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ABSTRACT

This research presents-to use finite element method for predicting natural
frequency of Head Stack-Assembly (HSA). Three finite element, models, Model A, B
and C, were created to compare the accuracy of mode shape, natural frequency and
the time used in the calculation. The Model A used isotropic ‘material property to
simulate the coil of Voice Coil Motor (VCM) but' not installed-a; Pivot~bearing and
Tolerance ring. The Model B.not installed a Pivot bearing and Tolerance ring as a
Model A but used-orthotropic.material property in'the coit.of VCM. The Model C also
used orthotropic property but installed Pivet bearing.and Tolerance ring. The results
showed that using\an”orthotropic material property of VCM.coil, accurately predicting
the natural frequency.in Coil 1" Torsion rode and HsA 1% Butterfly mode than using
an isotropic material property as.well. To instalt and do not install the Pivot bearing
and Tolerance ring was accurate.in“predicting the.nattral-frequency of mode shapes
that are not different, but installation will take time to calculate more than 6 times.
After that the technical installations were used to find the impact on the natural
frequency of the modified Dimple height on the Tolerance ring, which have created a
finite element model with a Dimple height of 5 difference sizes. The study showed
that modifying the Dimple height affect the natural frequency, the most in HSA 1"
Butterfly mode, which Dimple height reduction from the standard height affects the
natural frequency reduced significantly. Moreover, there is presentation of finite
element model to using Epoxy instead of Tolerance ring to sticking the Actuator and

Pivot bearing together, which could be used to develop future technologies.
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Modal frequency of each group (kHz)
Mode 1 2 3 a4 5
1 7.23 7.10 7.37 7.42 7.47
2 11,52 11.59 11.53 11.56 11.60
v 3 15.36 15.44 15.38 15.49 15.52
4 26.90 26.72 26.31 26.51 27.01
5 .30.72 30.71 30.15 30.58 30.34
6 38.53 38.51 38.37 38.51 38.59
7 45.11 45.29 45.22 45.21 45.43
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E, [GPa] 30.0 30.0
E,,(E,)  [GPa] 30.0 39.8
Gy, (GPa] 10.0 10.0
G,,(G,,) [GPa] 10.0 3.85
Vyar 0.3 0.3
Vear (Vig2) 0.3 0.3
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Mode EMA Initial finite element Model | Updated finite element Model
(Hz) FEA [HZ] Error [%] FEA [HZ] Error [%]
1% Coil Torsion | 2,240 3,040 35.8 2,276 161
1" Coil Bending | 4,010 3,730 7.02 4,182 4.28
1% Coil Sway | 4,990 4,520 -9.41 5,059 1.38
2™ Coil Torsion | 8,100 8,120 0.24 7,782 3.92
2™ Coil Bending | 9,360 7,960 -15.0 9,206 -1.64
2™ Coil Sway 11780 722 12,373 257
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3.2 §S5uIRURINISEUAzIiau

v a4 4 i P Y] 'Y § { w 1 a
Asauazifiaudanisedsunnaulunduunveaseuy NsRaauNaIna1IeIall

7 ) A ) & L} 1 :l.’ Q‘J )
dnuyzUIeLLuey (Regular form) nSea1aazliuiuey (megular) Falagvnluazuuenis

Fuaziioussniduaninsdl A nsduazifioukuudasy (Free vibration) wagn1sauasfiay

=)

wuuady (Forced vibration) msduasiiieudaszaziinluludnvuziszuuinouninduly
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<4 s 1 a o
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3.3.1 ﬂ']sauagkﬂauaﬂigma\ﬂigUUWUQigﬂUﬂluLﬁiLLUU‘Luuﬁ?‘WU?Q

X

m

k

o a o P a M e o |
NTNN3.2 iEUUaNHﬂﬂqiauangauuUUaaigmuuﬂjwuqq

NNAIWN 3.2 UansguvaNyAnisauasiioudaseuotma m Rliddmuaeda

IS a v 1! , “ A d' 1 1 v A
aunInleualnIlieeyius (differential equations) wesmistaieunvasssuusthaield Ao

mii (¢) +kx(r) =0 (3.1)

Fawglaatilu (General solution) Ua4aunITiTIBLAS Fi

x(2) = Asin(w,r +6) (3.2)

e

L O% 2
\’C() Xy TV a
A= 0 —ueunagn (Amplitude)

(42

n

¢ =tan™ Do _ NUWa (Phase angle)
Yo

k d -
®, = [~ = AMAETIHIR
m

%, = x(0) =m3nseinEudiu

v, = £(0) = ArandaSusiy
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) a v ¢ o v & ’ o a
rateasilurasaunslieyiusuesauntsyl 3.2 wanslilfindnisindeunazegly
dnwnzvasiteturlod (Sine) vide lalwy (Cosine) InsTusgfutouluBufuvesszuu (initial
condition)  @en1siAdeuiifenaniazinisinasuindulundvudiiuluanfivinfunas
a & o = a . . o ol a
senidunisiedeuiwuueniluiia (Harmonic) lngn1wil 3.3 uansnsindeunesssuudauyh
Msduiaukuudasyiluiifnuag
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x{1) =e ™ (a,e"”" -l g aze””"‘/zz_"’) (3.5)
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=b.

Ty

-V, + (—( + \/ﬁ)wnxo

20)" \/év,2 -1

V +((+\/ﬁ)a)nx0
2(0"\/—4'27—1

v P P o ¢ . & : P v g 1
R]WﬂNaLQaEJ'WJ“UENﬂ'ﬁLﬂa@u'VlﬂsmI@LUaiLLﬂNUIUﬁNﬂWiW (3.5) LLﬂWQGL‘VILWU'ﬂﬂ']?

a = uay a, =

wasunagliinsduasiioudindy Inanisnsednazanasesinaiiios Waratdiulunazid

gannzaunalunandiiliuanslunini 3.5

0.1 T T T T T T
E .
=< 0.08} . -
5 =1
g 006} X, = ]
Q
2 o=
a 0041 _
0
o 002 i 1 1 ] { 1
o 0.2 0.4 0.6 0.8 1 1.2 1.4
time t (s}
= ¢ P
awi 3.5 Tonosuaud
mInnaatuaud (Criticatly. Damped  Motion) fie nIsNsEULRA SAs AN
Ve o ) = K 4
wiriunils (¢ = 1) Benamasvialuvesemnasi (3.3) lunsilil fa
x(t)= [xo + (v, +a)nxo)l:|e—“’"' (3.6)
INNaasaIluIgIsiedstunnsainsaroadtaudludunisi (3.6) uanslsidiugn
o a tal @ - = Q% o ¢ Ve o '
nmsndeunazliinisduasfienindu Insn1snszdnavanangitieiteuisnaiiuluuay
v 1 ] L7 d' A
WnganizaunaegRTInGIcTitEadlnIwa.3.6
0.1 T T T T T T
B -
= ¢ =
§ =1
g 005} X, = ]
§ v, =0
=
.«
el
0 i 1 ) 1 {
0 0.2 0.4 . 0.6 0.8 1 1.2 1.4

timet [s]

nWA 3.6 A3inRaduANy
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) ¢ . = o o W \ Y | )
sumasuant (Underdamped Motion) fig nsissuuiiandnsndiuminiieo

nimia (0> ¢ > 1) Fwawaeiluvesauns (3.3) lunsdlil fe

o aal o ) < a A ' | Y
ﬂqiLﬂaauwmaﬂUmgﬂqiauagLV]@ULﬂﬂ?JUIWUﬂ']Sﬂﬁg MNALUATRRFIDYIINDLUBY LhAasLUNd

Tneh

x(t) = Ae™ sin(w,t + ¢) (3.7)

Voo +¢o,%, ) +(x0,)

2
wy

X, @
¢=tan” — 4

Vo F6@,%

@, = w,/1=¢% = AUDYeIN1THYN (damped frequency)

o P =] Al ¢ o o v '
MnuadasilUrasnisinaeunnsdsumeitaudluaunish (3.7) \wansliiiugi

LY 1

Y

= o Yo o
annyaunalegndannlavanduning 3.7

— 0.1
E
»
= 0.05
&
8 0
Ko,
& -0.05
el

1
o
-

i i ] 1 1

o

0.2

0.4 0.6 0.8 1 1.2
timet [s]
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vasszuuLasdwanililianisdudios [11] lnglun il 3.8 uansssuvauyinisduasiitoy
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& oy Y =4 v & = Y '
3.4.1 ﬂ'ﬁﬁuﬁgﬂmauLLUU'UQﬂ‘U‘UE)\ﬁgU'U‘Wu\ﬁzﬂU?JuLﬁ'iLL‘UUhJSJﬂ'JWU'N

