+D (2.15)

T U o d! v 4 d U
lawen 4, B, C way D femassidaniaaindauleiiin

x=x,y=x3: (0. 0n)=4=4x%+By +Cxy +D
X=X Y=V, ¢(x2aJ’2)=¢2=Ax2+BJ’2+szJ’2+D
X=X, Y=V ¢(x3,y3)=¢3=Ax3+By3+Cx3y3+D
X=X, y=Yy: 0%, 5,) =0 = A%, + By, +Cx,y, + D

whaumsmat 4, B, € way D awlan

A=¢2—¢1 ; B___¢4‘¢1 - C=¢1—¢2+¢3_¢4 Lag D=¢1
a b ab

s YR 7] o I
wumnaustntUTuaunish (2.15) aela

R !

¢(x,y) =N, (%7)4,+N, (x,y)¢2 +N; (x,y)¢3 +N,(x,y)4 (2.16)

aunsi (2.16) Weuliegluguumindaslaon
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4
b(x)=[N (%) Ny(%y) Ny(xy) Ny(xy)] Z2 (2.17)
3
o)
o N,, i =1,.,4 fis fariduguin (Shape Function)

o [y ey ) ' a ¢l o | a '3 aa aI o
diglaaidugusnvesusaziofuuiilsfiosms Wy lefundaedifiuuuilvun vie
a [ aa d 1 o o & =1 & ] o e v
audauituuuuualnun dwdazalinveediuudfaziifliiduuinidiueenly
73 g © a 7] 1 1 a =3 4
nd Nt fanusavinsanuRdnuarnmInsenedivesarieg Tuednudlufianiaiem
L% 1 1 Ll A o = - VY -4
aula Megradu anadeuiiluaudrvesueduudaudifuuueunlvunlanad

(N(x,y,2)|[ u
| axs) [l@xD

e [ N(x,7,2)] {( v }

u(x,y,z)=

| ax8) e
_rN(x,y,z) w
MEXD= 1k8) [|@xD)

2.3.5  A1SAIMUAAINEIRUSSEUI1eAMIATEANUNITATEIR LasAMAUAY
AUATEA

dwmsumamaunmstiludiediuudvsiudasiediuunlulaseaiie sududesond
AU LTS MINANUASEANUNITNTZIN WAYAINFUNUSIENINANUAUNUAIILATEA
Tunsdlmmedesluiurszutu Taunsmnaaioasumsnsedadiusl

£, oulox
e=ds, b=y  oviey (2.18)
e, | loulay+ovion
visodeulniladu
£=Bd (2.19)

o & & al
e € flg nnmeasaaIen
’N o e t v o YRR Y
B fe wrsngmduiudserninennudy waznisinasuiibaainiendu

Uszununis
a4 & [} 4 1
d fie nnwasn1ansziniyase

Tunsdivesmnuduiuanuaoalusmnssulivguijvesgnd (Hooke’s Law) 3la
ANNEUTUS TENTRAILAULAZALATEARD
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o-x 8x
o, 1=Dy¢&, 589 o=D¢ (2.20)
Ox €71
uvuAauns (2.19) aslu (2.20) lé
o =DBd . (2.21)

o & 13 v
We o A LNWBIAIINAY
D i wadndanudaney (Elasticity Matrix) awnsaduinldainamaudi
vasTanuaefiuug awnsafiansanta 2 asdife anudulukussuiuduaueiealuwun
FEUY

2.3.6 MSRUUAINTAMUUI (Stiffness Matrix) uazaun1svaLafILUf

aansaneindauuieesediwud Tagerdondnniswasnudndsaudign 21n
U % \ 1/ a s s Qs A
aunINEsUAng z, frwihiusaswemauuaueien U fundsudndilasninuss
< @
MEUBAYINULLBIIINUIINIBUBN W fedanIs (2.22)

=U+W (2.22)
AUNMINFIIUAINATYA (Strain Energy) vauadiuudlag Ao -

=%gj‘sTon (2.23)

o a P ' i
e 2 fs USuasuausdudd i wiusauns (2.19) way (2.21) asluaunisi
(2.23) wagiasanlumsuiinsiuaslein

]y S
Uy =-d H B DBdQ |d (2.24)
o ]
UUBIIMNLIINEUDNAR

W,=—d f (2.25)

'JﬂLG\E]iﬂ'ﬁ‘U‘ilﬂ‘Vl'\]ﬂW@‘UE]\‘iLaaLNuGﬂ‘UWﬂﬂTJEJ

<
A
o stwmwnizmuul,aamumﬁma&m

d
7

FatiundufngTINTesazio AuANaNNTT (2.22) Ao
j j j B DBdQ|d (d f) (2.26)

AU 4 1 o U/ ) g U %4
lunsdlnfansgludi@indrinniudangu mnsedauazauaseniininiosuasy
Tudusgluanmzausa ndsudndsmvesszuvasiidwign ngld Vr,
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_—T — — —_— —
vr,|;=|[[B DBdd-7 =0 (2.27)
o)
a3 (2.27) Sagulnald
1 B DBiQd =T (2.28)
Qi
%30 kd=f (2.29)

auns (2.29) Asaunsennavasussluvenraunindauute

$ 1 - —T —_— a a < o A o
e k= I I j. B’ DBAQ e wasndganuudsreedinudiuninnsiy wavlunsaleduund
Qi

< a =
ATILNALN t AT LIASNTANLDNYB LD RIUARD

k=1 HET DBdA (2.30)
4

i ! J [ 1 a s o e v a o 4
Tunsdinndegninmuadunidlnefifaamizd Fududostanisnowzilteglumeuues
a = v
ity Feenunsoudasialngldaunts (2.31)

d=Td, f=Tf wae k=T &T (2.31)

o & a e 2 o
® mmﬂwﬂaawmLawwﬁ"lvrag'lumamaqw AU

o b= a s A
Q] LumsnsﬁmmuﬁwaaLaamum”luwnmam:m

o)

T
k

Db

° <
2.3.7 MIREUNIIFAIUVDITUY waznIsiuunusULlIAEaUlY

aun19neIsruulaTad e usamlien n1sTNaun S YB ARz ALIUALN
fefumgisdouity (Superposition Method) w3atsenitadiniualnense (Direct Stiffness
Method) Tasenffemdnnsaunaueduseiigariaveaediuud wazausailowaslasaine v
Tramnsamafivuassndsnluiifnsuvessyudldsiine

Ng _
K=Yk (2.32)
1

s

fuiussamaumsaugavessslumaniiias etz uulasil
F=Kd : (2.33)

P ¢ o 1.
F #9 (naafueduiiuadseuuigae
K fg afiudiunsndsiuuedssuy

A L=y Ty 3 . . £ © ¥
Wosmnamdnd X Tusunis (2.33) Wumdndieng u (Singular Matrix) e 1ududes
) o pin o § ' 2 A o 9§ W a
andsreunideuly (Boundary Condition) vi3eauladus Wugada thedievinliunind K
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] a .Y s:‘ 3 ¥V a
Liiduaun3ndiongiu waganIamnInIEdnnyadald Aersuimuaun1ssINvessEUY
I o 1Y ’
Tasease waztaulvvaunlanuaunis (2.34)

K K d F
Kia Koy || 9p F,
nszawauns (2.34) Téwail
Kod, +K,,d, = F, (2.35)
da =K¢;al(Fa —Kabdb) (236)
Kpadog +Kppdy = F), : (2.37)

4 = ¢ o ° o | |
e F,uas Fj Ao LINABILTINMBUBNTININTEYN tl Yadafingiu wazlivsiuan
AUEU d, wae dp Ae nwesnIsnsEdniivsIuat walinsiuan audisu Seuseuaznng
o o ] n’l’ [~ P PRy 1 a o (4 < a a '3
nszdnivsuall aslueulvvauaiidasnis duainwawnindssduaiviuaunsnd
° 1 ) ° ) a4 ' @ 2
ATUAMNUIYDINTTATEN  LAZAIUNUIVOIUTY WIBNTIWABLINABSN1TNTETALAT 157
ANTNMANANIIAUTEUTY 03, UAZATUIATEATIUTY Ty Vadudazgauulasaslalaely
AuduRusTuaunis (2.21)

2.3.8 ayudunsuinluvasmauitaminedSivludiofiuud

23.8.1 maudsdiefiuuduazivuaeduud (luduneuwisvauien
susretiymesniduefiuns seuwsvedlymeraluveustiymaiiafieg wu dgym
- ' o Y o Y o o X %3
AuBAnEuYaUTe (Elastic Problem) Ugiminisidesy uagaiusuiiiaduluvesuds
Uywgamgiinasaimiau (Thermal Problem) widelgywinislva (Fluid Problem) w3
1 < ' kY o 9 o & a sa (] = v
viasulymvategueuusauiy isliuvuisesiwludiofuudiisus1afiaenndes
(2 1 a A a < ] v v v (=3 o !
fureuaguirufunniign vinamesuwafiiludulftwoddefuudifiauiadnnda
a o4 yv v o a = = !
UvInuau yenanilddesArdaiauTiauninisldsuudasresaniizuin gy n1g
< a v [ LN g."l a |
Waguuwlawerudu aruaien gamgl desivunliuiiaiuiiiefuudidvuiadn
° J L=y « j
uaduIINATIUEIMEY

2382 madenflanduussinunigluediuud (Element Interpolation
Functions) Wunsimunilaifuvssriilaiirfiinunueaduus (Nodal Unknowns) ffl
Tnunfioaidudvesnisnssdn viegamail vidoduq Tuiudnuusvestigm wariBnisai
aunsvesafiuud msdenilandunisussnumelueiuudusdosaonndesiuinnugade
yoaodund wasvhlawaeiinudadlosfineluedund uaswuusaowesszuusu

2383 asnmunuauTAvestan iunsimuneuantivesfagiieg
aelureuivavesiiymisdesaenafosiunuantivestaniiinfuaieneldaniizuns
Payuiiug dnduiaegludidarafin aruduiussenineudy uasanuesonay
Julvsunguegnad  drTagedludiwmaradinuaziianisirliudedisanuaien
anudiiusornegluguvesaunismaviliudsemuaion (Power Law)
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2384 msadnaunsvesediuus (Element Equations) Wutusaunism
aunIveReaud ansavnlavaeds aedl

n) 38lnense (Direct Approach) l¥ninnsaunavesssuulaegnss
W nENNITENNBYBILTY ViBauRa M miauY

%) 35uUssiu (Variational Method) l4ndnn1svetaiu uagniany
Wy ndnnsvemdsudndiaadmivigwiludidangu vievdnmivessualiou

A) Fnsaaimniayand (Method of Weighted Residuals) 14
advaumavesedundlasnachaiminiawandenaaaagivinfugudfeiEae dun
| msdadiumisga (Point Collocation) Msdalatuges (Subdomain Collocation) 35nuaes
Au (Galerkin) waidSindsaastiosan (Leas Squares)

2385  AISMEANNITIINVELITUU (Global Equations) wagA1sitvum
o Py, & ° ] a (3 [ 3 2
tiaulvveu (Boundary Conditions) tun15inaun1svauaagiefiuunindsznaunu il
ez UUaNN1IYeI TR TE UUTY miteimuadeulavsuvastymasluszuvaunis

2386 MImAmeUYesTTULaNms Wunsufszuvauntafildiieneid
wUsTlvun

2387 mImemeuduifenimsv WunisuAduiidoinimay
Wiy Tnewildanadaudsiiuadmsuaui

2.3.9 UgymanuAuszuny ANUAULATEN LazaulIRTIa LAY

Hamanufidunensdaunsoiausfiguunadsznis vbdanansauidymdananld
2 a € o aSa b= o oo © o/ o o
sensldeduudeinaedifunuieduudviinanfia Fldiarlunisdninanas Taed
mugndewewanasdiaglussiuiseniuld

ot o

2.39.1 Yymnnuduszuiu fe dymiididnuasiluwiuue uazusanie
AIgnIeyeglusEnURL U TEUTUYBIHNLI ﬂwmanwmuumm’mmu’lumﬂmqm’m
*wumaamnmamwﬂummmuiuumau “I.umimmmmmmmmammm‘lwmmmu’lu
wuIATYIAUAUE muﬂm’lugﬂ‘w 2.22 Wullgmeanuduluszuiu XY 1eaainay
iuluuwauny Z daduuummmundiswiivgud

I

ED"\
o

sﬂvn 2.22 JgmAnuAuIEuIY (- alah lial @
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239.2 YgymarueSeaszuu fo dymiddnvusdividaladamugn
1 uazisvdenisznssvhmauuaifmdndlinfeuutas Seildanuesesluunant
fiddesun Waisufuaueadealusundy lunsduafeanunsadsauuigiuls
anuaealuiwemdnyiiugud fuandugud 2.23 dudgmannuadealussuiu XY
\esnnmedeatusuinny Z Suthunadndmvinfueud

s a el

=t <l £ £
Uit 2.23 Ugymeselenszunu (i« adan gllaian)

, i y
2.3.9.3 Ygyweamanasseuwnu fe Jymndigunisaunng uasusavianse
° L4 o 1 a
nszviuuvanIasseusnuBeaiu lildialinsaeuudasiuuuiseuunususias (6)
o al
ANgUN 2.24

2.3.10 mswmszilnludiednuduuulai@adu
a o a/ dl vV a o/ ' 1 a L7 -3 U a’ Y n’l’
Yaduddyineliifindnunsilddududmiussuuniey Sfsieluil
23101 anwariibideduniasuiade (Geometrical Nonlinearities) Tu
= (=3 LY d L a L7 -4 % o @ Qs § 1 a 2/ a du
asiaeldludefiuudludnuvaeilidudul Jadeddgresdnvuziilidaduinty
4 o e ; & o qd  do
INWAYBINSIARBUATLIULTA (Large Displacements) vauiiladan n1siadaundwIuIn

2{' ar ' dy o ¥ o : P i o W a b= a = =
yeutipTanwarlvliianisuasuulatedsdAglusuada Aeianisdegudasnse
Dunaliiaainnsmevaustegliidadu

2.3.10.2 é’nwmuﬁlﬁ@uﬁumaﬁm (Material Nonlinearities) taduddydn
Uszmavilevesdnuaeilaiifady ummmmmnmmauwuauvu‘tmmLauivmwmmmu
HAZAULATEA msmnua‘luwmnvxawﬂmauumnmnmaﬂ ‘U%&mwmammmﬂumm‘lw



30

Fagorafinuaniiludnuaesilidudu anuudsiluvewnnuduiussznisnnudy uas
o o . .
aaseavasianiusnglutiymnadeguiuuans (Plasticty)