F(t) = F, cos (wt)

m

‘:‘ a q'J < - 3 el Qs )
NINN 3.8 'SS‘U‘UﬂiJlj‘ﬂﬂWiﬁuﬁ%L'ﬂ@uLLUUU\?ﬂU‘ﬁLN@JWJViU'N

Tunmin 3.8 wanfeulminme- m ssaguuaysdlneliusy F@). nsevivoinall

el F() nsw’hag‘lué’wmsﬁaﬁ%’u‘lﬂwﬁ
F(t)=Fycos et (3.8)

o\ @ fa AINRIBITINTEYIIRDIa M
dnty xo 1o asfiusenseyinuuang n 2 159 Ao 1senndus ez sanseii

o4 o a Y = Y
AYUDNYUVYUANATTLUY aqwua‘wm nastpasuAle L'f]‘u

mi ik =F (2) (3.9)
mi+kx = [y cosot (3.10)

¢

aunish (3.10)  eglusUvesaunisilseuiusidaudududuassuuuliieniug
(second order linear non-homogeneous differential equations) Fawataasialuiinain
nauINYBINALaaLLRLLAY (complementary  solution)  waswalaaslanie (particular

solution) seluaunisd (3.11)

X=X, +X, (3.11)
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Wy x A9 wawayly

x, Ao WalasFufy

X, Ao HARAUWNY

¢:§ oy v d' A v [] a
Fawalaasiniiuazulaannnisivisuaunisi (3.9) IieglugUvesaunisiidy
[ ¢ a v [} o/ LY o v Q V] = % s
suuslTudusuuasswvueniuglaentsimuald F(r) =0 vilviilgUaunismiieuiuiu
o P v a v a =
aun1sn (3.1) Fslalanamasiududeiuansluaunisi (3.2)

lunsywaaganizweEun1sy (3.9) aevnlalanenissviusly

x, =Ccoswt (3.12)
x, =-oCsinwf (3.13)
%, =~w’Ceosal (3.14)

WUATANNST (3.12) tag (3.18) asluaunisi (3.10) 180

—m@’C cos ot+ kC cos wt = F, cos wt (3.15)

11 coswt MIsaANAISA (3:15) agle

cu_Jo (3.16)

oy f0=£
m

WIUATC 9INAuN1ST (3.16) asluaunisi (3.12)asly

— (3.17)

Unamaganizluaunisi (3.17) wasnawmasiuduluaunisi (3.2) wnuadly

aunnsi (3.11) axvhlildnamaninluresaunisi (3.10) 16 e

w:xg ) o fo (3.18)

. L@
x(t) =" " sin(e,t +tan” —10) 4
w, v, @ -o
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NAUNTN (3.18) AMUAA o =, awld

2.2 2
D v o (3.19)
x(t)=+—""—"Lsin(w,¢ +tan "'—x°)+—]£’-cosa)t
@, vy 0
x(t)=w (3.20)

x =0 lUdNN15% (3.20) wanedan1snszanvesszuvlzivunlusiusdemaliia
MsduasIiouTULSBENIN FufnTuidionisfinnuiaeusinssifiaudrlndaraaud

srsumAvessyuy udluaudueiesvuvesifmbailirnuguusslunsduasiiounes

Frmuilunsieseiivnansduingaaivin

a o Y Ced v U ot o o '
3.4.2 NTEUGEZIMDULLUVUIAUYBITZUURHITEAUTULASLULUNINUY

E(t) = F; cos (wt)

m

JUN 3.9 sEuuauyAnIsauanauwu Ui AURisavue

d a‘.; i a U ' L 4 o ' t:"l/
Tunwd 3.9 uansua maeguuavTwaziviilagliuse £ () nsevireudai

lnelit F (o) nsgvhegludnuaisilendulalay

F(t) = F, cos wt (3.21)
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o/

NN 3.9 uansTzuvaNyRnsduasiouwuuTIAUYeTE U UNTAIMU9T9

annsollsuannTdeyiuseInsAaauTaEUUaE el Ao

mii(t)+cx(t)+ kx(t) = F, cos ot (3.22)
¥ m msaumsi (3.22)

£(0)+ 26 (1) + 2x(1) = fycosar (5.23)

o =) w € a ¥ oW W ) v ¢ &
aunish (3.22) egluguresaunsilisoyiusidadududvasauuuliiioniug Jema

Y a a & Y} o a
LaaEJVl’J‘lULﬂﬂﬁ]’mNaU’Jﬂ‘lJaQNaLQaEJmiJLmNLLaSNaLQaFJLQW’]Eﬂﬂuﬁumi% (3.11) Iﬂﬁ]lfﬂ@ﬂ

o - o < 1Y) ¢ Cf o = ada
fvsanamzlunsdmsiedauiivesssuuuuudumesuanl (0< &< 1) dowindunsdnd

a o a ﬁv = v A P v
msfinnsduaziiioutinty lasnamasdaiuagmigiannisideuaunasi (3.22) ieglu

U

sUresaunIdoyRus T udyduduasauuuieniiugiagnisnivuali F(s) = 0 vinlviigy
aumsmilounuiuaunsi(3.3) feslduawnaainmuniianduaunisn (3.7)

TunsvualnasnIzedannisn (3.22) el leonisnIvuati

X, (1)=X cos (wr=0) (3.24)

Yaunisi (3.24) Lﬂgaugﬂiﬂawauﬁ’ﬁmﬁﬂmﬁa cos(4~BY=cos.dcosB +sin4sin B

Iy

x, ()= X cos @ cos wr + Xsin fsin ot (3.25)
%, (¢)= 4, coswt + B sin wt (3.26)
1ng A =XcosOuay B, = Xsind

wagazlaIn

X=\A+B uwag O=tan” % (3.27)

L)

[J v Sw W P a L7 ] v
YNNITUIDYWUDDUAUNUILATEHDANYUNULIRNUDIFUNTITN (3.26) Tadu

X, (1)=-wA, sinwt + wB, cos wt (3.28)

Lae
%,(t)=-0"(4,sinwt + B, cosat) (3.29)
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WnUENST (3.26), (3.28) uae (3.29) adluaunsi (3.23)

(_szS +260,0B, + v, 4, - £, )COS ot + (—CUZBs -2lw,wA, + a),fB_Y)sin wr=0 (330

WENN15N (3.30) wnuAaAn =0uas s = £/ 2 uazlanadndaunisae

(a),f —a)z)Ax +(2Ca)na))BS =f, (3.31)

(-2¢ww) 4, +(a),f —@’ )B.‘_ =0 (3.32)

Thaunsfi4331) wae (3.32) Tvnan 4, e B 1o
(@ @) s (3.33)

A= 2
(a),f—a)z) (2 w0)’

R

) 26w,mf, (3.36)
- (a),f —w’ )2 +(2§a);,a))2

Yhaunsi (3.33)uay (3.34) wnuasluannisi (3.27) Lﬁammal,aamawwlﬁl,ﬂu

Jo
(a)f “@’ )2 +(24w,0)°

2
a)z—a)

n

cos[a)t —tan~

v, (1) \/ | 26w, J (3.35)

nalRasanIswaraRasAlitwuesiuaunish 3.11)  Indueasiinluves

aumsi (3.22) fio
x(t)=Ae™** sin(w,t +¢)+ X cos(wt -6) (3.36)

Tne

4o —Xcosf
sin ¢



25

. w, (%, — X cos 0)
vy +(x, — X c0s0){w, —w X sin6
o 26w,

0 -’

n

¢ = tan

- @ =tan

.. f
\/(a),f -’ )2 +(2¢w,0)"

nwateasialUluaunisi (3.36) wandiisiuin donariuluauianisnssdaves
nalRasfiuiulzanasedsraisvulidmatunisiadeuiivessruy Tnsasmdoud o
P99N15n5ETNIMNHAIRALRNIZluALNIST(3.35) LLaSLﬁaﬁWLLauwﬁgmmwaLaama‘wwﬂ,u
aunsi (3.35) wvhn1suasifalad (normalized) e Wanevausudenuiasldfuss

auns7 (3.37) wazduaneuanslunwd 3,10

20 (3.37)

= Wag 6 = tan™ -

0 \/(1—r2)2+(2§r)2 %

X !
F

o
nehl r=w/o,

Amplitude

1
e~ ("= 0, No Damping

g
g
[+
8 s = 0.3
3 =0.5
= o \ ¢
< ¥ iy .