23103  Anwueildiduduvesnisdudaiy (Contact or Bondary
Nonlinearities) Yayvnuesdnuaeilidaduriafirwmisdotusssuudiuaeulvluans
gaunvedlasEniifderiunsinrefludnsewiviiinmedeulm aaunsaliduil
wulunshinseitygmisesmsdudiatu Tassadeiidrdaveualy mefntuvesituiles
Pamlumauszney mudniusdnunzgnld wasussdavesingaineg Wudedannned
FasmsnsUsediumarveusuniifnseiu nemavesveueaiidudaiufy Wy u du
videiuin) aunsomilalaenmsléduiinanelusswivdufiogiatusuveuauiio

2.4 msdwnseidguimsnssunn

Tuszuuiiinisindousiaupsndunszunn (Shock Wave Propagation) v el
oAuufAfSufugaq selifanaitn uindusetildiadasunausndy fdunsidentd
sUsuuveuUhaesdslimuddigun JUuuuTisensufulumsaduuusasve v i
Sunilefe wuuansud (Lagrangian) Tnslumsisnsan ffunmasinnmeyandandoud
Tugsumisineg Tuasneg fagud 2.25 TngliBiadnfushumis Smiusyaalaq dumis
voufufitusgiunmmeldannzveuadeulasiie

X5 A et
3 fraction

Relercnce ,
Current

By

g YA ) T X
\/A sho \ Displacement
- . boundary:

Os condition 3by

o = o €
Ul 2.25 szuuvesvawdauumngud (i : vieddy wewne)

Fauvsmadeglaranumndeuldlaedndaiuandus (Initial Configuration: X) ladeil

% =1, (X,,0) (2.38)

D

P v v a @ I oa v .. . P 1 s
amiie t sefeedinisetedeludiansusdu (Initial Configuration: X) taue lagfitiavindu
| a v e vee
Aud WaulmSudu (nitial Conditions) fe

v



31

x(X,0)=X, (2.39)
% (X 2,0)=V;(X,) (2.40)

& 2 a w
V; ag AULITURAU

v

dmiuszuuvesveudeiy aunmdnildde aunishusudy Sesuuuudal

o5 +P N =p-Xi (2.41)

¥

v v o o . 1
Tnesedasaanndasnutauluraunniu Traction (t) Al

oyn; =1;(1) ' (2.42)

i &b, Woulwveuwndiy Displacement (D) g
X (X,,0)=D;(®) (2.43)

= o v Y S
WAL N by Houlyvauwmaiu Contact Discontinuity Ao

(0-!:; —o'!.,_. i ={ B . (244)
oy D ANIAUITY
o F9 ANUBUILUY
£ fe uswentasumiin
¥ A9 A9
=3 o @ a &
i Ao eneed &b, lUdweuavatofiug

A o

o o . A WG g < 2

aunsnaniilu Differential Equations na1il Suludesgniudsulvieslugu Weak Form
Al

57z=jp-xi&idw[a,j&,.,jdv—fp-ﬁ&xldv— [t:60ds=0 (2.45)

b1

& Y & a a @ 4 @ < .
Fadundnnisvesnude nasiuvsduiiinnustnteeniviuvIendsnulasugy
melugauyiiuaud Fedimisrdeiuna uagdumisisil

k =
X (X g ) =X, (X (&m0 0) =D ¢, m. O] (O) (2.46)
j=1

e
¢ o fritunsusanuneluedunduesifnssund & m, ©)
kAo Inuvedlnum _
x' fin Aiavadlnua j lufiems i

L 4

o o a 6‘5 a s v 4 &’
RBINITIDRUUATRIVAA 7 BAUAKAT d@nsaUseanamvasny (67) Ioinadl

or=Y om, =0 (2.47)

m=1
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¥

ausndieuluguamindladd

j oNT Nadv + j BT odv— j oNT by — jNTtds =0 (2.48)

m=i {ym obl

Tae N Wussnduszanumeluveediumud

2
Yo A

NENNT (2.47) snsadisunnmesanudy o lesl
{O'xr,o' O'zzao' 3032, 0 } (2.49)
B Aawmsndauduiudssuinemunaien wasTzeenszdn du a Wunnmeiniused
Tvum
(56'1, iz,f:; )T = N(axl,ayl,..., ayk,zk )T(= Na (250)
& ¢ o a % v o W & « o a prs
b Wunnwesrewsiitfinnntmdndsiues sas t lunneesveansitinannisae
T
b=(fe: 1) 12) . (2.51)
t=(t,,t,,t,)7 (2.52)
x? y’ t; .
o P / waal a @ 2/ .. .
msudtgmmanseunnfinnuiageeliisnsduiinsauuudaudslaenss (Explicit Direct
g a U A 1 ¥ A
Integration) - luntsAraunIsvasnIsauganainnatnieg lunisuntyminisnisunad
4 & & adda Y o o -1
mndage Fududsnlinsweniuiulaealy dsduuussd

MD, +CD, +KD, = R (2.53)

Ao WesndunaradlATIEs N

Ao NNwasIzeLnTan

Ao asngUaIRIvUIg

A wnSngaNULTLnSwedlasIasaa
ex[ A [ 3

R™ A9 1INM3a9tanigusn

N QDR

dwdu D nnwedauitt waz D nnmesanusaiuisambaatnineesseesnsyin D
Wiguiunan
Falun19denldisdufiinsawuudaudalaense dussditugrunianiduadeduiiiesuuy
) . o | var &
flanas (Central Difference) laiivian 7, AT LARadl

b, =M"1.(R™ -CD, -KD,) (2.54)

at

=l vo &
YWIR Lyt 12 W]ﬂ'ﬂiJL“i’J‘Vi'l‘lﬂ U

Dn+1/2 = Dn—l/Z +Dn -At,, (2.55)

Tneh

(Atn +A1 n+l )

Atyrsy = > (2.56)
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mwunannqmvwae\amﬂeﬁmw (Stability) ‘UEN’Jﬁ@‘u‘VlLﬂiﬂLLUU‘UﬂLL'iNT,ﬂEJWN AENIAD 6ll‘L!
nmuu '«Jumawﬂ"muaan's'l‘nul,'am'mqmamamn

~t ° = Vs ' ] ' ' 4
m'mLanai*uadnssmumimuamuagﬂumiu,mL’;maamﬂumwaﬂ6] Faduluau
audiuddelui

At == (2.57)

[ {9 AUENTB D RIUA
= - . . [ 1'%
¢ A mndawes Wave Propagation ansasiuagilaan

c= ( 39 ¢ A+ 2‘” (2.58)

(1 + V)(l 2v)

E
2(1+v)

ﬂ:

' =
A uay u fo AR Lame

2.5 nzlnandsey (Skull)

nelvandswe fe lasinszandsesuagluvi ‘J’Jﬁ,m\‘iﬂ‘i“’ﬂﬂ‘lﬂﬂi’ﬂﬂia’lﬁ (Mandible)
miﬂsen‘svﬂﬂmaqﬂw“uavlwu'ﬂmqm’lnsﬂmmqLi&m Cranium (agih q Wenadinsld
Skull wiu Cranium 18 nelwanfsususznaumienszgn 22 u ﬂivmnmﬂﬁlﬂsamﬂun
sugnuedlunth duen u,avuj‘uﬂ‘s ﬂmjummmﬂaau‘lmlm {pe Mandible uaﬂﬂmﬂumu
Jman (Base of Skutl) mwammsan'n Temporomandibular Joint muﬂivmnan 21 ‘ziu
ﬁ)vwaumaﬂuamauuwmmwamawﬁamﬂ Sutures Aadiudesiafindoulmlald LLﬁuEHﬂ‘V]
f\mwﬂnimﬂmmuaanmﬂﬂu suture wWiuladelunsinandsee wammwuuma wriiled
awmmunizmn‘waa’lﬂaﬁmﬂuavmaumnu way Suture wtfsumely esnifa
Synostosns yenMniuruiiTINeINTEaNY qmmmi'ﬂmLﬂunizmﬂmaanv‘[maﬂﬂwwma
“U\'iﬂiuﬂﬂ'ﬂ‘uil 3 ¢ Lefurl nszgn Malleus (2), Incus (2) uaz Stapes @) maameﬂuwunmq
Tunszanesiu (Temporal Bone) m‘lwnviwaﬂﬁwvﬂi“ﬂa‘umﬂnivﬂﬂ‘wwm 28 Fu (93l
nszany) (WiTt 001a3gy)



temporal bone, squamus part coronal suture

superior temporal line

hferia‘ci' i;;mrai - frontal bone

parietal bone

squamosal temporal line

suture

accipital bane facrimal
bone

tambdoid suture #-sphenoid bore

external acoustic nasal spine

meatus ' ‘ maxilia

mastoid process

condyle ramuys

zygomatic process mandible

zygomatic bone

d ca d
Jun 2.26 mMedniaransveinslvan (M : Data Face)
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nszﬂnﬂaaﬂﬂwanmswﬂiunavnu‘uuaauimﬂwsaﬂ vinanaunlng (Cranial Cavity)
Faflawoq Weruauas uazvaenidonyssgeg uanmnunsvﬂmjaaniuanﬁsmmaamau
Tnssvuiman Toua nsaayn, Insam uamﬂuwaamﬁaﬂwwhn uanmﬂuma'lunivmmm
nelvanfiswe ety Wy nsxmnmuumﬁiwsqtaﬂq YDV (wuunmq uaumu‘lu wazlunszgn

VRN NSZRNEYINDEA NITANYINTTINTUL NTEgNavluaen dinssenieey

o du Wvoe w
nelvandsuy Wulasansvgnidalidmsy

1 o o o v o [ ¥
f. Lﬂunaaammwﬁqauaq LLaxmwmwﬂamuauama

9. Wulwssdwiuloiu uazsesiueiviziumndnfiaenag laun nsuesiu

M3LAPY NSNS NISANNAY waznISTUTd
A, HYIMNAMSUITUN I UYI9INIA LaLe IS
1. iy wazansstnsdmivuafe181115

2.5.1 nszgnuadnzluan (Skull Bones)

P u

PR & a
ﬂ‘iz@lﬂ"ua\jﬂziﬂaﬂlwmiaﬂuﬂ LLaSLUUﬂiﬁz’QﬂﬁULﬂUQ 9N

=D

25.1.1 ﬂ?“ﬂﬂﬂﬂﬂaﬂLU‘Uﬂ Toun nsvﬂnmwuau ﬂiuﬂﬂ?JlI‘U ﬂ'i'”ﬂﬂi‘vmﬂ
wny ﬂi"ﬂﬂ‘lﬂﬂiﬂﬂiuu NIEANIN ﬂi&’ﬂﬂLLE)\‘iiN‘U’WY] ﬂi”ﬂﬂﬂﬂﬂaﬂ‘uadﬂi"ﬂﬂ%ua’lﬂ Lhae

nIzgnwAILUIN

25.1.2 nszgnnelvaniAed laun niggnyineves nsranaiueed nIzgn

WIHIN NSEQNeNIBYS nszgnlaes waznszaANINTIlNTaN
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nelvandswe wutesanidu 2 du fs

n. dhunIuUlaEAUVae (Posterosuperior Part) (3831 Cranial Skeleton (nszan
Viusevaned nglvandsuzaiuuy ndasaued) agdeuseu uazllaaiueaues

nzgnYiNanes daviun 8 Tu UsznaunsegnTulfiel fe nsegnulikin nszanving
4 A b 4 U U ]
Viey NigQniavNeER uaznszanaiiuesd diunsegniliugliun nszgnudu uaznszgnuien

| by ‘ . , 1 o v o

9. gt wagauas (Anteroinferior Part) 3enin lasansegnlumil v

Joaiu uagsesium matwasszuumela wagssuumaiuewns Tngduiusiulnsm,
Insaayn uaglwsaln

nsggnlunii (Facial Bone) Usenaululassainvaslunii (Face) Tunglvanniy
sumih linsgagludenglnanfsueaiuuy ivnua 14 Ju Ysgneumensegniuiieafe
{ 0’5 A 1 k' U
nszgnuInTslnsan wagnsegnluues wentudunszandidug laun nszgnuinsslasuy
nssnlyunLil NIEANIYN NTZYNUENRILIAT NTEANAUNDEVBINTEANTUEN UALNTEAN
walhn nsegnyienn wagnsegnievueed Fuludwunsivandsvediuvy witiday
nageInddluntiieag
v o  w o v W @ 2, vA ad o ad e ‘ &
nsggnlumivihviintasiue etz Furuddnudng fegiwi Wu a yn uasdy
v o e o v & ! v & & v & o v
nszgnuaslunihdudumnzvesnaile Wy ndwilouaren ndudiouansdnin way
v ¥ o4 2 ar A & 1 1
nanileAgaidestiunisiafoulmyesn uenaniinszgnuinssingdn uaznszanvinssing
= O | o - 2 o a o o v »
vy finsggndiubuvenitnily Juludeniindwiviu lnelibedaitull nszgnvedlumiy
o Qs u b ‘é’ d A % d! U £ 1
Faduiusiiuiiioidageul Fezuansdnuwaelunmineusazynns

2.5.2 Taseasevanslvan

nsggnuesnzivan Usznausienszgnyuniiiu (Compact Bone) Agstu fuuan uaz
fulu (Outer Table wae Inner Table) sewieduasnfunsyaniiiirrameu Sundt lalna
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hour with a force averaging side from the point of impact. and nerve damage.
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eAsudngn o niinuautideuiauneruasuaninieanmsdudatuiey
UsznaufiuansusiminUssmiitmmumuutiudeudnsissfeifendalutuminmugues
OHE

%) asuszinvildne Wuansudwdniifdtuim dnuaifreudns
mumusiansideadveshsiu Snfidulumaaioviafiunanndlifeuannsodis
Foyaldindnmusimaniléanedauiiaiadug asuivdnssamidinemiunann

2.83.2 alufanewes (Spindle Motor) viieuaimaivyuamuuilvan (U
uewasildmuresuiuwimandidaud Ayegwunndenunialuniseuvesaniadad
Lwiﬁs‘&“}auama%mg‘uﬁfaﬁqdﬁuﬁaswuﬁagaﬁﬁaqmsﬁa%uﬁum Farrudidinamiltimie
Jusausaundl (Revolutions per Minute w38 RPM) dlugninfanguinisgnyudae
AMISILAEY 3,600 saURBUT sauWaundu 5,400 sauseufinas 7,200 seusiaun? uag
Yagtumyuldisatia 10,000 soUsiBUI nﬁﬁ’wmlﬁm%mc?mﬁwum%mvlé’ﬂivam%mwm%u
wszdinglvl Sector mmswauaa“aﬂmuummwunummuwwu Wilinsfunvgudaya
1¢1Li’J°ZJu Uiva‘wﬁmwmu LWi%arﬂVN Access Time W8y Latency Time