5 " N / ¢ = 1.0, Critical Damping ____|

14
0.5 »
0 1
0 0.5 1 r 1.5 2 2.5
Frequency Ratio l'='7

AR 3.10 9RS18NENISIAARUNIBUAUSASIEIUAILE
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Phase

180 - i

j =0, No Damping —» s
160 - (; pie _ ——
140% F=02. ) // et :

: ~f>

; =03 \\7//// /
20 C=0.5 / /
9= = 1.0. Critical Damping :

T ping ¢ =1.0.Critical Damping

Phase Angle (deg) ¢

\ / 1-¢=o0s
9/ i8N
S e

7 e & =0, No-Damping

|
0.5 1.0 [is 2.0 25
Frequency Ratio l'="7

A

60

i 3.11 msivBeumanupaiisuiusandaumand

3.5 ANSIATISHLNAAYDINTSaUaLITIaY

[ a

MIARTIENANIIUN AUV LU UTRTEA VRN aTZ I NI Wl el 9]

a = <

mdutoustedn WetmniiasiedulssuuRinung aasiinseiluea fe S3Rle
dwiunshluTinssinginssuvesssuuiilssiuarmdassunnndmidiull ieviuan
Audugaulunsieseiudiiaung (Original Coordinate. system) Tabn1sas1assuuding
Tt Aoszuuiialing (Modal ‘codrdinate System) ms%’mgﬂammsmsmﬁ'auﬁ‘tu
swuuiiinunilinegluiiialudaszeldainisiunmsraunsiinudaszaniudasyinly
ansndnAanenlulaazaunisiaog1e@enin ImEJaumsﬁgna%’w%u‘lmwuﬁﬁ'miuﬁa

wi3unnT1 aunnsluda (Modal equations) [11] Ineazinaustunsusgieirelunisldisnis

]
v

3Lﬂswﬁimﬁaﬁ’m%’umsmwaLaaUﬁm%"usz‘uuma@:ﬁﬁmsé’uasLﬁauLLwﬁassmﬁLl,am“lu

NN 3.12
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1 . K,
A—W— A~

7/ m, m,
/ r s

J—1F s

A | cz |

Al 3.12 ssuuauyiinagiinsduasiieuwuudass

MNNNA 3.12 LLﬁﬂ\“]ﬂ']'i‘-:]"]ﬁE]\ﬁ%‘U‘UiJ'lﬁ@:ﬁﬁﬂﬂ%\‘iLkagﬁlﬂﬁﬁlﬂ%ﬁﬁﬂu’ﬁﬂL%Uuaﬂlﬂ’ﬁ

Lﬁ?jaaqﬁuﬁmmmimﬁauﬁmaﬁzw‘lumazmaiugﬂaema'wlﬁﬁa
g ==k ey (= x, ) =% 4+ ¢ (%, %) (3.38)
Mm%, ==k, (x; —x) - & (%) (3.39)
thasn1s7t (3.38) wag (3.39) andngulbaileilu

m ¥ (c, o3 )% —e3x, +{k 4k, ) x = k%= 0 (3.40)

M, X, =C, Xy +Cy%; < k%[ + kyx, =0 (3.41)

Fagwnsadraunis (3.40) wag (341 Teusglugdiuvindds

m 0% N o +e, —¢ |l X s k+ky, —ky||x| |0
0 m, || X, 2 N | P -k, k|| x 10
Mé+Cx + Kx =0 - (3.42)
Tefl M fe wvindvosuna

C 79 WVSNTUBIAIAINAINUI

K | An uysndusernadnauss
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NENNTS (3.40) wae (3.41) wansliiudsanududoulunismnanaiiasainly
Lw‘iasaumsﬁmmLﬁm%’aaﬁ’uagjLLasa]sﬁmm%’u%’aumﬂ%u’l,uaxwﬁﬁisﬁ"ummﬁaszﬁqq

wnlu lesuvinduagsruunilszauninudaselagzgnuantluaunisi (3.43) waznnd

(3.13) muaInu

3.5.1 M5IATIEANAANTTAUASTIoULUUDHTSUDITLUUNAESERUTULES

k2 kn-1 kn

m1 m, mn-1 my,
L e —(—
C, Cha Ch

Al 3.13-SruvalnAviRIsIa M sRuan ieuwuudase

aumaTeyusvem Rt uveusEuuIsgnilanl ugdiuEndle - fa

Mi+Cx+ Kx =0 ‘ (3.43)
Tngfl
m7 0, 0 0% ]
= P 04\ %
Mx'=| 0 0 0 0
fo, 0 0 WNIH (I,
L0 Oy o 0 72 4R
(¢, +¢; c; 0 01 % ]
—C, G te ¢ 0 X,
Cx = 0 -, . 0
: 0 ¢, ,+c, —¢, |l x_
0 0 -, ¢, || X, |
ko +k, —k, O 01 x |
—k, k,+k, -k 0 X,
Kx = 0 ~k, 0
: 0 k., +k, -k i|x,,
|0 0 —k, k, il x, |
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mM3dnguannIsmsiadeuiluszuuiinundlvegluszuuidaludassdosdnasm
ArrnudsssurRdsedluAdnuugianiy (Eigenvalue) wazthlunimesdnuvuzianis

(Eigenvector) lasfnvunli
x =M ""ye! (3.44)

108 v AD WNSATINADTSINYMSIRNIZLAzUAUNIT (3.44) unuadluaun1sids

ayusvaamsindouiluaunisil (3.43) Taglifinfmiléibu
MxX+EKx=0 (3.45)
-~ MM’ pe’™ £ KM *ve”™ =0 (3.46)

daunsh (3.46) paivisauniseing M2

2 (MMM ) ve™ 4 (MR Y™ =0 (3.47)

Aualiayeng K =M"2KM"2 =2 ey MMM =T Ty A
D Ananwslaniguay I Ae wsadiondnwal (dentity Matrix) #97@uns (3.47) undeu
Tl Ao

—Tw*ve™ + Kve'™ = () (3.48)

thaunsit (3:48)uisdiay. e/
Kv =2y (3.49)

10y A=’

%’\1nnmaéé’ﬂwmmawwmaﬂuuﬁa:ﬂ'wﬁﬂwmzLawwwgﬂﬁ'\ma%'mﬂuLu‘vﬁnsz? P A

P=[v, v, v, ... v,] (3.50)
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a v ¢ o d = =
NnauMseyRusresnsindeuivausyuuluauntsi (3.43) ansawdeuegly

FUURNAUABIABNTTAAUA LT

x(t)=M"Pr(1)
thaunsi (3.51) wnuasluaunisi (3.43) 2glamu
MM P (t)+CM " P (1) + KM Pr (1) = 0 |
vaunsii (3.52) AvSng PT M Wagunns

P"M ™ MM Pi(6)+PT MM P (1) + PT MM Pre (1) =
PP (t)+P"CPE(1)+ PTKPr (1) =

< a = -] i 1% 1%
- leoiaming C=M7"CM unglosUdavieliu

F(e)+diag[2g.0 (1) + Ar(1) =0

g
fw? <0
0\ @}
A=110. -0
DAY’
0

diag[2¢,w;] =

§s ¢ ldan C=aM+ K

o

0
0
28,

(3.51)

(3.52)

(3.53)

(3.54)

n_|



31

wazanuTaluuaNnIs (3.54) nszagledu

i (t) 2glwl 0 0 A (t) a)lz 0 - 0]n (t) 0
A, 0 20 0 A0 @ 0 in()) 0
: : 0 0 : : 0 . 0 : 0
7 (1) 0 0 2, |50 0 - 0 @ ()] |0
130
F(1)+2¢,mf () +oin (1) =0
i"z(l‘)+2§2a)2f;2(t)+a)22r2(t)=0 (3.55)

7 (1) +28m,t, (1) Harr (1) =0

NAUNISH (3.55) wansdamnndassluusagaun1sgianisornasaasiibuluws

gaunsuutauly 0< ¢, <ileidu

r(f)y=Ae “sin(wg+¢) i=12,.n (3.56)

1nei

2
Ay = ; l—gi

) A% \/(’70 + 607 )2 + (’7‘0(‘)(1,')2

i 2
Wy

_ -1 Vo @y
= tan™ 0%
Lo + 60T,

Farn 4, uae ¢, awgninvualaeRouluisusuvesEuuaeR £y uag £ mlaann

r(0)=r, =P M"x, (3.57)