2833 \gnauAnuadeuud (Head Stack Assembty, HSA) w3eyavieny
waumauamu.am’tusﬂw 2.44 Ysenaunie

n) leANNUoALDEILLUR (Head Gimbal Assembly, HGA) #3awau
| 2/ & [ 1 = £ %4 al [ P=] o gt o
Weudaya Lﬂumuﬁ%‘lumsa'm/mauma;ga Tuumdnuazilnududaudadistaune melu
U 1 ) ' 2 =3 é’ A -4 & r-%
wiswiidnvasliuveaa lnglunsén/deudeyainiuiionsulniameivesainfan
Yo o @ el ' 'Y o o & av vaes Y 1Y)
lafuedaanleadviinisgu/deudeya aziadanlasunsvandunsasulwid i
v ° 8 ¥V a P ° i v ' o { a $
ﬁaumgsuﬂamm"lwmtmmumuﬂmﬂﬁau‘lﬂiﬂai'lwmmiu,umﬁﬂwmwuuwuﬂaﬁ EREN
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sUuuvraamstuiindoyaluiiga wialuladveanisew/idouil Fonit MR (Magnical
Recorder) lastatwasisuidiuansfisstiuasnssviunandnduduifioatunisude
LilasTusiwaiged Feudadududnuiidnwasiiniududeuinn wsaﬁﬁuaeiﬁ'mwﬂiuia“lu
mswamnJuaauvw:”mmwmuu,a.,wawauauumuuuman‘[ﬂama uAsranyegniie Iy
uuman'lus"a“'lnamﬂﬂiumm 512 Tailasin winfules Suruveshisulugninnaddamil
f\)wuuaanummwamwumuwman Iﬂwuqmwmmuuumanavmawmmummu 194
GHG) msmﬂafﬁ,mamu‘lwcuwuumumuumwanmu.m 1 - 4 uiuAaeiiurusudaud 2 - 8
e u,a~LUul‘lJ‘lmﬂumsmanwmmﬂ‘lwmawumuqummu‘lmmnm 20 m ANBULAE
L°uawuauaawumuuumanmﬂwannﬁmquvguuman‘mﬁw mwnﬂimumsmuma
wsuﬁauaavmwamuamammwuuvammiawmﬁvmawaualm

(n)
Suspension + Flex Ciruit ,/Sllder
Root Arm \":
AT
Arm Pad

Coil Circuit Board

()

= 1 v o & 1 i i
JUN 2.44 (n) Mwanees MIUTEIULIL Uae (V) BUUTTNOUANY 18I HSA
4 ° . .
(M : guwa U159 uag Mediathailand)

| v 5 d CY} 1 o = v -
- miwﬂwauawnﬂiawmammmiwawanaazuﬂsvualwﬁﬁ]au
iuduvewamaiivarewisy WﬂmuamﬂaauamuvLﬂuuumanlﬂﬁ'mmn wazazly
mumm‘[wmsu,uman‘uumutmmanunﬁimLimwmmmmsﬂunwawauammms‘uuwn
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- nMseudeyavesiisuslululumenduiu fis vemazeyly
Al = =3 a A ° 1 ﬂ" A A 1
anmeilifinszualih Jufanswdenhannszualihgeun Yuiiveain Fadrwenssua
o v 4 v o 4 v ' o
nenldll Aedeyanguldanauwimaniues
WanuUUDaLALYIUE (Head Gimbal Assembly, HGA) fidauysznougesnsil

b
A !

< . da o a ) v o 1

- dlawmes (Sliden) \Uududniivhew/ deuiineg ivtnie/

Weuteyaasuudan
- Famudu (syuuiuaziiiou) Sauuans199s (Suspension + Flex
< " & 1 da o ¢ v ¢ o o] ' a Y O @
Circuit) (Wudwndaivalawmeiinelalawmesaunsainiounasseguudanls lasviada
wudulIzUsznaumenaludiufie lwaiwan (Base Plate) 98wy (Hinge) uazlvaniy (Load

o =
Beam) sigun 2.45

baseplate

load beam

4 1 U o = ° s
JU# 2.45 dautssnpuvesdamudu (M : quna U1593d)

%) @uysznausau (Overmold Assembly) funaan (Coil) tud?lu
nszualiidwnudteritli HsA wasuiils lnglunisvinussiiuawesanaindss (Voice
Coil Motor, VCM) U£nuuaaInsuuy wasfuasneiunain denseualuiilvaniu
samsluUsudLLimEN RN T8y sxiiusuintuvilid HoA deufils

M) AUt daunyu (Arm Actuator) v uswnunuNameasluns
eunywhswluidwnitimnzaudwiunisew/dsuteya Taeflevlnsaaes vt
waddiinenaeufiames sntufideuheludisundeideinsitesuviodeu
deya Lwieiamamﬂi‘jmama%‘lo’w’gﬂLmuﬁaa‘u;ﬂaimﬁmﬁmwsm‘hmulﬁﬁa LazuUugINI
awldaemas

3) \d (Case) fidnwusilundesdvdsuldussynalneinag Tunis
; L a € a - a < ' i < Y o a
wyu-sumeluusiufan Undieaiiazgnlantinagrmuiuiu wedssiumundemeniiaain
nsvduduwarleanuluazess

q) n3848101A (Air Filter) neluaniadanlailailugmyayinie g

1) v v Y] v ' ' & dd

RIS Lwswwumaqmimmﬂ'lums&mmmu’lmaaaagmﬁamuLLumﬁﬂlé‘lwawwuww
s ' @ - o P od o aal

ANMZLIPUINALANEANNY Haannenimszadounainindiaunaeiniageludanig

ANUNABINIARY FINTBI8IN AR IVIMENTluN1T nsUSInuenaietlesiulalienia

b =S

seuwaaniumuuanun
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2) areduimesing (nterface Connector) lugaidauseiivimidi
fudedayasrwineiafadiudfgviowinsyitimicsau fuguuuuresdsedumesing
pnauanssiulumuusiasyssinnveseniafad Wiy Suundyyraesiliviudadune
Wivianedyaadld deufidnuueiidiuludnde

%) $aseaeln (Power Connector) fa ﬁaaatwgﬂuﬁﬁ:{uﬁ'ﬂam
vy Wsesiutalwnanadndumvuslvgilunanmuessmmatstues @alvsumdnay
¥unaeuddadla) lnseviivlanetimuedulutesil nandeutalvwanadndudaiy
Power Connector faaidenliigniieama liituiuazifunstlounszualvidllinssiuau
dosnsldauvessninfan dwaliisrindadiianiudoneld srdasaimniaasiidase
agldmivsoiuunasinglv Tﬂa%y'wia"LWmmgm%ﬁﬁwmumé’zyzyﬂm 4 \Jy Feay
el 5V uaz 12V

Power IDE / PATA Port

o q‘; ! a 3 ' a ¢, a © L1
JUN 2.46 wdedumeiivia uartaseaglvveseninfan (M : Juwa U159396)

o/ ] a‘ o v y ¥ o o v 5

%) U3 Uumpen) (udaudsznaunvihmiadlddmiunisuiuda

ewglviivaiafaiusazia u mafmualieisafaiiluda Boot wialuduiudeya
lusnsadanusyinn 1DE

1) Wn99sUUmIBNiaRan (Circuit/Logic Board) a1inRanudagma

U

a o a ' N o & L a &% a @
UBKIIITVLIENIT Circuit - 139 Logic Board %NQ?QQ?UQ%QﬂHﬂWﬂﬂUﬂWU’U@ﬂ‘UaQC‘I'J

1

a < a dd < ' =3 . = ] 1
g1innan Ineavigwladisndt DSP (Digital Signal Processors) #3AIUANNTTEIHIUYEA
v d v 1 :J ¥ o i dl' a’; 1 « @
‘uagamaLﬁwaagamumgnﬁan'l“auaﬂq wardiulsznaudug Nunsdunvanaluia
FTULTIEAIURYY VIUIEAMUTMUULAY N15E1UREY NI5IANTSAULAEN weee9stiassuads

HuIMNdINmIVANNTINIUYeIsiaAan JagnaivalagseuuufuRn1sdniivils die
v ¥ P~ LA 4 a s a ¥ U o W P {
sruudsnsfeyaiiiutuiineglueniafan daunneslisviudmdilneniouit uazaiunu

' ' - v v o v
ddseneudn welvlasudeyandeanis
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38Aiiun15999

nuitedaunsaudseanidiliuaesdlugq fie nsdnwinisuimiuvesnzivan
Asweilasuusanszunnlagldlinludiofunduuuanuiid uazn1siaun Tolerance Ring Tu
qm’s’i'mﬂﬁilﬂ']iwaﬂﬁ’l%ﬂaﬁfﬂﬂiﬂLﬁaaﬂaw’l']ﬂUﬂLﬁ@ﬂIﬂﬂi%U’JﬂﬂﬁNﬁﬁ Tneidunouns
sdiums IS

3.1 AsanensuratSuraswuuIiasinslnandsesilasunsenssunniaeld
Wludofiuuduuuguia

b4
al ar

figunaunNIIAIUNITIY AD

3.1.1 ArTiaunisnsadindiani (Numerical Analysis)

it vuslidhulszneurng veinglnandswelinginssudunuudatainiga

o . . = 1.9 & e 1 s al '3

Wy (Linear  Elasticity) Az anutdusziludadiulagasafuainunalen aiunguesgna
) o a v ) °

(Hooke’s Law) fieauinnsil 3.1 auunfudagduuuiiluvesnguesgaaninsatanldlunism

. ) aaw d v dg v o o o

nadgsurssianuuuanufifduiiesnanaruduiliuiagviaieainauaiend

UALA
G, = 1([] +2GE, (3.1)
V .

Taefli=1,23, ..

6, Ao Ay (Stress)

A #e Ansiivesanu (Lame’s Constant)
G fie lugdadeu (Shear Modutus)

v fe Buwsiuneuisuudas

v e nmsiieuuvasly

£, e AIATER (Stress)

2 'Y .. - . ' I a € o v o o
AR (Principal Stress, o;) @X1I0LUBNLUUNNARAENIDANUAUDAN
wihiuyndiaana (Hydrostatic Stress) uazvisusadaudesuu (Deviatoric Stress)

o;=—-P+s, (3.2

P= ——;—(0‘l +o,+ 0'3) (3.3)
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) d r 1 a d
e P Ao ATAU uag Si Ao wdsusdudsauy

P=K(i—1] (3.9)

gy

ds, =2G(da, —fi-q (3.5)
3y

dwiunrsinaeswuunamaniuuudauds (Explicit Dynamics) aunsaugalunis:
AT1Einenaeans (Oynamic Analysis) annsaideulalugy

b ]i®|=[Fe -] | (3.6)

[p] Ao wednduadina
o v °
F  fis nAmesususwinmeueniitinunnszi
2]
I e nAmesuamsiioy

L7 a o «a w =y o .7 d
AMuduTuS LU VAR anAlinAansAe szuvaunsieyiusidududduiians
Asufaun1suiAeeuasavintalaeseleud Snan9duLiiad (Finite Difference Method)
d L} L) ﬂ! Q) A
aUszanamse waza s lumsuvesnisnsgdn Jeanuisadeulassaunisi 3.7

i@ =Xlt_2_(u(i+1) _2y® +u(:—1)) (3.7)

a c- d’! e g od a g a o &
ANURANAIAYDINTIATUIUTUBYNUTUNBIVIWLIIY AMUANMUFUNUD

At =min(£) (2.8)

c

a S8 d g,
L, fo muemveswsueiimudfiauiign (Critical Length)
< o w ¢ a =t
¢ o Arudivesrdumumnendmiunilvedund Jeeglugy

c= A+2u (3.9)
V ol

i o = Y o
Away x4 fe Aefives Lame asnsadisulumenlugiaresds (Young’s Modulus)

wazdnIteiu Poisson (Poisson’s Ratio) Lanadl

vE

A= — (3.10)
(1+v)(1-2v)
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E
2(1+v)

(3.11)

U=

£ vy v v v que w = a ¢ & a va ¢ &

Junaifilinanlvudrdredulddmiundasivudvingu Tunaljifvenviuag

-] ° ’ 3 o o ° Y 3 E=3 o U

ANSYS LSDYNA asvinisAuramadunaiivesiigadmivudasioduudlngdnlul@

a & de o t O ™ (A v da Y o o Y &
Sentfunaitiosfigniiunaiings nandndevilsfie tunamdualalusdasdy Ju
a . a 48 o s & o o i ¥ °

Hartduvesnavaseueiuudniduiign Adunansddildluseninnsuiaunsmdneull

Awihfiunaguuesiunaingaiiegi Unfudidladunaiindu 090 dueduudifinnts
4 A o -] =3 o 1 5 ]
wasusUllusasfirhdwhnslesedt asiimsdumaunmln

b 4

qd a o < LA ) a cd o k4
dleRansananaunsit 3.8-3.11 asfiuldiuenaintunatvesediuudfidiald

1w a dw 4 -1 ) e o o
Fuagifuvauveasiiuudiesiign (L) ud Sfuegiunmanifnnig vesian fie lugdaves
&1 (E) Samduthens () uazarwmuiu (o) veelan Sndie sdrelsianu anunsadagy
gesaumslalnifienarunuisiursiwiasie duddwiutunaiidesns nsfivang

¥ a =1 o 2 Y o a = dyve o 1
Tureduudvani ssvhlilinatunsudaumsmenauanas Bnmiduniindufdndu
ad as . = ' ° vaa & v v + Y o
WMIUSuNIU (Mass Scaling) Falsiuuziilildigmstl dmnfessntmsuaivesiaudsh
o w 10 a o =1 P2 e 1 L4 = !
ddeyq uaglithunlflunudded demindifiduialdldgndesuaiudugie  ud

Ustlonivasiimsilfelddmiunmsgngfnssumadezuuuuasng e

3.1.2 ﬁmum‘éau‘l%auwm (Boundary Conditions)

aw & o w = °

nideiihdeyailiainniinaasives Nahum Lasamg (1977) s lglunsinun
d o 7 o L3 P d
Seulewauin waziwasnnisvaasisuisuiuranisinasdlaeldlnluieduuniie
A [ o b, a 1 o ¥ a < t 1 1) a [
Suffunaarnnissnasd (Validation) anursaunldldlaasawusalyd  uretafinisfiwes

] E‘ Y4 %4 v o

unegnignUiuliminsauiunidiaes

Nahum ~ Ivinisnaaesfusinaw (Cadaver) —uywdluvinds Tneléiagquis
nsenszuen (Foreign Object %ia Object Impact % Impactor) 1@ 5.59 kg fiam
9.94 mv/s nszunalufintimnn (Frontal) w3anszumn (mpact Force) sewineiog uas
NUWIN u,am'lﬁé’fagﬂﬁ 3.1 gﬂﬁ 3.2 uae 3.3 uamsannusulunglnan (Intracranial Pressure)
2 MURUE 910 5 AunLs An miawan (Frontal), useu (Parietal), Mevae 1 (Occipital 1),
Ynemey 2-(Occipital 2) wagsundsvenslnanfsye (Posterior Fossa)