#(0)=F =P M"x, (3.58)
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Wisladnouvesannissng o vesssuulussuuiinaludaaiunsauvasndululussuy
AaUnd laenslvaunish (3.51) Tnennd 3.14 LaAAIHUATNAIIULANAIITENINNSIY

sswﬁﬁ’mﬂnﬁu,asssuuﬁﬁ'ﬂiuﬁamaasswmaﬁj

q. L% = < o/ 2 D kY
AINN 3.14 aﬂ‘t‘)ﬂJ%‘USﬂigUUﬂNNﬂN?aQ‘LUSSUUWﬂﬂﬂﬂﬁlLLaSSSU‘UWﬂﬂhIﬂa

3.5.2 N157LASILALNNANITAUFLLT DULUULALUDISSUUNANY S A UTULET
Vacia ¥} dl' o ell A v o 1
NSRRI AN HNAR D UAUBITIANNDUDITEUUNT LA UAIIND ETEUINNIN

yilstulUazdimnnaiiana1gaininle nanalidaedsy 1199 nsvuUNtnI RS 1e A I UL 9EdinNg

&

wnusanszauhilaedwiualiksiansnsgquisiulidnyne Ao F(r)=F, cos wt

al

Wlvaunsidoyiusvean sirdsuinawsuuianardlusaniu deauismlguaunisla

i Y f L o v v
wandluaunsi (3.59) lnelunni 3,15 UHAAILHUN TN TABIVDITEUUNHNNTZAUN WG

I Fcoswt I Fcosiot F_coswt ‘ F.coswt
k2 I'(n-1 kn
—AM— - —AAA— A\
m, m, My My
—{— - - - —{— L
Cy Cn.1 Cn

= = =

MW 3,15 ssuvauyAviaeananinsduasiiouwu ey
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aumaveyiusyeInsindeunvassruvazgnilauluglumingle de

M5 +Cx + Kx = BF (3.59)
1oy
1 0 0
01 0 :
B:Bllxﬂ_
0 0
0 --- 0 1
F coswt
F, cosat
F(r)=| "
E, cos wt

thaunnst (3.51) winadluasnisifeeuiisvosnsiaaouiifieyluaunisi (3.59) I
MM "2 Pi (1) + CMC 2 Pr(0) + KM Pr(1) = (3.60)

thaunsi, (3.60) qou PTM 7 naanisamsldL iy

PT MMM PF(2) & PTM O PE(E)+ PT M KM Pr (1) = PTM ™ BF (1)

P” P¥ (t)+ PTCPi(t)+ PTKPr (1) = PTM7"

¥ (1) +diag[2¢ o (1) ¥ Ar (1) = £ (1) (3.61)
oy
J, coswt
(0= A cc?swt
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Fagnansathaunish (3.61) v udeunszanelaitu

F()] (260, 0 0 TA(0] [e? o 0 [r(0)] [/ cosar
% (1) L0 2e 0 7 (1) L0 w, 0 i ln()|_|fcosar
: : 0 .0 : 0 0 :

% (¢) 0 w0 280, [R()] |0 - 0 @ ()| |f cosot

w50

i (1) + 20 (1) + or (1) = ficosat

40+ 26, (02031 ()= frcosan b6

F(0)+2¢,0,6. (1) + 0% (1) = f, cos it

INAUAMSN (3.62)- hansfanudasylusiagaunistaanasaninaiaasyialuluws

avaumsuudealy 0.<¢ <l
r.(f)=de** sin{w,i + §) +X;cos (@i =6,) i=1,2,..5;n (3.63)
Tngi

2
Wy = W; 1"4

1 @y (riO _Xi COS@/)

¢ =tan" = :
F+ {2y =X €050 )¢ .0, @ X, sinG

y _ ry—X,cosd,

i sing,
2600

== -1 i

=

X = Ji

I \/(a)f -’ )2 +(2¢ ww)

v o

o v & 1 a o LY P
WeldnaaagmlvvesaunisaisqguesssuuluszuuAnaludasefinanaluaunisi

1
=

(3.63) asanvasnauldlussuuAnaundlaenisldaunisi (3.51) Favinlwladaunisnng

ianUNYaIsTUUNinsAuazinauwuulsulussUURTAUNA
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3.6 ABmMITwnuvesguuuunsiiusziieu (Mode Summation Method)

nMsduaziiouressuudn 9 wfinduldvainmaiejuuuulneTuiviteulusudy
wazAnwuzvetTzuy Jslunsduasifowssiigvuvulunsduaziiouanzluusazainud
syTUARaTuIInUedsuiuiuIunatelluntsiedauireussu InsdeuluSudussdawag
9 o P \ aa a ' = da ' Y P
Tinnsduazieuluwsazsuuuuiidninadenmsindoufinuanaeiusenty [11] §sazanunsn
o - | ' i a a a ' ™ - Y
venguuuumsindeuiivasluusiagainudsssumanag Bninaluudsuuuunisduasifiouls

saraludl

X
-

-
nN

\\\\\%\\\\\
3
3
N

1l o

N¥1-3.16 | spuvayRinarulinTauaineulUudase

LY

AW 3.16 4@ m, Uag m, goiianreiunieaUllavgngaiuiuuadnuvilslag

a 6 as

WSI9INNNBUBNIINSEYINTIIT A WTRITENANA SWsaYLgTUsULImMIngRanitansluaunish
(3.42) 14l Fio

Mx+Kx=0 (3.64)
fvuali x=M"q(r) Ltasqmaumiﬁ mg M2 aglaaumsivaidu
15(r)+Kq(r)=0 (3.65)

FINALRALVDIANNITN (3.65) TUwAaLANAINLASTTHYIRALLR Ao

q; (t)=vrei\/2ﬂ (3.66)

h 4
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Foeunsahaumsil (3.66) WasugUlneldgnsveseesians (Euler’s formula) 9y
q,(t)=d,sin(ws+9¢, (3.67)

lae d,fis duUszdvsnsveed (Expansion  coefficient)  luusasguuuunns

Fuaziiouuazannsoilouaunsi (3.67) luguuasavemnzuuuumsduasifieuldify
g(t)=>d,sin (w1 +4,), (3.68)
i=l

P = o o a v ey
Bad, uas ¢, luaunisi (3.68) asgnimualagiteuluSudu (1 =0) ldfe

q(0)= ! d/singy, (3.69)

i=l
Lhay

q(0)= i wd singy, (3.70).
i=l

PUINLADIANUMZLANE v e lugunt 51 (3.69) wag (3.70) ATwudn viv, =0

)

Woi = juagy) v =1llei= jiiiaunsadevaunsidll fo

v q(0)=d singv. (3.71)
WAy
v §(0)y=wd singy, (3.72)

PNaNMTN G Dwae (3:72) avannsadaunldmdd, uad ¢ lode

;
wv, g0 3.72
(Iﬁi:tan""T’,(L(—) i=1,2,..n St
v, q(O)
hae
.
L 573
sin g,

o5 < < L7 a £ o o e a '
99 ¢ PO yWd uay d;, Ao dudssdninisveviinuanstednowavedlulsiay

sULuuNsAuasiioudwanan1AAsUNvITEUY

-/
u =M"y

i

i=12,.n (3.72)
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u, Ao 'giJLLUUnwsﬁuasLﬁau‘/’iaz‘u'wahﬁagﬂéﬂﬂumstﬁagiﬂugﬂLmumié"uamﬁau
fienanudsssuniisng 1

NN 3.16 uanIFeguMIMATdNYsEANSsnI TV eRuaruassUIdluns
wdouiluudasguuuunsduasioulaefmuald m =9kg, m,=lkg, k =24N/m,
k,=3N/m, x(0)=1, x,(0)=1, Xx(0)=0uazx,(0)= 0Fsausavanines

Snunzianglafo

ol] el

Tnenanmen g, , o we d, 1éu

T
¢i_”2‘
1 1
[ A, IS5 g
8 vy Rf
\51 ‘/5 =1
d =22 d, =~2

INANdIYsEANBN IS e uandlAuIagUuUN T dUdz A uivilde (first mode
shape) fi3vEnasonsiaaaunveuszuLIINNIIFULUUNTSAUGE iaPaq (second mode
shape) laesUsrslumisindaufivadszunluwsss susbumsduasiiouasgnidnsdanin