< < o
A15197 3.1 [aulen1snseunn LasNan1IvagauNuYINANIINNITNAa8IYed Nahum

Peak of
Foreign Mass Impact Velocity Peak of Impact .
(kg) (m/s) E (KN) Acceleration
S orce
; (m/s)
259 9.94 7.90 2000
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8
[kN]
== numerical
(== experimental
4
0 \\
0 5 10 [ms] 15

= @ 5
JUN 3.1 usanszivn (Impact Force) S$1I1I0E WASVLININ INNITVIAADA
= [ .
484 Nahum (udun) (@ : Belingad))

2,0E-04
[GPa]
1.5E-04 +

— Experimental
~~=Refarence
—An. 4

1

1,0E-04 f

5,0E-05

0,0E+00

-5,0E-05 T

= ) t v °
JUN 3.2 anusiuuunuwn (Frontal Pressure) 310139188384 Nahum (@uden)
< . .
(V131 : Belingadi)
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1,E-04
[GPa]
5,E-05 1~
0,E+00
0
-5,E-05 + —Expenmental
~ Reference
—An. 4
-1,E-04 1+ An. 5 B
|/ —An.7
Nt ~—An. 8
-2,E-04

P~ | @ P9 @ P .
gﬂw 3.3 AVUAUMSAUNEBINEIVanAs ey (Posterior Pressure) 37NN13NAa0IU89
Nahum (&duden) (fi3n : Belingadi)

defimnsanguil 3.2 way. 3.3 awituliiudsanndiiiagudnannszunnuumiienn
ufudgADe ) iaNTABuLYas Aoifnewiugeiiniininteu simiunnuduazanas
uazimgnaifiieduanandsiaruduiigdunisduienes uassuniavesnsivan
Asweaudidy duionsziinismevaussindiFestunumiznn

Frontal bone Parietal bone

Forelgn object
Occipital bone
Nasa! bone Temporal bone
Maxilla bone
Zygomatic bone
Mandible bone

o | ° (s va )
Ul 3.4 dndszneuvvesuuuiasansinandswrayudaldsumanseunnlaeinqueuds

mnsﬂﬁ 34 muﬁﬁ'aﬁuﬂansvﬂﬂ%qﬂviwaﬂﬁwvuuwé (Skull Bone) aaniuaas
dulvgs Ao ni~mﬂu,°ua (Compact Bone) uams"mn'lwm (Facial Bone) ﬂi"ﬂﬂLL‘lN
Usgnaume nsegnuinin (Frontal Bone) 1 °vu nsgQnYeu (Parietal Bone) 2 Fu (Fe-
¥71), nsggnusiu (Temporal Bone) 2 u @e-120) waznsEgnYInemey (Occipital Bone)
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1%y upsnszgnlunth Usenaudae nsegnlsunufy (Zygomatic Bone) 2 By (He-11),
nszgnayn (Nasal Bone) 1 T, nggnINTIlnsul (Maxilla Bone) 1 Tu warnIgn
11n33lnsane (Mandible Bone) 1 3u sausiavun 11 du Taerdmuslidiudsenounndaud
nehaniiwgAnsadudanaindady idesnmsfinuniaulafvudnginssunindesy
(Deformation) wesnglvandsuzndaaniilinuduidily Tngldaansin (Yield Point) wie
AIAuERgegn (Ultimate Compressive Strength) ihutnast wagliiailawg@nssalan e
WHuangafandn Sududieiiamuduiudssninsmundusazanuadoaliifudadusn
sl

usnantudefiuuuirnesingnazunndfingInandsurludiuseg Taonss
muualiingAnssuduveuds falugdavesds 210,000 MPa wnuinguadutsdio wman
uagrmualifuingnazunn (Covering Layer) Snginssufudaala-wanaiin (Elasto-
Plastic) wnugng

° d v £ & Y a 3 < d v
WUUTIADINETNULNUYTENBUAIY 364,892  LoBNUA WUUNTIUABUENIN
o [T ' a
(Tetrahedral) tfiesannlassadesanevesayudfisuvssliiuisvindn (Ju Free form)
3 de w = <a d\lvu J J
wag 87,023 gasia (Node) waeiidAtyfo USHMNIATURTINIZUNN LaeTosmRaTeninanseen
winedu (Suture of Skull) gniwualiliedwudagsganuiniunitluuinadug 7
¥ o 2/ a a 1 4 o a @
uanuiieani telilinginssualiouaislusznitifianisnszunn 31ns1uldons
oy a’d H A L4 a Pz
Willinger wazamz  (1999) msAnwriidsliaulanavsefarsanlvneludasy esan
a & a Voo v
Usngnisalnsnszimnfiafusaiunhiesiinaannussiiulaens

o ¥ ar o v -

Anunliingidwnnszunniluag 5.6 kg R11333 10,000 mm/sec (10 m/sec)

v o v o =
NIV Frontal Bone wag 7000 mm/sec (7m/sec) nsERNANEIUUTENaUBUS Gh)
N3LANUINTILNTUY NIzgnlvunuANiuEIY WagnIzanivunuAuanu

dutszneuyndugnimunlilludilsenaufifinsdudaiu (Assembly Contact)
=o s £ = " ¥ v oo £ = :
ffnsgavsusadeaniu (COF) Wi 0.3 uenantuua duussngusudeaniusewing
2 A 2/ Qs 1 1 1 1 L2 . i
mginunnszunndunglvan@sueludiusingg BAwviniu 0.2 919997 3.2 wanaseasiden
o Rd U ‘J v
audAimenavesuuaeinglvandsseuysd uasingiinunnseunn

-7

o wa o { v
A5 3.2 antBvnaveswuuiaesnslvanfsueuyed wazingfidwnnssumn

Bone Material P , E v
Model (kg/m’) (MPa)
CoMpact Bone | Linear Elastic 1,800 15,000 0.21
Facial Bone Linear Elastic 4,500 10,000 0.3
Foreign Object | Rigid 5,304 210,000 0.3
Covering Layer | Elasto-Plastic 1,050 1,500 0.3
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3.1.3 msdrasuvgn1sal (Simulation)

Muddedlaiuuuitasinzivandsveialiouadeauidnastuaingawsiuag
. < I3 [y s 5 2
SolidWorks CAD3D Fadulnduwana .sldasm Tdwanviuas ANSYS LS-DYNA lunisadng
wdumne (Mesh) wazwnUynidadaias (Livermore Software Technol. Corp. : 2006)

o I3 a I3 aad v : dy¢ o a h‘s:‘
wuudnaeslWludiefuudaulanairuililusuuinaewensnan Asweuyuen
[y 1% v P ° ° @
LA UNTITNIZWNNUUATIEAN wanalafegun 3.5 Tagiwanisiassilisuiisuiunants
A a o ° MY v v v
1RaIva4 Nahum wWstiudunan1sanaasaunlanauialItnanu

4 ° 4 v X & v o v Yvo ° e
Wienvuiassnaistuludasiuanansadrluldld Fdiinnisdassmnnisaidug
i Vo a [l o
oludn lnglWinguesudenszunnasuuneivandsweludiudug fe nsegnunssinsuu
vy v v W <
NzgNIMUNLANAIEY WaenIsanTVUNKANAILYY Aakanslugui 3.6

Ui 3.5 wuuiaeslnludieduudvensIvandsweayusilasumsnssunnuumtimn
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(@)

= o ¢ _a ¢ v
U7 3.6 wuaedrludiofuudvesnsInandswzanudfildsunisnssunnuu (n) nszen
nsslnsuu (@) nazgnlvunuiudrs uaz () nszgninunuiu
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a a R X
3.2 MIANYINGANTTUYBS Tolerance Ring ANRIUIIUUN

ﬂu"‘si‘fﬂﬁﬁ"iﬂﬂdiumﬁtﬁaﬁﬂquﬁnisumsLﬁﬂiﬂﬁamsqué‘f'z (Deformation 38
Couapse) 284 Tolerance ng (T-Ring) M4luasnnarilasi Lwaﬂiziwu"(.un'ﬁaﬂaqn'm
Uumau'luniumumiwam s‘dw 3.7 u,am T-Ring asaﬁ'[ﬁ‘luammvmiiumsﬂmaﬁ‘lmw Tngyin
madiaes uazvageufuiuruuitemaudniusieg Bndudhduuay (m'umimu
WyY) W34 (Bearing Cartridge) waw T-Ring faddesulaglivaneenainiu uenaindu
uidaldvihmIsenuuugastzus (Vulnerable Point) Iiidnwaefimngaudmsunisih
% Tring 1fianisgusta uamalddagui 3.8

3U# 3.8 etegaisizunsves T-Ring

3.2.1 Aweaun1matinanans (Numerical Analysis)

aumi-ﬁugmﬁLﬁm%’aaﬁ’uqmauﬁmmawaﬁaq waztunalunsiesedt awise
ﬁmimlﬁmnaumiLﬁﬂ'xﬁ'uﬁ’uaumﬂuﬁaﬁaﬁ 3.1.1 mu"‘n‘faﬁ'mﬁ‘ﬂuu'xﬁmmmiﬁmm.,
WU3s (Bearing Push Out) mnumwumawuw wag T-Ring ¥&391n# T-Ring QUL !
muam‘lusﬂw 3.9 auNsveIn1IBANITRUS Tdunan
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F=uN (3.12)
N=0oxA=Pp,, (3.13)

o fn AnuAunsuliawa (Von Mises Stress)
d dde o o ' . v v @ Y
A fe Nuindudanusgning T-Ring Afudduiiduneu

(n) (@)

System) U9IN1TTALNILLUS

I~ ° (3 a a
U 3.10 uuudaeslnludieduusivasnuuis

< a a q v a 3
JUA 3.10  uaasuwAnlunteenuuukuidmilulaenuuie (Bearing  Sleeve)
dnwauzilunsnszuenegeielasldlnludiediuud fnisademidielasnismuaudin
a cd & : : A ; Y
\wikudngnaealagseeyu (Protrusion) v83 T-Ring ie T-Ring gusad

al o o [
Wounuaun1sy 3.13 asluaunisyl 3.12 a¢la

2
F=ru | Py, —]:%—de (3.14)
0 e

° LY ] 1 1 v
iliaun1si 3.14 sgluguegadne s
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Fe #PfomAL (3.15)

2N
e

F  fp usa8an1guu3s (Bearing Push Out Force)
@ a & ' a .
g Ao duUsedvdusadeamusewinaUasniuisuag T-Ring
Plorce FIB ANWAUTRIGURE (Contact Pressure) senieUasniuiuas T-Ring
D fig Wurgudnaveuannuuie
P o a (3 a o 3 ¥ W .
N, fio nuvededuiudvesasnuuifignaeadniu T-Ring

Y

TunURURAN P a3 uRIlAINTEWIILAS ANSYS LS-DYNA A1ufn N,

ANNUA

3.2.2 fviunReuluvaulwn (Boundary Conditions)

WUUTIRRIMLIVIAUATDY T-Ring #3790 INTONWILIS SolidWorks CAD3D uwazld
%W ANSYS LS-DYNA adnudun1tng (Mesh) uazundgnidesiney wuudasslwlud
a ¢ aa _ 4 v & Vo i
iludanaiiives T-Ring 319U uanslinazuin 3.11

Tolerance Ring Bearing Sleave

Top Clamp

Arm Actuator

Bottom Clamp

(n) (v)

= [J a (3 aa 1 ! Y
JUT 3.11 wuudaeslludiefuwudanuiiives (n) dawdsznausneg Aldlunsdszney
fduiidumuudiu Bearing Cartridge Uag (9) NMTWARYINUDINTLUIUNNS

AnRg T-Ring

Lt,umi’waaalucﬁtaﬁmuﬁmuﬁﬁmugﬂﬁ 311 Aléad1estuund vsznoume 381,190
wamudLuunsamasuvnu esnnilldnarlunisussananaiitosnin wagliaang
gndeunnnitluswueduudivihiudlesudueduuduuudug was 54,293 yasie Tne
T T-Ring fimnumunutuvesiodumud (Element Density) snnnindiuusenaudue welwdl
weinssuaiiousdannianlusewinansyud
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] L4 8/ 1 1 L3
N13INaBINIEUIUNTIARAY T-Ring Twaddell Ussnaumedulsenau 5 daundng

v & 1

A fdutidiuney, Yaanuusy, T-Ring uae guniaidudia (Clamp) d@8eda (Fuuu waz

fuaN) Avualrsadusidiusuuiiy Root Arm iiissag1afenlaglisan Arm Pad uaz

¢
o] Py

Y a ro o -1 1 ' '
Aauuiiiiulaenuuieisie Wemnlumiddedaulafswaveuq ldaulalud

3

ATINANLUIS iBanTUIUEAIUARY

fduiidmuey  uagvasnuue iwgAnssudy Bilinear Isotropic  Hardening
Model d1u T-Ring t¥u Bilinear Kinematic Hardening uaﬂmﬂﬁ’;uttéhﬁﬂﬁ‘ﬂﬁimﬂﬁqﬂﬂiﬂj
fubmiteaduinquianis fmusliquasaisudasudegiul luvneilgunseisugasuvy
fifemadouiaslunuauny z sy Load Curve

dutssneuyndiifufindudaiy fussdvdusadeany (COF) sewine T-Ring
wazdasnuuie iy 0.70-0.95 lunsdlifautfinnenaves T-Ring fiseiide Auuda
400-450 VPN (Vickers Pyramid Number), mmtﬁuﬁaqaqw (Ultimate Tensile Strength)
1,310 MPa LLazmmLLﬁaﬁqﬂﬂﬁn (Yield Strength) (0.2% offset) 1,170 MPa

autinenavesTanuiinnieg AdudwdsznaulunsdaedasllinludeAuudaly
aw & v P2
Tuauidedl uandladisnnaned 3.3

=] e o/ (=Y 1 <l oy v (=3 a
a15190 3.3 andfvnavesTanuiinnneg nldlunmsimseiiesadeuisinludeduud

Type of Materials
Mechanical Properties Stainless Steel
] Aluminum Arm
Sheet (T-Ring)
Elastic modulus, E (MPa) 190,000 71,016
Yield stress, Y (MPa) 206 275
Poisson ratio 0.32 0.33
Mass density (ke/m) 7,889 2,700

3.2.3 N1IMAgaUTUIUIN (Prototype Setup)

d' o <2 a s . [ 8 Il ad (3

WieyhmsAnymgAnssunisgudives T-Ring 3nn13dnaedlagldseifouifinlud

=3 v 5 i A” =) d o a A k%4

edluuiua JunausalifenisvageuiuauasuiatnanimsasvaUssutiisuiunaile
PNNTIE0Y ansaesurelagad

U 3.12 uag 3.13 wansdnlsznay wasmshnksdiulsznausng vuiedesdng
dmsuing T-Ring lumnadeuiurusde sxiiuinddudduruilésuniseenuuy
Fuuan fisnvazdunsinssuemimnuiuergliflon wizgnarmsnan dellquauiniely
snansezmileufiudrdiudunausis luvaeil T-Ring ananusuaAuiaa
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Bearing Cartridge
Tolerance ring

Arm Actuator

Top Clamp

Arm Actuator

A a 5 H ' A L o o/ Q’l -
g‘U‘VI 3.1% ﬂ?iﬂﬂﬂﬂﬁ’)ﬂﬂi%ﬂ@umw‘] VULATBIINTAIMIUNNINAGDUTUITUDI

nzUIUNTUTENavdINYsEnauYIMNadenulinafife Td T-Ring W luludadu
v & | a v o W 1% ) . - Y a o =
dduwey nduddduuiadnluings Wusaneun T-Ring weliinnisgudl wazde
drulsznaunee Wisedumsusuduaniu lngerfufidsainuemestuuvisnoauilly

o < v & v 'Y P \

wwauaunnngunIaifudamuuu fwandduzui 3.14  ussnaegludig 162-170 Youn

' pe] a s
(lbf) egnlsiniu Amsvesnisnaasundasiuaunmsanwinginssuves T-Ring wag
N13RSIIABUNANITNAGDY (Validation)
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Column

= i Y 4 o v = % A 9w )
JUN 3.14 wisredmiiadouniannnagUnsnidudamssinuuu iielidulszneunineg

a @

fadan

3.2.4 MINAPUFUNUSTENT19AUNTNVBIAUTIZUNN wazusBainizuuTa

Wedeanisdalvuuiaegiu T-Ring wazdaduiiduny Jsfesinismaasufiv
Furuaislunimmenuduiudseninmun Teeeagessund wazussdanizuuieiy
; { e a W < i % val 1 oo &
dusznaviug idadatu Inentnasssudsuamanissgassunsliianfaduly

J O v = = A Y o9y A
uriazAse LilasempapuusBainzuuis (Bearing Push Out Tester) fausegagniivinliiuus
vignoeniuugne AT

3.25 AMMSWIANETUSIENIeeIAInITNY tasuselnuauuie

wovaudalunisne T-Ring AmunzanfilivhlfuuinAnnudons Jsdewi
nIMANNFMUSIEI eIy wazussdavesuudy anunsavildlaentsdaununae
vosuutliogifuil udmiugiudauuia wisutuinsutaussn TuynefuuTamgy fdud
duuuarvualume Wawudimmiluasy 360 asen fduiiduusuaindeuilusu
Insusianan shilildrusedaeeninluudazesrvssmsyu ud3wmudiounduauasu 360
e vhbiddudunurulnsudn Aasvildausedalufianieidoundu Wuguiily
Fouq Amuslimudilunisuuresuiainiu 2.0 seudeundt (pm) mdilunisna
T-Ring flFrflunandnsfuaesdidie 0.7 Ga/and (18 Hadwns/ani) uag 02 S/
(5 fadiums/ui)
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nsATIEidaya

aunsauvinansieseenlimluaesdulng e Mslasiginisuialdvees

nelvandsueildsunsnseunnlagldlnludioduuduuuaulia uagn1s3iseyt Tolerance
. o o ¥ a -1
Ring MauTuu Tnedinan1sitaseiaall

4.1 wamsiaseiuuusiassnsivanaseeiildsunisnssunniaeldlnlud
LA UARUUEINTR
nuuusasdinlusiedundauifivesnslnaniswenldsuusainssunnlnonseliu

wiwnnIaguinsenseuen Mlinsudusinseunn (Impact Force) Wwagn1inseany
AUAUNaULidd (Von-Mises Stress Distribution)

e - e et o e

10

O L9 o s

w

Force inz-axis (kN)

6 8 10

Time {ms)

N
S

= o
UM 4.1 wssnszunn (Impact Force) UUvUNIN

U 4.1 uanausanszumnuuniinnn fifusanseunngaan (Peak) wihiu 7.98 kN &
Wialndeafiungnssuiildannisveaesves Nahum uinsnszunnorafatuludisam
fuansafuidndes esneuiteilivudededun fusnmilonnnszgnusangivan
Aswranfinrsan iy wilsdswe aues duiden dilvdunds Wudu Tuvaeiinsmnasves
Nahum farsanidfededenam Tasidaidesneg wanil nadenssesiuusenssunnaning
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(n)
wam - AN u--

11026

(@)
L R s R O Y : _ LR
3.322% 5216 10428 15641 20853
Z8i0 1822 13024 1B247 22452
(n)

d 1 ! ! o
JUN 4.2 mansenemanu (kPa) vungivandsweludiusieg seriildiuusinszunn
Nninguaantauuntiinn (n) nsegnuiinn uazayn (1) nszanutoNLAE
H1v uag (A) NEanYnevey
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3UM 4.2 wandliistuingleliinguasudenseunnidritminennlaenss silshannis
nIzAEANNALUUNElnandsyr vuduUTENeUR19Y wasiinisnszateauduluuiiou
sovsipvednsIvandsue (Suture) Uinmmrniiauduvemdaumnaiuinadug
Tuduveansegnuinnn uazayniiarmiAuwitiu 508.00 MPa, nszgnusiouiininuifiy
Wiy 110.36 MPa waznszgnnevesiinnaAuwingu 23.459 MPa  wiulddaiauituy
nszgnuinUsIngAuAugedian Weanniduuinadlduusanszunnidranlnenss 39
awnsagandundiruidunnssunnldunesedifoddy venvnduudrduansdiiuin
finmdululdd nsggnuisnnenaifinnisidogy wu uandvieuandin ilosaniiusn
ANULAUBAZIER (Ultimate Compressive Strength) veanglvandswe (97 MPa) (undn
W UazAne : 2549) ladnde

(v)

o % ) ' ‘ Vo
UM 4.3 nanszaremnaiu (kPa) vunglvandsweludiusngg sewinsiilduusanseunn
MnTnguaandeuunszgn (N-(A) vinssinsuu (O-a) wunudude uae @)-(v)
Tnunufuun
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R
EES 1
5579 4

76T
S0 4) 124
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i
S0 wzes
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JUTl 4.3 (si8) msnszanerAY (kPa) vunglvandswelugusineg sewinaildfuuse
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. - 4

w

wi”‘ ! rﬂl’lu

Lo¢

duds STPE 29¢% 3oy R0783

(%)

= ' v \ ) ' vas
JUN 4.3 (dla) nensanermy (kPa) vunsinandsweludiumig semdndildsuuse
nszuvpaninguesudituunsegn (N-A) vnsslnsuu @-@) Tvunududhe
way () Inununwn

suﬁ 4.3 udgmMNIINTELANNALUNEINYIZNB UMY Yasnelnandsee mniUw
4.3 (N)A) mulmnua'lmmnﬂs“Lmnlﬂuuns“ﬂﬂmnﬁ‘lnsvu 2NIINTLIWAUAUUY
n¥lwan@swrludiunszgnuinssinsuu aygn wikin wiey uazvneves SA1anuduu
NIEYNUINTILNTUN Wazayn Wiy 210.123, NIEANVIEININ wazvdan Wiy 2.205 uae
NsERNYNEMDY WU 5.423 MPa Audiy uenaniuui MsnsEeANIAUETINg Ty
VUNTEYNIYN IUALAY Uaenimn Lﬁai‘mni“wﬂuuns LANIUNUANNIIA UL WAz
msUw 4.3 (9)-(v) 'luﬂsmuummmmummu 318.118 MPa uaz 10.208 MPa uunsggn
Tvmmmumuma warnsegnVTNIn ANEIAY daunszgnivunuiuduun wagmiaing
AIIAUYINAU 309.939 wag 10.753 MPa M udsiu

A a ° o v Yo 1 L ¢ =¥ v

WieiarsanainuanisiassiliiulddnnuimufuggaesUsnngiunsaiy
o ] By < b 4
Aunsvenglvandsvrluviiungnnizunnlaense uazdnudsuifisunisnszunnly
Aumiesineg vunslvandssweinaivesnisnizuniihiunsegnivunuiuasdimauduge
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Y o Y al =3

d a nl&’ e‘A 1 2/ [ 1 4‘ A
MR @nABIANAIINAITNNUNNITUNATE NI ﬂi%ﬂ(f}ﬂIVIUﬂ BANAUINUVUINENNITNUN

9
L o/

dulavenseanuinssinsuy

Uil 4.4 uanausanszunnannguesudeililuvunsegnuinssinsuu nszgnlvun
winsnude waznsegnivunuiuimie fegegawintu 6.939, 5.28 uag 5.29 kN auddy
Ausenszunnwandiindumelu 6, 1 uaz 1 Junil aaddu v niinginunszunn o
wiuldussnszunnuunszgninunuiusuriuazdredinuuwandrstudndes vildnsm
ladauunasiu a'mLﬁaammnLﬁmmmﬁmwam’lumsﬁ’muﬂ(ﬁmmﬁqL%'uﬁ'u*‘uaﬁmqﬁlﬁﬂm
NILUNN

Force (kN)
//

w
~
)

i i3 1% 'y

Time {ms)

()

10

g

8

7

Z 6
£

g 5

£ 4

3

1

0

1 2 3 4
Time (ms)

()

o v v v
JUN 4.4 ussnszuvnuunsegn (n) ¥Inssinsuu () nunududie wae () Trunufven
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10

Foroe {KN)
w E n (o] ~ oo (e

L]

[~ I

Time (ms)
(®)

] ' v v v
JUN 4.4 (fid) usenszunnuunsEgn (n) vnTalnsuu (@) munuiude wes (A) Trunuduea

4.2 HaNIAATLYINGANITUYBY Tolerance Ring

mu'maummulﬂwnﬁﬁnqumnsmmwummawmﬂswmq wagmMsidegures
T-Ring mnsﬂw 4.5 wansbiiudwuusiasinisyusaves T-Ring wuvawid e
aemﬂaaaﬂUmaﬁimawﬂnWiwmaaU%ua'\uasa

Uaneitaties T-Ring

(n) (v)

d 1 o - a
sun 4.5 L‘UiEJ‘UL'VIEJUMSEJUWJ‘UEN%\LUTI“U’NU‘U T-Ring £1714 (M) LUUSDIAULA
wag () T-Ring PNMINPEDUTUI LIS

Ul 4.6 u.amwamsmaaawqmnssumsaummawmﬂi'wmwaq T-Ring ATUAS
wiugals v NnsuguivEawduUng (Iafude) muwamﬂuqmﬂsauwmu qmaumuwu
PUUTWUNAUVUNTIINY U uazgaAdsunmugaUMEUiudIndRIngui 9ngy
'«avmu‘lmmmLﬂﬂvmwvmmmsmaauwaanmnammmmua’lmwanmLm T-Ring  Mnyadl
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2/ d‘ v o= 1 ¥ nl aﬂ' ¥ @ - IS
wwaldndousenluluuiniall (Veseen) sniufige A dudusulaedaves T-Ring &
wwaltuedouiluwuiduda (Tangent Trajectory) eei1alsfimu hsipanisliganUszunadl

4 4 v oo A = 9w . A % a v o & a Y
mandeuieenlylunuiinil iieBal T-Ring uazUasnuudsdninfuiuiuinnieluresi
v Yy v v o 8 w 1 ' 7 1 <
TuIdIURTUmIBLTLAEAIY IR TEE e TE NI ae YN LALA AT
o o & . N v P
WU T-Ring fiAuseiign

Edges Deformation

* Before
s * Bottom Deformed e
B * Top Deformed 7 D N

or
»
o
LL A -
£
S

-5
X Axis

d o a o o A i
JUN 4.6 wansdiaengingsu (n) MIyuAIveAUTITUNUL T-Ring Mvsnglaiuivay
wae (V) WNUNIWENYA

Edges Deformation
&
& \
2 == - I
) D
” |
2 =y i
.
£ - %
7 % » Before
§ C ° A Bottom Deformed
| e o N ¥ : S ¥ e Top Deformed
¢ ki "
& -
-
3 . B o
83
-+
X Axis

A o a </ . =
3‘1.'1" 4.7 Nﬁﬂ'ﬁ'ﬂ’lﬁ@\iﬂﬂﬂﬂiiuﬂWiEJ‘UW??IGQQ}ﬂLUiW&’U’NUU T-Ring ituuzay
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= ° v v ¢ a ¢ . o
JUT 4.7 uamawanisnaesnsgusimelnludiadiuudvesyadsigunsun T-Ring 7
a w1 o d = @ | o =2
wnza enunsaeduielidn vng efiwualdundioufioentulunuiiall dwalinisdaniey
L4 P [ ' . 2 o & a v o
seusudeaviu (Frictionally Engage) fiusening T-Ring uagUasnuuiafiunuiineludidu
v a % @ a v & o .
rehuwey Janumngauauluie dwanslugun 4.8 mmnainuansliiiuiinsn T-Ring
I L P2 o/ 1 A’ a
fispgyuduiliesnnangalsnguiiguiisdianiaveyniaduilaunsguiuninia
¢ a 3 v A . ~ o o a % v ) n\va

gianantainle 1oswn T-Ring fiszpeniaindeuiiiisaudntoenaanniilaiunsing

o & v P [ 5 a LYY 13
JU# 4.8 msfiameusudeamuiianyansenin T-Ring Yasnuu3a uagdiduii
AULYU

AINNINAABUMIAT MU T39I N I19TRIgANISIZ N LAz IBaInzuLSs
wuhilriusanaluil TRing Feilmuniisvesgaiazuiatioss gauszunazguiasie
dlaflsutuaianuninaming lunsﬂﬁmmn%dﬁamﬁuw L‘zj'u 0.03 ﬁaﬁmm R0
T-Ring mﬂm‘sanmmwamn’iummmanm muumaammvu.uswaumuaaq mammmwa
Y29AIT UYL Lksqemm'mwiwvquawuaEmmamamummmmmﬂuumaﬂaam
PNMIMARBUNUT AU TsradgalzuTivIngauiane 0.12 ladwns esan
Trirnusadansuuiegerigade 80.3 Yeus m1319f 4.1 wamsmnduiussevinemuning
1099AUs 12 U198 T-Ring AlAWa TN tevusedmnizuly

d s o i =2 :&'
A9 4.1 ﬂ’lWNENWUéib"W"lNﬂ']'\llﬂ'al’]ﬂ?laﬂﬂﬂtﬂi’\zij’h‘l HATLINYALNITUIY

Maximum Bearing Push Out
Vulnerable Point Width (mm)