3.17

<

19

——— A ——— T

m m

e e i

e

mode 1 mode 2

nwn 3,17 gﬂéwmimﬁauﬁmaaiwﬂumésg‘dLmumié’ua&ﬁau
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3.7 sudsudslunlumadiuus (Finite Element Method)

o/ .4

331 lumedinudiTuis i Fefaviildd i nSunnaunisidaeunus (Differential

9

qdd‘n

Equations) SaiAsfitualdTinseitigmmedindmnssumansegnaniteine lngazgn
ilUlddmdunsiuamnaeaslaeyszuavesdyunisig q Wy Jgmiesnisaiom
audeu Jnseinisivavesvediua wagtymmeiunasaniveswosudadudiu vdnnis
iiRllumeduudlulitessitameing q fie nsuudsiieanisiinseiosniudiudes
N 9 Sondn A (Element) Jaiisusegvanednune Tnsyadniidonseriuluudas
aLuufvzgnisanitgane (Node) Feaziinisadeiladdunsadamaniiiorsduium
AvpeiaulsfidaIn TUUMUYgaRes1L Y ﬁﬂw%’umﬁmswﬁﬂzym’tumwﬁﬁaﬁﬂﬂ
LLiqmnmauanﬁnisv‘\”lGia'"imqimEJUﬂaﬁ?u%w?iEJuLLanmmnms'?iaria“lﬁl,ﬁmn}mﬂ?iauﬁmaa
ssUU wavidiesruuinTaEuniasminnaiasdsalfiAnseduindundude usades
(nertia Force) wdwllsawtny ) (Damping | Forée) dasiifinanmatiunisiadouiiveing

Pnaunnsi (3.59)  azudiuialnanianieas (1) A91mu11vesaNn1TILUAR s 9

FRATNIEIABIT U 3 atountilgnamanagiss s uiasmuatrstuiiuftaidu
Talae (Cosine) TedwalriarmunsenlarmuALIziladun Biaannoe FansuAaunS
Tlud e d 1wl amnaistaa euifnJarulumassaargeldvdnnnsvesni i iluda
FaUsenaulUg18nsEUIRRIT IS AN S NEMEARIL LINIADIANTIIBENIS LAENSIUIUNTT

uAaunTsIteMNaneUaNsLTImINe nantduanstiilosnuluiade 3.5

38 nsNAdaUNIEuazITaufatalasaeUwaastalusilines

as

Tunsnadeuinntsduazifianesynusznaungsiidau laltinsesdiotalaes-

v oo

aoumasdlilusiineslunsinmsduasiiiou Imamim'sﬁm%ﬁm'ﬁiaﬁLLsansmuwmmﬁ'
A qliugaUsznewhsu-Bou Inglduameiiesdnoed uasdauasiudeiumisnng 4 vu
Yosznauiieu-Llou fifesnamagey Tnsuasiignislunnasuuganadeuagiiounduinds
isurenameineumaeslilusiinesiaslfiviouileumsiudsunawesdyynuaaiteld
mspeznns arwSnaranuiidunsduasiiieunieindouiivosing Juduisitends
wdnn1svesdumesifelsdmesuarndnnisvesUsingnisalnauinaes (Doppler  Effect)
rnuiveuafinszidanduazdanaliiinusingnisal Blue Shift Ao donquadouiidmn
wderiiin Ao Awdvesuaniindu uasiin Red  Shift  lefnquadiouiisaniisain
wdsiuila femnuiveuaanas FsrndiAnnsdsuudasiannsmilumenausily

o o Y v < v )
n1sindeuiivesinglinarnsiudsuudasyuyoinisagioundu (Phase  angle) UBIuad
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finsziRanduaningazaunselimssozmsiadouiivesgaiidesnanaaould dawasnns
LU§auuﬂammaamsasﬁaunﬁuLLasmmE‘iﬁi’ﬂlﬁ%gnﬁﬂﬂé’q Dynamics Signal Analyzer
(0SA) audandunanisnevauerne 4 [12] Aefiuandlunindi 3.18 31 DSA Wuirdasile
fldnnerdnanalutannuiae q Tnefitunsunisinau fe DSA axfudnmimand
muqmmm%aaﬁai’mLama%maﬂmaahimﬁma%uaw‘hmﬁmﬁuﬁzycywmﬁamu,ﬂm
dyanuandyyineunden (Analog Signal) [udnyguidnea (Digital Signal) Taeld ADC
(Analog to Digital Converter) wdsannsiusinnisld FFT (Fast Fourier Transform) iieuuas
dyyuidneailssudmudsegluguves Time Domain THegluguues Frequency Domain
Wenenlvegluguvesanuising 9 uazvinnsuanawadivinvelaenaiiuandlugianiud
13 9 dAdsnsvensnsduasiien @ain) Rusnasiudsunandyyiadeudh

(input) luszuuuazdyyrunsnauaues (output) 91NszULTRINIMLAIINANNNS

- output 3.73
gain(di) = 201og,, | 2424 (3.73)
nput
Laser DopplerVibrometer Dynamics Sighal Analyzer
=
. ) OO 0
TR A fea R

Laser Heat~ g

Base Laser Head

Actuator Arm

Base ActuatorArm

AW 3.18 LUUT180INISVnADUNENDVAUSITeIDInslaasnaUinaaslustinad
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Tetrahedron
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Element size Actwatot arm VEM coil
(mm) No. of lelerents s> NoFof ‘nodes |4 No-bfelements | No. of nodes
3.0 8,684 16,448 15815 10,164
2.5 10,743 19,976 1,815 10,164
2.0 12,081 25,288 1,815 10,164
1.5 14,885 28;588 1,815 10,164
1.0 29,570 54.,71% 1,815 10,164
0.8 47,363 33,79 1,815 10,164
0.5 162,813 268:497 1,815 10,164
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Parts Material Density Yield Tangent Young’s | Poisson’s
(kg/ m’) Strength | Modulus | ModUlus ratio
(MPa) (MPa) (GPa)
Actuator | Aluminum 2,700 280 500 68.9 0.33
arm
VCM coil Copper 5,470 . - 90 0.34
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= Radial
= Axial

= Tangential
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Isotropic

300,511 Nodes
146,614 Elements

NuA-412 Tuvaas sl uadaFToImEYeaans A

A15197 43/ sagaviBen e Tesil uli1aeg A

Parts Nolof elements No..of nodes tlement type
Actuator arm 29,640 52667 Tetrahedron
Suspension 99,211 206,853 Tetrahedron
Base plate 16,191 33,985 Tetrahedron
VCM coit T2 7,196 Hexahedron
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M990 4.4 Arandineianueanuuinass A

Parts Material Density Yield Tangent | Young’s | Poisson’s
(kg/mB) strength | Modulus | Modulus ratio
(MPa) (MPa) (GPa)
Actuator Aluminum 2,700 280 500 68.9 0.33
arm
Suspension | Stainless steel | 8,000 210 1800 195 0.29
Base plate | Stainless steel | 7,830 210 1800 195 0.28
VCM coil Copper 5,470 - - 90 0.34
(isotropic)
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Details of "Bonded - coil corner 1 To Part5;" 7

VCM coil - Actuator arm
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Behavior
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= Advanced
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'Detection Method
Plnlnll Regron

-G tric Modification

Bonded

282878

N P
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Detectron Method
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Base plate - Actuator arm
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Suspension - Base plate lBondedI
= 7= Details of "Bonded - simplify HGA; To baseplate;” #
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Suspension 3 Torsion
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ﬂ’lwﬁ 4.18 Coil 15t Torsion mode
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mwﬁ" 4.20 Arm Torsion mode
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Al 4.22\ Base plate Torsion
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Details of "Bonded - coil 1 To Parts;" 1

= Scope
|Scoping Method * Geometry Selection .
Contact TFace o
Target 1 Face : .
Contact Bodies ' .
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448,518 Nodes
225,474 Elements

Parts No. of elemants No. of hodes Flement type
Pivot/bearing 015484 89,998 Tetrahedron
Tolerance_rne 33,376 58,009 Tetrahedron

4.34.2_01E30Nuaduuin v Uty €

AISAUERR 1 ANUAANT Taaes WU IR €

wdteylyuuuinany B

nnUsznsaafiderthiinda.d 3.3 Zusa sinTnignasmnuaaudidemaedlnisvuuiuas

v W @

Wassusudsumiii@adyUsvnavttfagmammunnuiy mufuings lugdaduda

L < ' u l & o d‘ J
Imq}aammawquuaxamwmuﬁawaa panuanalumnisngd 4.7

A599 4.7 autinalanuaswuuinass C

Parts Material Density Yield Tangent | Young’s | Poisson’s
(kg/mB) strength | Modulus | Modulus ratio
(MPa) (MPa) (GPa)
Pivot bearing | Stainless steel 8,000 210 1800 193 0.25
Tolerance ring | Stainless steel 7,880 210 1800 193 0.31
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{Frictionless Support

U,#0 Details of "Frictionless Support” #
:.fScope

U.=(  ScopingMethod Geometry Selection

z Geometry 2 Faces

- Definiton '

UHO o [reanes suspon

Suppressed No

Tolerance ring
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Augmented Lagrange 1% Normal Stiffness Factor \Ju 0.01 19 Update Stiffness Ju
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Pivot bearing - Tolerance ring

- Scope
Scoping Method Geometry Selection
Contact 1Face
Target ' 1 face

Contact Bodies
Target Bodies
- Definition

Frictional
oo Codiiognt oo - [

Scope Mode Manual

)

e
/ ” ' Behavior Program Controlled
'rg') Trim Contact Program Controlled
K, ;_/ Suppressed No
\ I\ - Advanced
/“ k formulatlon
\ i O A - Detection Method Program Controlled
\ /, . Penetration Tolerance Pragram Controlled
e 2 T T Elastic Slip Tolerance Program Controlled
b = Normal Stiffness | Manual
i PR : :1 "Normal Stiffness Factor [1.e-002
>~ .1 :Upd_a_te Stiffness Each Iteration
1 ) Stabilization @amping Factor 0.
=y _Pinball Region, F;'Jl-us
_Pinball Radius i |4.e-002in
Time-Step Contm“.,. ?None

2 Geometric.Madification

i interface Treatment | Adjust to Touch
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Scoping Method Named Selection

Tolerance ring - Actuator arm

Contact bumb‘
Target inner_HSA

Contact Bodies
Target Bodies

- Definition
Tirpe Frictional
Friction Coefficient |02
S(bpe Mode Manual
Behavior Program Controlled
Trim Contact Program Controlled
Suppresseﬂ - No ) 7
- Advanced )
Formulation
Defedidn Method Program Controlled
Penetration Tolerance Program Controlled
Elastic Slip Tolerance Program Controlled
Normal Stiffness Manual
Normal Stiffness Factor 1.e-002
“Update Stiffness Each Iteration
'S-tabiﬂi}tmn Damping Factor 0.
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:Time Step Controls, None
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; Details of "Analysis Settings”

= Step Controls - Step Controls

Number Of Steps 12, Number of Steps 12

Current Step NumberA o m . Current Step Nurrrber N P -

StepEndTime s Step End Time B

Auto o Time Sfepping . on - Auto Time St_epoag

Define By Substeps Define By

Initial S;irb_éieps ' 50, Carr; &erAﬁ.m: step

Minimum Substeps 10, Initial Substeps 1200,

|Maximum Substeps 100. Minimum Substeps 100,
- ‘Solver Controls Maximum Substeps 11000. B

_S_otver T‘ype—“ ‘ ”Program Controlled - ~ Solver controls

Wevaalz‘sorin»g—s‘ Program Controlled ' ' 1Solver Type ) - :Program Controlled T

[Large Deflection on ' WeakSprings  Program Controlled |

!Inertia Relief Off Large Deflaction On B ]
= Restu't Controls Inertia Relief | Off

Generate Restart Pornts Manual - Restart Controls ) '

Tda] Step k Al Generate Restart Points ' Manual

Substep All a . AI|> T

Maximum Paints to Save Per Step Substep an

Retain Files After Full Solve )l Pomist kStAep Ail " ' i } »::
+ Nonlinear Controls M After Full S Yes

i Tabular Data
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A1599% 4.8 ATUAUAATBIUUUTIADIANY

Model Dimple Height (inch)
1 STD - 0.000450
2 STD - 0.000225
3 STD (0.008)
a4 STD + 0.000225
5 STD + 0.000450
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4.5.2 msadedudvaILUUIIaBs

eavdeveimsaiveduudvonuuiaasivggnuandliluansd 49 Fwan
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Parts No. of elements No. of nodes Element type

Epoxy 360 2,720 Hexahedron
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(MPa) (MPa) (GPa)
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Details of “Bonded - eproxy To Part5" L
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Element Actuator arm Natural CPU Time %
size No. of No. of Frequency' (sec) Difference
(mm) elements nodes (Hz)

3.0 8,684 16,448 6,614 52 0.94
2.5 10,743 19,976 6,588 63 0.54
20 12,081 23,288 6,575.2 67 0.34
1.5 14,885 28,588 6,5617.6 72 0.23
1.0 29,570 54,713 6,556.4 121 0.06
0.8 47,363 83,791 6,553.8 212 0.02
0.5 162,813 268,497 6,552.4 838 0
N0
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Mode Shape Frequency (kHz) % %
FEA FEA LDV Difference | Difference

(Model A) | (Model B) | Measurement | (Model A) | (Model B)
Coil 1St Torsion a7 3.12 3.08 +52.59 +1.29
HsA 1% Butterfly 8.22 6:22 5.73 +43.46 +8.55
Arm Torsion/Arm 9.10 9.10 8:84 +2.94 +2.94
Sway 1
Arm Torsion/Arm 9.26 10.55 10.03 -1.67 +5.18
Sway 2
Arm Torsion/Arm 11.54 11.05 10.93 +5.58 +1.09
Sway 3 -
Base Plate Torsion 1513 15.30 15.38 -1.62 -0.52
Suspension Sway. 19.41 19.33 19:55 -0.71 -1.13
Suspension3'" 2233 2150 2100 +6(33 +2.38
Torsion
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Mode Shape Frequency'(kHz) % %
FEA FEA LDV Difference | Difference

(ModelB)- | (Model'C). ||Measurement | (Model B) | (Model C)

Coil 1™ Torsion 3.12 3.01 3.08 +1.29 -2.27

HSA 1% Butterfly 6.:22 537 573 +8/55 -6.28

Arm Torsion/Arm 2.1V 9.08 8.84 4294 +2.71

Sway 1

Arm Torsion/Arm 10.55 10:19 10.03 +5.18 +1.59

Sway 2

Arm Torsion/Arm 11.05 11.8 10.93 +1.09 +7.95

Sway 3 .

Base Plate Torsion 15.30 15.27 ‘15.38 -0.52 -0.71

Load Arm Sway 19.33 19.51 19.55 -1.13 -0.20

Load Arm 3rd 21.50 19.78 21.00 +2.38 -5.80

Torsion
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A15199 5.4 LEARLAMIIUNITATLILYBIUUSIADY A B way C

Types of calculation CPU Time (sec)
Model A Model B Model C
Pivot bearing and Tolerance ring - - 138,533
installation
Natural Frequency 913 1,042 4,430
Frequency Response 23,571 25,068 8,545
Total Times 24,484 26,110 151,508

5.4 WANSANYINANTENUABAIAIINASTINVIRUNI TR o UYRIYAUsENBY

s uluannsuiuUisun i weRalaua e SLIUGS

HAYDIN I AEULU AR NEIRUTaYeniae S TUgT s AT w0 o sU AYeq

@ . i =2 < = v
n3duaziiaudggniandluzuin 5.6+ e 513 Waen191991.5:5. 64 513 @ziuldiinis

]
<l

LUSﬂuLLUaammqwmﬁmﬁaﬁwanisﬁmﬁiamnﬂﬁauLL‘Uaaﬁuaad'lmmﬁﬁﬁmwaﬁawqm
‘lugﬂuwmsﬁl’uamﬁau Coil 1% Torsion uaz Arm Sway/Amy Torsion | 1 &afinas
WABULUAIAIADSTTUYIR. 22 Uas 96 LESAT MNEIAY LLﬁﬂsﬁwauwn%quEULLuunws
Fuazifiouriln Base plate Torsion Arm Sway/Army Torsion 2.Arm Sway/Arm Torsion 3
Suspension Sway Wag Suspension 3rd Torsion %qﬁnﬂimﬁiauuﬂaﬂﬁ’lmmﬁassmﬁ 148,
187, 259, 253 Uay 59448509 MuaIAU LLazﬁwaunﬂﬁqm’lugﬂLmumse“i"uauﬁawﬁm HSA
1™ Butterfly FefimaUAunUaedInauis50TR 2,3644850% ﬁaﬁumsﬂ%’mﬂ?{aummqq
vasfuiavdnanieAinuissueAlugUiuu HSA 1% Butterfly iluvdn Tnemauge
ﬁLﬁm"ﬁu%v‘h’lﬁmmmﬁﬁiimna‘lugﬂuw HSA 1% Butterfly ﬁLLU’JIﬁ@JQQ%ﬂW@ﬂUﬁ’w
AW 5.6 wavAIIeT 5.5 LLamwamaagﬂqumsé"iuamﬁawﬁm Coil 1" Torsion
mnnmﬂﬁauuﬂaqmmqwmauLﬁaimEJLLam’lﬁLﬁuﬁamsul?a'auLLanawhmmﬁﬁﬁwmﬁ