(lbf)
0.03 15.1
0.05 37.4
0.07 54.6
0.12 80.3
0.13 70.4
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Lﬁaﬁﬂmmmﬁ’uﬁ’uﬁ'swdwaqmmsmgu (Rotation Degree) wazis3ln (Torque)
vosuds aeliivanisvasoudeguil 4.9 MnnsmazuaRadunsviaesyaie YAUUUALYAGN
Tumudusudinsmygnuudsznevlumedunsmasadu Wasnmsiuumguly uae
ndu uagnamyadradunsmituansfinanisveinsmlugauy Snsmyaaadlndaug
uanvhinamyauugenduievarhifirnuuandreiuia u.mmmnnswﬂmawum‘[um'lna
A uuwmamammmuﬁmmanus.,m’mLaunswwaamwmﬂmw‘nmu U 4.9(n) wam
'I.wmulcﬂ'mwm'x usadeitinlsfiuualinAudugiu (Baseline) iflona T-Ring mammmqa
waimuuIAe gatUsIEUNesAnn1sdneia lumanduiu dne T-Ring feauai
mmzamsmwa'lmwimu,smmwmmuaumulﬂmsm'gﬂw 4.9(v)

| L !w .m...\,v!xi}fl"ﬁ‘ \«-‘!)a r?‘.t Lw 'rh o, }Lk& '-",‘lf'! ‘
e i SR TV

r i i

Torque {(gram-cm)
3

o

C
—ar————
S —

! f - |
; T :' Nik } t ‘! ! | i‘*-‘h,-u | ! \l
i gy ' Ay . Lﬁ X '~| i 4
FE?'!'\‘L‘. A el t""“"‘ 4 ' \"t ’l Jk e { 1 | :
o 3 4 I ] I
Q 1 C'J P )0 wo 400
8oma 00 Rotation, degiwes (2 0 RPIM CW)
(n)
20 T T T 1 4 > T T T Y 1 T L | 1 !
-
-~ 15 ; g
E L .
u. 9
E - , ‘ ! P 1
Dbl ey
: i | i P ' I W
= i
S
o 5

sigma 0032 Rotation, degrees (2.0 RPMCW)

(@)

= ¥ @ € ' a a o @
SUN 4.9 ﬂ’)"lNﬁﬁJWUﬁi’dV]’JNENﬂ’)ﬂ?SVIS}IU LLaE;’LLi\‘iUWUaQLLU'is‘Wlﬂ'TmLi’ﬂuﬂ’liﬂﬂ

Y

o ' & a a .=|

AuanAiy (n) MnTigeszana 0.7 T/undl (18 Sadwums/uni)
d Qy a a

waz () ArwuSifvaneanyszana 0.2 T/l (5 Sadwns/ i)
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g v [ i . a o [ s
UDNIINUULAD HANIINAGDILINUIN T-Ring NANITANVINAIUNUNFONNU Ka99N

‘J o/ d a | LY Yo A
fgud diadumauudwesian uandlafagui 4.10

= M a = a a @/
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Abstract— Concussion or head impact involves the brain injury
from mild to severe. Most of the brain injury mechanism and
brain lesions can be investigated frem medical imaging.
Alternatively, finite element model (FE model) of head impact is
used for simulation and analyzing the brain concussion. Altheugh
a number of head impact models have been designed, they are
still not be realistic. This paper proposes development of finite
element model of the more realistic skull impact for further
analysis of effect of punch on the human head. The finite element
model is three-dimensional which solid Lagrangian elements and
the explicit dynamics simulations were used for amalysis. The
foreign object impact generated contact force was used via load
curve and initial velocity to estimate the contact force between
the object and skull. The stress distribution on the skull has been
evaluated. The prediction of the human head response to the
strike can be achieved using ANSYS LS-Dyna solver. The
simulation results were compared with the experimental data
published by others for validation FE model.

Keywords-Skull . Impact; Finite Element; Head Impact;
Brain Injury

I.  INTRODUCTION

Concussion or brain concussion is an injury to the brain
caused by a blow to the head or by violent jarring or shaking.
Sports are among the most common causes of concussion, and
sports with the most physical contact, such as football, boxing,
and hockey, are most likely to produce head injuries that
involve concussion. Concussions can be mild or severe
depending on the mechanism of injury.

The American Association of Neurological Surgeons says
that 90% of the boxers sustain a brain injury. Boxing may
account for fewer deaths than some other sports but a number
of boxers suffering brain damage are believed to be much
higher than recorded. Being hit on the head can cause fractures
to the bone of the head and face and tissue damage in the
brain. A punch can damage the surface of the brain, tear nerve
networks, cause lesions, bleeding and sometimes produce
large clots within the brain [1]. The knockout has been the
goal of the boxing. It involves the death, a small sleep and a
deep sleep. Jordan, who has published original research on
neurological aspects of boxing, demonstrates that a cause of a
knockout is rotational acceleration, a spinning of the brain.
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During a knockout, the brain stem doesn’t move, but the spin
at the top of the brain causes to lose consciousness.
Professional boxers can deliver punch with such force to the
movable head that the brain strike against the skull, tearing
nerve fibers, the meningeal sac that supports the brain and
blood wvessels. The direction and power of the punch
determines the severity of this tearing [2]. The recently most
of the brain injury mechanism and brain lesions can be
investigated from medical imaging i.e. CT and MRIL

Many resecarchers have been attempting to study the
response of a human head to the object impact because the
human head subjected to foreign object impact is one of the
major causes of head injuries. Shi Wei Gong et al.[3] studied
an approach for the estimation of contact force on a human
head induced by a foreign-object impact. A simple head
striker model to estimate the contact force between the human
head and the foreign-object striker was proposed. Moreover,
they analyzed the dynamic response of a human head to a
foreign-object impact [4]. Chu et al.[5] studied traumatic brain
injury using finite element analysis. 2D brain injury model
was presented in their work. Svein Kleiven [6] developed a
detailed and parameterized 3D finite element model of the
human head to evaluate the effects of head size, brain size on
the same acceleration impulse and impact directions on
translational impulse. Gerald Krabbel and Ralph Miiller {7]
described the development of a 3D finite element model based
on the digital data set from the head section. The fresh -CT
scans were used for the skull model and the MRI images for
the brain model. It is expected that the model will be able to
predict the risk of head injuries in a crash event. Giovanni
Belingardi et al.[8] developed and validated a finite element
the intracranial pressure and stress distribution due to a frontal
impact. Ranganatha Rao Mulabagula (9] modeled the human
skull to understand the stress distribution across the human
skull using finite element analysis. An automobile chassis
crash has been simulated to validate the load applied in the
analysis. Xianfang Yue et al.{10] investigated the dynamic
characteristics of the human skull-dura mater system. 3D finite
element model of a human skull was constructed to calculate
the deformation of human skull with the intracranial pressure
changing.



Alternatively, finite element model (FE model) of head
impact is used for simulation and analyzing the brain
concussion. At present, a realistic model of the head impact to
demonstrate causing a knockout has not been found. In this
paper proposes the development 3D finite element of more
realistic human skull impact for studying mechanic of head
impact, analyzing causing a knockout and investigating a
maximum weak position on a human face in the future. The
stress distribution on the different components of skull has
been considered while a foreign object was blowing to frontal
bone. The simulation results were compared with the
experimental data published by others.

II. MATERIALS AND METHOD

A.  Numerical Model

, The finite element simulation of skull impact has been
performed with ANSYS LS-DYNA the commercial software

package.
For linear elasticity, stress given by Hook’s law

6,= ,{K].,. 2G¢,
vV

i=1,2,3,... where Ais Lame’s constant and G is known as
shear modulus

(M

The principal stresses (o;) can be decomposed into a
hydrostatic and a deviatoric component

0, =—P+s,; @)
: 1
P= _5(6‘ +0, +0y)
Where P is the pressure and s; are stress deviators then
yo)
P=k|£- @3
(po ) :

ds, = 2G(de, - %]

The explicit dynamics simulation, the equilibrium
equations in dynamic analysis can be written in the form

M) =[FO1-[I?] @

where [M] is mass matrix, I is the vector of externally applied
load and / is the vector of inertia forces. The mathematically
equilibrium relation is a system of linear differential equations
of second order. The solution can be obtained by finite
difference expression to approximate the accelerations and
velocities in terms of displacement which can be used written
aS ’
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The error of calculation depends on stable time increment
that as relation below
LC
=min|—
c

where L, is limited element edge length and ¢ is velocity of
longitudinal wave for an element is in the form

’ﬂ,+2/z
C =
p

A and u are Lame’s constants can be written in terms of
young's modulus and poisson’s ratio following
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The stable time expression meritioned for only one element
in practically the ANSYS LS-DYNA solver automatically
calculates the minimum time step for each element based on
its characteristic length and density. The smallest of these
element time steps is called the critical time step. The actual
time step used during solution is the product of the current
critical time step and a stability factor (usually 0.90). As
elements distort during the analysis, their time steps are
recalculated. However, an element’s time step is calculated

based on its material properties (K 20) and characteristic
length. The equation can be rearranged to find the required
density of each element for a desired time step size. By adding
the corresponding mass to these elements, the solution time
will be reduced. This procedure is known as mass scaling and
not recommend. In this paper, mass was not added to speed up
un.

B.  Finite Element Model Description

In this study, The geometrical realistic model of the skull
has been finalized from native SolidWorks CAD3D
commercial software. Ansys LS-DYNA generated mesh and
solved the numerical model. A three-dimensional (3-D) finite
element (FE) model of human skull impact is shown in Fig.1.
The model was composed of 364,892 elements and 87,023
nodes. The around impact area and interface of bone (suture of
skull) have high density of element to achieve realistic

behavior during impact.



Fig.1 3-D Finite Element model of the human skull impact

C. Boundary Conditions

The skull bone considered in this study consists of two
main components that were compact bones and facial bones.
The frontal, parietal, temporal and occipital bones have been
regarded as the first component. The zygomatic, nasal, maxilla
and mandible bones were another. All the bones have been
modeled with linear-elastic behavior as proposed by Giovanni
et al [8] that has been used as the reference. The linear-¢lastic
behavior can be illustrated in (3). Mechanical properties of
different components of FE model are shown in table 1.

Table 1. Mechanical Properties of skull and foreign object

Bone Material o) E
Model | (kg/m®) | (MPa) ®
Compact Linear <
bone olastic 1800 15000 0.21
Facial | LAcr of (s 10000 0.3
bone clastic
Foreign Linear &
object Elashc 5304 210000 0.3
Covering | Elastic- 1050 1500 03
layer plastic )

The model has been considered as free in correspondence
of the neck because the impact phenomenon is too fast to be
influenced by neck constraints as Giovanni et al. In the skull
impact simulation, all of the components were separated into
twelve parts i.e. a nasal bone, a maxilla bone, a mandible
bone, left and right zygomatic bones, a frontal bone, left and
right parietal bones, left and right temporal bones, an occipital
bone and a foreign object. The others tissues such as scalp,
brain, ventricle, cerebro spinal fluid were not considered in
this study. The object impact was defined to be mass 5.6 kg by
setting up the speed at V = 10,000 mm/sec (10 m/sec). All of
the parts were defined as assembly contact with coefficient of
friction (COF) 0.3. Contact between the object and frontal
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bone were identified COF = 0.2. Stress distribution on the
different components of skull was considered while a foreign
object was blowing to frontal bone. The impact force and
Von-Mises stress distribution in correspondence of the frontal
area of the skull have been considered for validation. Many
mechanical parameters have been retained constant in the
simulation whilst others have been changed, to find a better
correlation with the published paper by Giovanni et al.

295864 508992

110368

23459

1202 1

(c)

2610 1822

Fig.2 Stress distribution (kPa) on the different components of
skull during impact (a) frontal and nasal bones (b) left
and right parietal bones (c) occipital bone
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Fig.3 Impact force on frontal bone

OI. RESULTS

Figure 2 shows the stress distribution on the different
components of skull during object impacts to frontal bone
directly. There are stresses distribution around suture of each
other. The energy intensity was considerable on the frontal
bone. The stress of frontal and nasal, parietal and occipital
bones were 508.99, 110.36 and 23.459 MPa, respectively.
Obviously, the frontal bone appeared a maximum siress.
Moreover, the possible deformation of frontal bone over yield
stress (97 MPa) was indicated also. In the Fig. 3, impact force
on frontal bone has a peak value of F = 7.98 kN and its
behavior can be comparable to obtained by Giovanni et al.

IV. DISCUSSION AND CONCLUSION

From the FE model validation, peak of impact force and its
behavior can be comparable to value obtained by Giovanni
et al. The simulation. results, the finite element analysis
revealed that the frontal bone absorbs a significant amount of
the impact energy. A number of energies were transferred to
almost all bones except mandible and zygomatic bones in
which can consider from stress distribution on suture of each
other. The stress distribution on suture of parietal bones and
occipital bone are 21.68% and 4.6% of impact area,
respectively. The deformation of frontal bone can occur
because stress on frontal bone is over yield stress obviously
that possible causes the brain concussion or brain injury.

This FE model of the human skull impact built can be
useful for further studying the mechanic of head impact,
analyzing causing a knockout and investigating a maximum
weak position on a human face. However, the boundary
conditions must be changed for improvement more realistic
FE model of human head with others tissues such as scalp,
brain, cerebro spinal fluid etc. Furthermore, impact the foreign
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object to the others positions on the skull will be regarded in
the future.
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3-D Finite Element Model for Analysis in the
Maxilla and Zygomatic Bones Impact

Pattaraweerin Woraratsoontorn ! and Pitikhate Sooraksa?,

ABSTRACT

Concussion or head impact involves the brain in-
jury from mild to severe. Most of the brain injury
mechanism and brain lesions can be investigated from
medical imaging. Alternatively, finite element model
(FE model) of head impact is used for simulation and
analyzing the brain concussion. This paper proposes
finite element model of maxilla bone, left and right zy-
gomatic bones impact for further analysis of effect of
punch on the human skull. The finite element model
is three-dimensional which solid Lagrangian elements
and the explicit dynamics simulations were used for
analysis. The human skull model used in this study
was validated from the previous study. A foreign ob-
ject impact generated contact force was used via load
curve and initial velocity to estimate the contact force
between the object and impacted bones. The impact
force and stress distributions on the bones have been
evaluated. The prediction of the bones response to
the strike can be achieved using ANSYS LS-DYNA
solver.

Keywords: Bone Impact; Finite Element; Head Im-
pact; Brain Injury, Concussion

1. INTRODUCTION

Concussion or brain concussion is an injury to the
brain caused by a blow to the head or by violent jar-
ring or shaking. Sports are among the most common
causes of concussion, and sports with the most phys-
ical contact, such as football, boxing, and hockey, are
most likely to produce head injuries that involve con-
cussion. Concussions can be mild or severe depending
on the mechanism of injury.