NnAugaergalunngaustanm 22 18504



85

L] a
Coil 1%t Torsion
3100
o~
N 3050
ju
- ’—‘-—‘——"M
g 3000 = e ——— °
7]
g™
ol
e,
& 2950
2900
STD- 0.000450 STD- 0.000225 STD STD + 0.000225 STD + 0.000450

Dimple Height {inch)

P o l o ada i . t .
AN 5.6 NTLUaBuLUaeRIAINasIINTIRIENGAD Coil 1S Torsion mode
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A19199 5.5 AIMAUASIINYR ti-Coil 1S Torsion‘mode TOIANUGRANNATUIAAN 9]

Coil 1% Torsion Dimple Height (inch)
STD STD STD STD STD
- 0.000450 ' | \-.0:000225 +0.000225 + 0.000450
Frequency (Hz) 3006 3007 3016 3016 3028
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A191991 5.6 ArANAsTIUTIRLUY HSA 17 Butterfly mode 184RNgaRNINATUINANS

HSA 1% Dimple Height (inch)
Butterfly STD STD STD STD STD
- 0.000450 | - 0.000225 +0.000225 | +0.000450
Frequency (Hz) 3113 5054 5270 5477 5409

A9 5.8 uasAns199 5.7 wansravesgliuumsduasiieusiin Am Sway/Arm

Torsion 1 91AnnswWasuulaseugesfuiialaguansliiiufisnisdsuulases
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AT 5.8 MsLUALULUasANAINRSI IR ALNAHS Arm/Sway/Arm Torsion 1 mode

A1919% 5.7 AAuasssneadly Arm Sway/Arm Torsion 1 mode 184anugemiaung

FiNg 9
Arm Sway/Arm Dimple Height (inch)
Torsion 1 STD STD STD STD STD
- 0.000450 - 0.000225 + 0.000225 + 0.000450
Frequency (Hz) 9122 9022 9087 9099 9118

AT 5.9 Wagm1319N 5.8 uanwavasguiuunsduasiiourila Arm Sway/Arm

Torsion
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Arm Sway/Arm Torsion 2
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AN 5.9 MSIUABRLUEIAIAIINRET SN IANENEsD Arm Sway/Arm Torsion 2 mode

ANT197 5.8 ANATNNETINYIRLL A Sway/Arm Torsion 2 mode vesngiiiiarunging 9

Arm Sway/Arm Dimple Height (inch)
Torsiof 2 STD STD STD STD STD
- 0.000450 1 =0.000225 +:0.000225 + 0.000450
Frequency (Hz) 10,313 10,224 10,197 10,384 10,338

MAN5:10 UagmITNN 5.9 UaRHATaIgURIUNITAUARLIDUYHA Arn Sway/Arm
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M 5.9 A NDSTINATY Arm Sway/Am Torsion 2 mode U89 NERRATNAAS 9

Arm Sway/Arm Dimple Height (inch)
Torsion 3 STD STD STD STD STD
-0.000450 | - 0.000225 +0.000225 | + 0.000450
Frequency (Hz) 10,593 10,560 10,399 10,594 10,658

AWM 511 wagansnd 5,10 wannavesgluuunisduasiiiousiia Base plate
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A15797 5.10 ANAINATTINYALU.Base plate Torsion‘mode ¥asAMslgeRutRavUIAARN 9

Base plate Dimple Height (ineh)
Torsion STD STD STD STD STD
-0.000450 | - 0.000225 +0.000225 | + 0.000450
Frequency (Hz) 15,424 15,303 15,276 15,326 15,401

AT 512 uasa1snei 511 wanravesguiuunsduazifiousila Suspension
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Suspension Sway
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AW 5.12 nMaufisrilaenanudsssuraniiass Suspension Sway mode

M151991 5.11 AMIAUNETINNRL Suspension Sway mode 189ANgIRNLABUUINGA 7]

Suspension Dimple Height (inch)
Swey STD STD STD STD STD
- 0.000450 | - 0.000225 +0.0002251| 4 0.000450
Frequency (Hz) 19,392 19,358 19,519 19,393 19,611

' ' o ¥ W) £ . d
AWN-5,13 1aga15AeN 5.12 e anaTa UL UNIAUAS LD UYUA Suspension 3
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A157991 5.12 AAIRETIITIR LY Suspension 3% Torsion Mmode YBIAINGNUNAVUIAAN

Suspension 3" Dimple-Height (inch)

Torsion STD STD STD STD STD
- 0.000450 | - 0.000225 +0.000225 | + 0.000450

Frequency (Hz) 19,625 19,714 19,778 20,017 20,119
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Abstract
To evaluate accuracy and effectiveness, three finite element models of a head stack assembly

(HSA) of hard disk drive (HDD) incorporating features /suggested. by the latest findings in the literature
were created and tested against the experimental data. The simplest model, Model A, used isotropic
material property to simulate the voice coil motor (VCM coil) of the HSA while the second model, Model B,
used orthotropic material ‘property instead. The most complex model, ‘Model C, also_used orthotropic
property but added extra structure, a pivot bearing and tolerance ring. Simulation runs of these' models
produced sets of natural frequencies of the HSA that were compared with the actual natural frequencies
measured with a Laser Doppler Vibrometer. 1t was found that Model B and C were much more accurate
at predicting natural frequencies than Model A, but while Model C gave only a marginally better result, it
took 6 times longer to simulate than-Model B did. - The most useful finding from_this study is that using
orthotropic property to simulate the VCM. coil ‘of -an HSA greatly improved-the model's accuracy in
prédicting the HSA's natural frequencies.

Keywords: Hard Disk Drive, Natural Frequency, Vibration, Head Stack Assembly.

1. Introduction can-cause serious problems, from minor read and

Today, the need for computer storage space
is ever increasing. Hard disk drive (HDD) (Fig.
1(a)), the most widely used type of computer
storage space, has been constantly developed to
meet this demand. One of the key issues in
designing a bigger, faster HDD is the vibration of
its parts. Excessive vibration of the head stack
assembly (HSA) (Fig. 1(b)), a moving part that

reads and writes data to and from the hard disk,

write errors to HDD failure. Therefore, an effective
means to design a vibration-proof HSA is much in
need. Finite element modeling (FEM) is a reliable
design tool that has been widely used fo
investigate structural vibration problems in various
industries. The purpose of this study was to
construct FEM models that can predict the
vibrational behavior of an HSA accurately and

efficiently.
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Pivot Bearing

Voice Coil Motor

Flexible printad ciccuit

Fig. 1 (a) Hard disk drive

Vibration is pervasive. Vibration=6f an
HSA can occur from many sotrees such .as“the
airflow inside the HDD or .the movement of-the
spindle motor. Howevery small Vibration does_not
cause serious problem. It S when the-vibration
frequency coincides with-a~natural frequency-of
the structure, a jphenomenon- called-resonance,
that the magnitude ofythe vibration gets-amplified
dramatically to the-point that| it becomes a Very
serious problem. Hence, ‘the-focus! ofthis 'stddy
was to construct FEM models that ¢an jaccurately
predict the HSA's pattital frequencies.

There have. been.several-previous FEM
studies on the ‘vibration” of HSA [and'its
components. Ryota Okawa etdal. [1}.conducted-an
FEM study on HSA vibration,and feported that
the arm thickness of the HSA affected its“naturat
frequency, and the horizontal vibrational_mode
shapes of the VCM cail, a component of the HSA,
affected the read and write head positioning
control. In another study, No-Cheol Park et al. [2]
investigated the material properties of a VCM coil
and suggested that modeling with orthotropic
material property is suitable for predicting the
natural frequencies of an HSA. Khasak et al. [3]
studied another aspect of HSA vibration. They
incorporated pivot bearing and tolerance ring,
moving parts of HSA, in their model and found
that 1 varying) - parameters | .of) ;the’ “pivot) “bearing

assembly affected the HSA's.nafural frequencies.
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Base Plate

Tolerance Ring

Fig. 1 (b) Head stack assembly

This study. was,_based on the above
investigations, -We created, FEM models of an
actual/HSA _Fhe simplest one,sModel A, used
isotropic materialr property to simulateithe VCM
coil,, Theysecond one,. Model B, used orthotropic
material property instead. The ‘most-complex one,
Model ' C; /'used orthotropic '\ material | and
incarporated - pivet, bearing and, folerarice ring'in
the -model,| (Then,; we 7 compared the. natural
frequencies of the HSA found from simulation to
the actual- natural frequencies ‘measured with a
Laser Doppler’ Vibrometer+(LDV) to-chegk/the
aceuracy of‘the-models™in, predicting>the’ natural
frequencies ((the’ actual frequency data were
supplied-by-an? HDD manufacturer/in’ Thailand).
The time expended toggalculate’each model (CPU
time), was ralso, tracked#6_see how efficient the

model was.