The American Association of Neurological Sur-
geons says that 90% of the boxers sustain a brain
injury. Boxing may account for fewer deaths than
some other sports but a number of boxers suffering
brain damage are believed to be much higher than
recorded. Being hit on the head can cause fractures
to the bone of the head and face and tissue dam-
age in the brain. A punch can damage the surface of
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the brain, tear nerve networks, cause lesions, bleeding
and sometimes produce large clots within the brain
{1]. The knockout has been the goal of the boxing.
It involves the death, a small sleep and a deep sleep.
Jordan, who has published original research on neu-
rological aspects of boxing, demonstrates that a cause
of a knockout is rotational acceleration, a spinning of
the brain. During a knockout, the brain stem doesn’t
move, but the spin at the top of the brain causes
to lose consciousness. Professional boxers can deliver
punch with such force to the movable head that the
brain strike against the skull, tearing nerve fibers,
the meningeal sac that supports the brain and blood
vessels. The direction and power of the punch deter-
mines the severity of this tearing [2]. The recently
most of the brain injury mechanism and brain lesions
can be investigated from medical imaging i.e. CT and
MRIL

Many researchers have been attempting to study
the response of a human head to the object impact
because the human head subjected to foreign object
impact is one of the major causes of head injuries. Shi
Wei Gong et al.[3] studied an approach for the esti-
mation of contact force on a human head induced by a
foreign-object impact. A simple head striker model to
estimate the contact force between the human head
and the foreign-object striker was proposed. More-
over, they analyzed the dynamic response of a human
head to a foreign-object impact [4]. Chu et al.[5] stud-
ied traumaltic brain injury using finile element anal-
ysis. 2D brain injury model was presented in their
work. Svein Kleiven [6] developed a detailed and pa-
rameterized 3D finite element model of the human
head to evaluate the effects of head size, brain size on
the same acceleration impulse and impact directions
on translational impulse. Gerald Krabbel and Ralph
Mller (7] described the development of a 3D finite el-
ement model based on the digital data set from the
head section. The fresh CT scans were used for the
skull model and the MRI images for the brain model.
It is expected that the model will be able to predict
the risk of head injuries in a crash event. Giovanni
Belingardi ct al.|8] developed and validated a finite
element the intracranial pressure and stress distribu-
tion due to a frontal impact. Ranganatha Rao Mu-
labagula [9] modeled the human skull to understand
the stress distribution across the human skull using
{inile elemenl analysis. An aulomobile chassis crash
has been simulated to validate the load applied in the
analysis. Xianfang Yue et al.[10] investigated the dy-
namic characteristics of the human skull-dura mater



6 INTERNATIONNAL JOURNAL OF APPLIED BIOMEDICAL ENGINEERING

system. 3D finite element model of a human skull
was constructed to calculate the deformation of hu-
man skull with the intracranial pressure changing. P.
Pongpanitanont et al.[11] developed software to ana-
lyze dyslexia brain fMRI images. 3D reconstruction
was used for presenting an image.

Alternatively, finite element model (FE model) of
skull impact is used for simulation and analyzing the
brain concussion. At present, a realistic model of the
skull impact to demonstrate causing a knockout has
not been found. In this paper proposes the finite el-
ement model of impacted facial bones i.e. maxilla,
left and right zygomatic bones for analyzing caus-
ing a knockout and investigating a maximum weak
position on a human face in the future. The stress
distribution on the different components of skull has
been considered while a foreign object was blowing to
those bones.

2. MATERIAL AND METHOD
2.1 Numerical Model

The finite element simulalion of skull impact has
been performed with ANSYS LS-DYNA the commer-
cial software package.

“For linear elasticity, stress given by Hook’s law

g = A (—:;) + 2GE; (1)

i=1,2,3,... where ) is Lame’s constant and G is
known as shear modulus.

The principal stresses (g;) can be decomposed into
a hydrostatic and a deviatoric component

gi=—-P+s; (2)
1
P= N3 (61 + 02 + 03)

P=kZ_1 (3)

4]

dv
dsi =2G (dSi - W)

The explicit dynamics simulation, the equilibrium
equations in dynarmic analysis can be written in the
form

(M] [iz@] = [F(i)] - [1“)] (@)

where [M] is mass matrix, F' is the vector of exter-
nally applied load and I is the vector of inertia forces.
The mathematically equilibrium relation is a system
of linear differential equations of second order. The
solution can be obtained by finite difference expres-
sion to approximate the accelerations and velocities

VOL.5, NO.1 2012

in terms of displacement which can be used written
as '

i) = = (1) 9y, () 4 4, (-1)
i AP (u ™ +u ) {5)

The error of calculation depends on stable time
increment that as relation below

. (L
Atgpapie = min (?) (6)

where L. is limited element edge length and ¢ is ve-
locity of longitudinal wave for an element is in the

form
A2
=4 7
1/ p (M

A and p are Lame’s constants can be written in terms
of young’s modulus and poisson’s ratio following

vE

A= Trna =) ®)
E

A= 5079) ©)

The stable time expression mentioned for only one
element in practically the ANSYS LS-DYNA solver
automatically caleculates the minimum time step for
each element based on its characteristic length and
density. The smallest of these element time steps is
called the critical time step. The actual time step
used during solution is the product of the current crit-
ical time step and a stability factor (usually 0.90). As
elements distort during the analysis, their time steps
are recalculated. However, an element’s time step
is calculated based on its material properties (E,v,p)
and characteristic length. The equation can be rear-
ranged to find the required density of cach clewent for
a desired time step size. By adding the corresponding
mass to these elements, the solution time will be re-
duced. This procedure is known as mass scaling and
not recommend. In this paper, mass was not added
to speed up run.

2.2 Finite Element Model Description

In this study, the geometrical realistic model of
the skull has been finslized from native SolidWorks
CAD3D commercial software. ANSYS LS-DYNA
generated mesh and solved the numerical model. A
three-dimensional (3-D) finite clement (FE) modcl
of facial bones impact on the different positions i.c.
maxilla bone, left and right zygomatic bones are
shown in figure 1. The model was composed of
364,892 elements and 87,023 nodes. The impact area
and interface of bone (suture of skull) have high den-
sity of element to achieve realistic behaviour during
impact. However, the human skull used in this study
was evaluated from the previous study.
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(b)

Fig.1:: 3-D Finite Element model of the impacted
(a) maxilla bone (b) left zygomatic bone and (c) right
zygomatic bone.

Table 1:: The sex, weight and height of each subject.

Bone Material p E v
Model | (kg/m®) | (MPa)
Compact | Linear 1800 15000 | 0.21
bone elastic
Facial Linear 4500 10000 | 0.3
bone elastic
Foreign | Linear 5304 | 210000 | 0.3
object elastic
Covering Elastl.C- 1050 1500 0.3
[ayer plaStIC

2.3 Boundary Conditions

The skull considered in this study consists of two
main components that were compact bones and fa-
cial bones. The frontal, parietal, temporal and occip-
ital bones have been regarded as the first component.
The zygomatic, nasal, maxilla and mandible bones
were another. All of the bones have been modeled
with linear-elastic behavior as proposed by Giovanni
et al [8] that has been used as the reference. A for-
eign object was covered by a layer in the end where
was surface contact to the bone. The linear-elastic
behaviour can be illustrated in (3). Mechanical prop-
crtics of the different components used in this L
model are shown in table 1.

The model has been considered as free in cor-
respondence of the neck because the impact phe-
nomenon is too fast to be influenced by neck con-
straints as Giovanni et al. In this facial bones im-
pact simulation, all of the components were separated
into twelve parts i.e. left and right zygomatic bones,
a nasal bone, a maxilla bone, a mandible bone, a
frontal bone, left and right parietal bones, left and
right temporal bones, an occipital bones and a for-
eign object. The others tissues such as scalp, brain,
ventricle, cerebro spinal fluid were not considered in
this study. The object impact was defined to be mass
5.6 kg by setting up the speed at V = 7000 mm/sec (7
m/sec). All of the parts were defined as assembly con-
tact with coefficient of friction (COF) 0.3. Contact
between the object and frontal bone were identified
COF = 0.2. The impact force and Von-Mises stress
distributions on the different components of skull has
been considered while a foreign object was blowing to
maxilla bone, left and right zygomatic bones directly.
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5483

(8)

Fig.2:: Stress distribution (kPa) on the different components of skull during (a)(c) maxilla bone (d)(e) left
zygomatic bone (f)(g) right zygomatic bone impact.
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Fig.3:: Impact force of the impacted (a) maxilla
bone (b) left zygomatic bone and (c) right zygomatic
bone.

3. RESULTS

Figure 2 shows the stress distribution on the dif-
ferent components of skull during maxilla bone, left
and right zygomatic bones impact. While an object

* was striking on maxilla bone, there were stress distri-

butions on many parts of the skull i.e. maxilla, nasal,
frontal, parietal and occipital bones as shown in fig-
ures 2(a)-2(c). The stresses were 210.123, 2.205 and
5.423 MPa on maxilla and nasal, frontal and pari-
etal; and occipital bones, respectively. In addition,
the stress distributions were occurred on nasal, zygo-
matic and frontal bones when the object was blow-
ing left and right zygomatic boues as shown in fig-
ures 2{d)-2(g). In this case, the stresses were 318.118
and 10.208 MPa on the left zygomatic and frontal
bones; and 309.939 and 10.753 MPa on the right zy-
gomatic and frontal bones, respectively. Obviously,
the maximum stress appeared on position of the com-
ponent where was stroked directly. Moreover, if the
maximum stress on each of the impacted position
were compared at the same impact time, zygomatic
bones have maximum stress.

Figure 3 shows the impact force of the impacted
maxilla bone, left and right zygomatic bones. Peak
of impact force on maxilla, left zygomatic and right
zygomatic bones were 6.939, 5.28 and 5.29 kN, re-
spectively. These peaks of impact force have arisen
approximately within 4, 1 and 1 seconds, respectively
after an object contact to the bones.

4. DISCUSSION AND CONCLUSIONS

In case of the stress distribution evaluation on
the different components after maxilla bone, left and
right zygomatic bones impact with the same condi-
tions, maximum stress has occurred on zygomatic
bones. This may be caused by a smaller surface area
of zygomatic bone than one of maxilla bone. In this
study, the stress on the left zygomatic bone was a
bit different from right zygomatic at the same im-
pact time, possibly because of setting error in initial
position of foreign object.

From the FE model simulation, the impacted max-
illa bone has a maximum impact force possible caus-
ing by the difference of surface contact on object.
Maxilla bone may be contacted to object more com-
plete than zygomatic bone which only contacted to
the edge of the object. However, when the durations
of all peaks appeared were considered, peak of im-
pacted zygomatic bones has been taken place faster
than that of another.

From the results, maybe means that zygomatic
bone is a weak point on the skull. Therefore, the
severity of injury of zygomatic bone is possibly most
happened when struck a foreign object that had the
same characteristics and behaviors on maxilla bone
and zygomatic bones.

This FE model of the human skull impact built

_can be useful for further studying the mechanic of

head impact, analyzing causing a knockout and inves-
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tigating a maximum weak position on a human face.
However, the boundary conditions must be changed
for improvement more realistic FE model of human
head with others tissues such as scalp, brain, cere-
bro spinal fluid etc. Furthermore. impact the foreign
object to the others positions on the skull will be re-
garded in the future.
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Abstract- In hard disk drive manufacturing, the tolerance ring is commonly used for coupling a bearing cartridge to an arm actuator.
Further, the tolerance ring can prevent slippage between the arm actuator and bearing assembly during operation of disk drive or
during shock events. The metal scratch occurred in the tolerance ring installation process cause a number of particles. The main
purpose of this analysis is to improve and to investigate behaviors of the tolerance ring using finite element 3D model for reducing the
particles. The result shows that the developed vulnerable point effect less movement of the tolerance ring, the particles were decreased
because the metal scratch was eliminated.

Index Terms- Tolerance Ring, Finite Element, Bearing

1. INTRODUCTION

In the hard disk drive (HDD) manufacturing, the present tolerance ring (T-Ring) assembly relates to method, in disk drive to couple
actuator arm to bearing assembly. Further, tolerance ring can prevent slippage between the arm and bearing assembly during
operation of disk drive or during shock events. Some tolerance ring designs and installation methods include ring with protrusions that
frictionally engage with an inner surface of an actuator arm. This ring can be installed by first installing the ring into an actuator arm
and then forcibly pressing a bearing assembly into the ring—a press fit where an inner diameter of the ring is smaller than an outer
diameter of the bearing assembly. Conversely, rings can first be installed around the bearing and then forcibly pressed into the actuator
arm—a press fit where an outer diameter of the ring’s protrusions is larger than an inner diameter of the actuator arm. Either way, the
act of forcibly pressing a component into another component creates particles as surfaces scratch against each other, particularly when
a metal surface is involved.

Many researchers have studied the characteristics of the tolerance ring. Rongley (1] developed a tolerance ring by having a plurality
of corrugations of different heights to provide different available spring rates even if one or more of the corrugations of one height is
crushed. Cramer, Jr. et al.[2] improved the tolerance rings with permitting them to be utilized in holding cylindrical members within
sheet panels and providing positive axial retention of the ring in the sheet panel. The formation of shoulders on the engaged members
was not required, but rather through the use of an annular split ring shim. Misso et al.{3] attempted reducing manufacturing cost and
increasing disk drive actuator assembly stiffness. A post extends from a base deck and supports an actuator assembly and cartridge
bearing. Macpherson et al.[4] increased frictional coefficient between the cartridge sleeve and ring prevents slip between them,
eliminating the need to increase compressive forces between the ring and bore and bearing. Piriyakorn and Sujin[5] studied the
tolerance ring installation process using finite element 3D model. Although the tolerance ring has been being developed, design one
for reducing the particles has never been mentioned. The main purpose of this analysis is to improve and to investigate behaviors of
the tolerance ring composed in hard disk drive using finite element 3D model for reducing the particles. Figure 1 shows the actual
tolerance ring in hard disk drive.

Figure 1: T-Ring in hard disk drive
II. GOVERNING EQUATION
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~ The finite element simulation of the tolerance ring installation process has been performed with ANSYS LS-DYNA the commercial
software package [6].
For linear elasticity, stress given by Hook’s law
6 = ).(;}+ZG.§, Q)

i=1,2,3,... where Ais Lame’s constant and G is known as shear modulus
The principal stresses (o) can be decomposed into a hydrostatic and a deviatoric component
o; =—P+s; 2

P=—El;-(al+0'2+0'3) 3)

Where P is the pressure and s; are stress deviators then

P= K(—E- - 1) @)
Po

ds; = ZG(da,. - -d—V) %)
3V

The explicit dynamics simulation, the equilibrium equations in dynamic analysis can be written in the form

i )

where [M] is mass matrix, F is the vector of externally applied load and I is the vector of inertia forces. The mathematically
equilibrium relation is a system of linear differential equations of second order. The solution can be obtained by finite difference
expression to approximate the accelerations and velocities in terms of displacement which can be written as

1o (u("+1)_zu(")+u<f—1>j -
Atz
The error of calculation depends on stable increment of time as the relation is shown below

L
), W TR, (7
Atstable N mu{ c ] @)

where L, is limited element edge length and ¢ is velocity of longitudinal wave for an element is in the form

a A+2u ©)
P
Aand p is Lame' constants can be written in terms of young's modulus and passion ratio as follows
RN\ (10)
(1+v)(1-2v)
E

N 11

a 2(1+v) (n

The stable time expression mentioned for only one element in practically the LS-DYNA solver automatically calculates the
minimum time step for each element based on its characteristic length and density. The smallest of these element time steps is called
the critical time step. The actual time step used during solution is the product of the current critical time step and a stability factor
(usually 0.90). As elements distort during the analysis, their time steps are recalculated. However, an element’s time step is calculated
based on its material properties (E, v, p) and characteristic length. The equation can be rearranged to find the required density of each
element for a desired time step size. By adding the corresponding mass to these elements, the solution time will be reduced. This
procedure is known as mass scaling and not recommended. In this simulation, mass was not added to speed up run. A three-
dimensional (3D) and a cross-sectional view of the finite element (FE) model used for the tolerance ring installation process are shown
in Figure 2.

www.ijsrp.org
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Tolerance Ring

Bearing Sleeve Top Clamp

A

Arm Actuator

Bottom Clamp
(a) (b)

Figure 2: (a) Three-dimensional (3D) model and (b) Cross-sectional view of the finite element (FE) model used for
the tolerance ring installation process

Figure 3 shows the concept of the bearing push out after the ring collapsed. The equation of bearing push out can be derived from
F=uN (12)
N=VMxA (13)

Where VM is Von Mises Stress

V%Za)“ e iy

Figure 4: Configuration of cylindrical for finite element model

A bearing sleeve was meshed by control layer of the element as show in Figure 4.

and now substitution eq. (13) into eq. (12) got
2z ¥l
Pforce =TH .f [47-(,1'9 (14)
0 e
Simplify the eq. (14) obtain
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D
2N,

where Pj,, is bearing push out, uis coefficient of friction, F is contact pressure, D is a diameter of the bearing sleeve, and N, is the
number of engaged element. Practically, an average pressure and contact area substitution in eq. (15) to obtain bearing push out.

PforwleA (15)

III. FINITE ELEMENT MODEL DESCRIPTION

In this study, the three dimensions and behaviour of the tolerance ring was studied. A space between the arm actuator and the
bearing sleeve was determined for collapse of tolerance ring. In addition, the optimal vulnerable points for collapse of the tolerance
ring were evaluated as shown in Figure 5. The geometrical model of the tolerance ring has been finalized from native SolidWorks
CAD3D commercial software. ANSYS LS-DYNA generated mesh and solved the numerical model. A three-dimensional (3D) finite
element (FE) model of tolerance ring showed in Figure 2 composed of 381,190 elements and 54,293 nodes. The ring element has been
defined high density to achieve realistic behaviour during collapse. The tolerance ring assembly considered in this study consists of
five main components i.e. E-block arm (Arm actuator), bearing sleeve, tolerance ring and two clamps (top and bottom clamp). The
E-block arm was simplified with regardless the root arm to reduce amount of element. The bearing cartridge was considered as
bearing sleeve that makes sense. The both clamps were considered to be rigid body, the bottom clamp was fixed all degree of freedom
as for the top clamp can be moved down in z-direction only via load curve. All components were contacted together by surface to
surface. Mechanical properties of different components of FE model are shown in Table 1. Coefficient of friction (COF) between
tolerance ring and sleeve was 0.70-0.95 [7]. In case the tolerance ring has material properties following: hardness 400-450 VPN,
ultimate tensile strength 1310 MPa, yield strength (0.2% offset) 1170 MPa.

Figure 5: Vulnerable point of the tolerance ring

Table 1: Material properties for finite element analysis

Qe Propeqthy Stainless st'::;pe < Materiailuuﬁnum
Elastic modulus, E (MPa) 190,000 71,016
Yield stress, Y (MPa) 206 275
Poisson ratio 0.32 0.33
Mass density (kg/m’) 7,889 2,700

IV. RESULTS AND DISCUSSIONS

Figure 6 shows the vulnerable points deformation or collapse of the tolerance ring. Red, blue and green point represent the
vulnerable point before collapse, top of one after collapse and bottom of one after collapse, respectively. Obviously, the vulnerable
points moved from original after apply compression force to the tolerance ring. All points trend to shift in radial trajectory except
point A where shift in tangent trajectory. However, moving of the vulnerable points to radial trajectory was required to frictionally
engage the tolerance ring and bearing sleeve with an inner surface of an actuator arm. Hence, a space of between ends of the sheet that
was formed as the tolerance ring must be reduced. The optimal vulnerable points collapse of the tolerance ring is shown in Figure 7. It
reveals that all points have tend to radial trajectory. The frictionally engage the tolerance ring and bearing sleeve with an inner surface
of an actuator arm as shown in Figure 8.
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Figure 6: (a) T-Ring vulnerable points collapse (b) Equivalent diagram
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Figure 7: Optimal T-Ring vulnerable points collapse

Figure 8: The frictionally engage the tolerance ring and bearing sleeve with an inner surface of an actuator arm
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Table 2: Relationship between width of vulnerable point and bearing push out

Vulnerable Point Width (mm) Bearing Push out (1bf)
0.03 15.1
0.05 374
0.07 . 54.6
0.12 80.3
0.13 70.4

~ Table 2 shows the relationship between width of vulnerable point of the developed tolerance rmg and bearing push out. When
vulnerable point width was increased, beanng push out was increased continuously until arrive a measurement and then bearing push
out was decreased.

Table 3: Relationship between ratio of space and tolerance ring thickness and collapsed vulnerable point

Space/Ring Thickness Ratio Collapsed Vulnerable Point {mm)
0 0.11
1 0.19
1.3 0.18
1.5 0.18
1.7 0.18

Table 3 shows the relationship between ratio of a space between the arm actuator and the bearing sleeve and tolerance ring
thickness, and collapsed vulnerable point of the developed tolerance ring. The vulnerable point has maximum collapse when space and
thickness of the tolerance ring is identical.

V. CONCLUSION

In this paper, finite element models were developed for analysis. All models were meshed with brick element by control the
element layer for calculaton of bearing push out. To reduce the particles due to metal scratch in the tolerance ring installation process
need to have the optimum vulnerable points. Th tolerance ring is compressed so that it buckles or colapse at predetermined vulnerable
points to position the bearing assembly relative to the E-block or actuator arm. The collpse level of vulnerable points designed depend
on an axial load or force being applied to the tolerance ring. To have protrusions on the tolerance ring for helping to readily collapse
is recommend. Cleanliness can be improved with reducing the movement of components that contact together. From simulation, the
tolerance ring is able to move only 2 millimeters that is approximately 97.0% of movement part. Therefore, the developed tolerance
ring ensure that the particles are removed from this process.
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Abstract. In arm hookup assembly process, the tolerance ring is commonly used for coupling a
bearing cartridge to an arm hookup. This process often encounter cleanliness problem which is caused
by metal scratch between the arm hookup and the tolerance ring. The main purpose is development
the tolerance ring using finite element 3D model and validation of experimental result. The result
shows that the simulation result corresponds to the experimental result, the vulnerable point effect
less movement of the tolerance ring. Moreover, the cleanliness problem in process was eliminated
also.

Introduction

In arm hookup assembly process, the present tolerance ring (T-Ring) assembly relates to method, in
disk drive to couple the arm hookup to bearing cartridge assembly. Further, tolerance ring can
prevent slippage between the arm and bearing assembly during operation of disk drive or during
shock events. Some tolerance ring designs and installation methods include ring with protrusions
that frictionally engage with an inner surface of the arm hookup. This ring can be installed by first
installing the ring into the arm hookup and then forcibly pressing a bearing assembly into the
ring—a press fit where an inner diameter of the ring is smaller than an outer diameter of the bearing
assembly. Conversely, rings can first be installed around the bearing and then forcibly pressed into
the arm hookup—a press fit where an outer diameter of the ring’s protrusions is larger than an inner
diameter of the arm hookup. Either way, the act of forcibly pressing a component into another
component creates particles as surfaces scratch against each other, particularly when a metal surface
is involved [1].

Many researchers have studied the characteristics of the tolerance ring. Rongley [2] developed a
tolerance ring by having a plurality of corrugations of different heights to provide different available
spring rates even if one or more of the corrugations of one height is crushed. Cramer, Jr. et al.[3]
improved the tolerance rings with permitting them to be utilized in holding cylindrical members
within sheet panels and providing positive axial retention of the ring in the sheet panel. The
formation of shoulders on the engaged members was not required, but rather through the use of an
annular split ring shim. Misso et al.[4] attempted reducing manufacturing cost and increasing disk
drive actuator assembly stiffness. A post extends from a base deck and supports an actuator
assembly and cartridge bearing. Macpherson et al.[5] increased frictional coefficient between the
cartridge sleeve and ring prevents slip between them, eliminating the need to increase compressive
forces between the ring and bore and bearing. Piriyakorn and Sujin[6] studied the tolerance ring
installation process using finite element 3D model. Although the tolerance ring has been being
developed, design one for reducing the particles has never been mentioned. The main purpose is
development the tolerance ring using finite element 3D model and validation of experimental result.
Figure 1 shows the actual tolerance ring in hard disk drive.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form ot by any means without the written permission of TTP,
www.ttp.net. (ID; 101.108.239.79, King Mongkut's Institute of Technology Ladkrabang, Thailand-14/04/13,05:58:31)
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Fig. 1 T-Ring in hard disk drive
Governing Equation

The finite element simulation of the tolerance ring installation process has been performed with
ANSYS LS-DYNA the commercial software package [7].
For linear elasticity, stress given by Hook’s law

6, = A(g)ucg', : (1)

1=1,2,3,... where Ais Lame’s constant and G is known as shear modulus
The principal stresses (0;) can be decomposed into a hydrostatic and a deviatoric component

G, =—P+s;. %))
P:—é(o,+0'2+cr3). 3)

Where P is the pressure and s; are stress deviators then

P K[ﬁ_ J (@)
Po
ds, = 2G(d£,- \ ‘;’/ ) . (5)

A three-dimensional (3D) and a cross-sectional view of the finite element (FE) model used for
the tolerance ring assembly process are shown in Figure 2.

Tolerance Ring  Bearing Sleeve Top Clamp

e

Arm Actuator

Bottom Clamp
(a) (b)

Fig. 2 (a) Three-dimensional (3D) model and (b) Cross-sectional view of the finite element (FE)
model used for the tolerance ring assembly process
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Finite Element Model Description

Three dimensions model and behaviour of the tolerance ring was studied [1]. A space between the
arm hookup and the bearing cartridge was determined from the simulation. The optimal vulnerable
points for collapse of the tolerance ring were evaluated by apply compression force to a top clamp
as shown in Figure 2 and 3. ANSYS LS-DYNA generated mesh and solved the numerical model. A
three-dimensional (3D) finite element (FE) model of tolerance ring showed in Figure 2 composed of
381,190 elements and 54,293 nodes. The tolerance ring assembly considered in this study consists
of five main components i.e. arm hookup, bearing cartridge, tolerance ring and two clamps (top and
bottom clamp). The arm hookup was simplified with regardless the root arm to reduce amount of
element. The both clamps were considered to be rigid body, the bottom clamp was fixed all degree
of freedom as for the top clamp can be moved down in z-direction only via load curve. All
components were contacted together by surface to surface. Mechanical properties of different
components of FE model are shown in Table 1. Coefficient of friction (COF) between tolerance ring
and bearing cartridge was 0.70-0.95 [8]. In case the tolerance ring has material properties following:
hardness 400-450 VPN, ultimate tensile strength 1310 MPa, yield strength (0.2% offset) 1170 MPa.

Fig. 3 Vulnerable point of the tolerance ring

Table 1 Material properties for finite element analysis

. . Type of Materials
Mateie Tty Stainles;Y szeel Aluminum
Elastic modulus, E (MPa) 190,000 71,016
Yield stress, Y (MPa) 206 275
Poisson ratio 0.32 0.33
Mass density (kg/n’) 7,889 2,700

Experimental Setup and Validation

This section is investigation of collapse behaviour and validation of experiment. A tolerance ring
install machine used in the experiment as shown in Figure 4. It is adapted from compression test
machine.
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Fig. 5 Configuration of experiment

Figure 5 shows the components and setup of the experiment. The arm hookup was simplified as a
cylindrical with a hole that inside characteristics were similar to one of arm. An aluminium sheet
was rolled to achieve a tolerance ring.

Bearing Cartridge
Tolerance ring

Arm Hookup

Fig. 6 Assembly of arm hookup, tolerance ring and bearing cartridge

In assembly, the tolerance ring was put in the arm hookup before the bearing cartridge. Three
components were assembled as shown in Figure 6. Then, the compression force generated from
motor applied to top clamp via column as shown in Figure 4. The speeds of compression were
varied for behavioural investigation of the tolerance ring and validation experiment. The collapse of
vulnerable points and material damage were considered.
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Results and Discussions

The maximum compression force was 162-170 pounds force (Ibf) for collaspe the tolerance ring.
Figure 7 shows the identical results between 3-D model and an actual tolerance ring for the vulnerable
point collapse after the bearing cartridge was removed.

(a) (®)
Fig. 7 Optimized collapse of the vulnerable point (a) 3-D model (b) Actual tolerance ring

The relationship of rotation degree and torque of bearing is shown in Figure 8. Obviously, torque
has tend to be over baseline when compress the bearing at high speed as shown in Figure 8(a).
Consequently, the vulnerable points were torn. Conversely, compression with optimal speed affects
the optimal torque as shown in Figure &(b). Furthermore, the experimental result found that the
tolerance ring damage was incident also after collapsed in case of excess hardness material as
shown in Figure 9.
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Fig. 9 The tolerance ring damaged after collapsed

Conclusion

In this paper focus on development the tolerance ring using finite element 3D model and validation of
experimental result. The result shows that the simulation result corresponds to the experimental
result. The cleanliness problem in process was eliminated also due to the extent of metal scratch was
decreased in the tolerance ring assembly process and to have the optimum vulnerable points. The
tolerance ring is compressed so that its buckle or collapse at predetermined vulnerable points to
position the bearing assembly relates to the arm hookup. The collapse level of vulnerable points
designed depend on an axial load or force being applied to the tolerance ring. The compression speed
and hardness of material have to be optimized for optimal collapse of vulneraple points. To have
protrusions on the tolerance ring for helping to readily collapse is recommend. However, for bring it
up to manufacturing process need to develop the related components and machine for
manufacturability.
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