2. Methodology

2.1 Description of models

This study investigated 3 created models of
an HSA which is produced by an HDD
manufacturer in Thailand. Model A differed from
Model B only in the simulated material properties
of its VCM coil: Model A's coil property was
isotropic while Model B's coil property was
orthotropic. Both models were constructed without
alpivot bearing-and ‘tolerance 'ring ‘of - the 'actuator

arm - ofthe « HSA: 1 -Model €, <however; 1 was
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Isotropic Orthotropic

\/

~ Qrthotropic

&W g

Model A Model B Model C

Pivot bearing and
Tolerance rin
(a) (b) ()

Fig. 2 HSA models with (a) isotropic property; (b) orthotropic property;

(c) orthotropic with pivot bearing and tolerance ring

constructed with these bearing.and.ring as well Table. 1 Mesh, description
as orthotropic VCM coil; this model was_intended Parts No.'of No. of Element type
to be compared with Model B. Fig..2_shows, the paces s,
. Aetuator arm 52,467 29,640 Tetrahedron
pictures of these 3,models.
toad-arm 206,853 99,211 Tetrahedron
2.2 Finite elgmgent modeling Base plale'y | 33,995 16,191 Tetrahedron
ANSYS software_[4]"was _used {0 constrtct Pivotbearing | | 89,998 45,484 Tetrahedron
the models and calculate’théir natural frequéncies. Tpjérarpering)| paus 43376 [ etrahedron
: . \/CM coil 7,198 1,572 hexahed
ANSYS is a finite.element computer program that YN/ puiss = Pxenedron

is widely ‘used_lin analysis, and désign  of 2202 Matérial properties

mechanical ' structure ¢in ' various | industries. ' Qur. Sutnpores e oA abeuatd Brm, load

institute has legally: obtained /the tright” for‘using 4 base plate,(polbedring, thierafcs ring, and

software for JoleRly PHPCSS, VCM~coil-are] made .from various types of

2.2 Mesnosalyn matenals, /7 and~therefore; © have different

To simplify\ihe ~ghydel's “figh), cotiuNazH)\ mechanical properties. These properties needed

tetrahedral meshey, NEré gyeated\ oo Eps to_be 'specified precisely for accurate simulation of

asymmetrical - shape\ ByrisS/Agile  hexegon| the vibrational behavior/of the HSA. Data on

meshes were created to Tagitggnt RVEM coil, these,-, materials _and«" their properties were

& symmelrical shape part. DalngiNGQ creat obtained_from_the HDD manufacturer except the

meshes—number of nodes and type and™mualgl data on orthotropic material used to construct the
VCM coil of Model B and C. The latter data were

obtained from No-Cheol Park's study [2].

of elements—are shown in Table 1. A picture of
the mesh model of the HSA is also shown in Fig.

4 Orthotropic material's mechanical properties such

as Young's modulus and Poisson’s ratio are

different in different spatial directions. A picture of

: the modeled VCM coil showing the spatial
283,101 nodes

coordinates where each orthotropic property was
147,013 elements

applied is illustrated in Fig. 4, while all of the
Fig. 3 Mesh model of HSA types of materials and their properties are listed
in Table 2,
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Table. 2 Material properties
Parts Material Density Yield Tangent Young's Poisson's ratio
(kglm3) strength Modulus Modulus (GPa)
(MPa) (MPa)
Actuator arm Aluminum 2,700 280 500 68.9 0.33
Load arm Stainless steel 8,000 210 1800 195 0.29
Base plate Stainless steel 7,830 210 1800 195 0.28
Pivot bearing Stainless steel 8,000 210 1800 193 0.25
Tolerance ring Stainless steel 7,880 _ juusss= 710 i 193 0.31
f
VCM (isotropic) Copper f - 90 0.34
- S\l I
VCM (orthotropic) | Copper 47 \ |46.6 5 |03 |03] 03
T/ BECSN\/ /A
Copprd 570, )N U T 30 | 208N\ %8 [ 03 [ 03 | 03
\i i y! ort —
: | = fixed
Copper 1 \ D Axial =fixed
R on = free
4 NP~
dd
ue
Fig. 4 w:‘
2.2.3 Boundary c T 1]
I = fixed
For ANSYS s6ftware o iy = fixed
. . ¥: tion = free
the displacement ndd(‘ tion e, () o
according to mics &
) = da o&tdi i f model A and B;
components, suitab n nditio
© b fied. A B " lled b) Bo ition of model C
o0 be specified. ?1691 on ca a
N , a2 \D‘Qr\ : ‘
cylindrical support’ was us mo IQ’\S@ L ﬂ a 1\ nless Support

and C-to constrain the cylindrica
radially and axially fixed but free to move in
circumferential direction, as shown in Fig. 5.
Another boundary condition called ‘frictionless
support’ was used for the faces of the upper and
lower surfaces of the tolerance ring in Model C to
constrain the faces’ movement in the direction
perpendicular to the surfaces but allow them to
slide freely in the rotation direction, as shown in
Fig. 6.
Another special boundary condition to be

LonaTeilonsd s e boundary condition st he. fadks 17

v
o

Tolerance ring
Fig. 6 Boundary condition of tolerance ring in

Model C

of bonded contact. In all 3 models, each
component of the HSA was connected by bonded
contact to its adjoining components, meaning that

the contact faces could not move apart or slide

a%?inst each, other. Thi aheki ‘L'ﬂ:]e or -all contact y
NYUNIUY WUDUY I AUILULTUTE LUYUNIUNITA
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faces except those between the actuator arm,
tolerance ring, and pivot bearing in Model C. The
contacts between these latter components were
‘frictional contact'-the components could slide
against each other with some friction specified by

a friction coefficient.

3. Results and discussion

In this study, 3 types of desired” simulation
results were produced by #ANSYS: .numerical
value of natural frequency, frequency response
graph, and CPU time. Thé natural frequencies
found by simulation were compared to. real
natural frequencies of the HSA 'supplied~by. the
HDD manufacturer. The/manufacturer ‘agreed |to
disclose them for_only a few important vibrational
modes that haveya big impact on they HDD
performance. Fig._# shows theshapes of /6, of
these vibrational modes.

3.1 Accuracy of.thefinite element models

Accuracy ‘of, each model Wwas evaluated in
terms of closeness ‘ofn the natural, frequencies
found by the simulation: of thatymodel t6.ithe
measured frequencies: the closer they wererthe
more accurate the model was. Table, 3 shows
these frequency values along Wwith“the percentage

errors of 8 vibrational modes.

104

TSME-ICoME

HGA sway mode

Coil 1* torsioh mode

Basea plate torsion
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Fig. /Tested'mode’shapes in all 3 models

Table. 3 Natural frequencies from simulation and from measurement

Frequency (kHz) % % %
Mode Shape FEA FEA FEA LDV Error Error Error
" (Model A) (Model B) (Model C) | Measurement | (Model A) (Model B) (Model C)

Coil 1% Torsion 4.7 3.12 3.01 3.08 52.59 1.29 227
HSA 1% Butterfly 822 6.22 537 573 43.46 8.55 6.28
Arm Torsion/ Arm Sway 1 9.10 9.10 9.08 8.84 294 294 2.1
Arm Torsion/ Arm Sway 2 9.26 10.55 10.19 10.03 7.67 5.18 1.59
Arm Torsion/ Arm Sway 3 11.54 11.05 11.8 10.93 5.58 1.09 7.95
Base Plate Torsion 15.13 15.30 15.27 15.38 1.62 0.52 0.71
HGA Sway 19.41 19.33 19.51 19.556 0.71 1.13 0.20
HEA B Torsion 2283 21560 1978 21.00 6,33 2.38 5:80
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The data in Table 3 are exact figures of 3.2 CPU time
natural frequencies, ANSYS also reported ANSYS also reported the CPU time

frequency response graphs. These graphs show
natural frequencies as resonance peaks in the
frequency spectrum. The blue triangles represent
certain measured natural frequencies supplied by
the manufacturer. It can be visually observed that
there were peaks near the triangles, as shown-in
Fig 8. In addition, there were additional peaks
representing vibrational modes that were . not

covered by the manufacturer's provided data.

expended for each type of calculation. Table 4
shows the CPU times expended for calculating
the natural frequencies and frequency responses
of all 3 models (including calculation of installed

pivot bearing and tolerance ring in Model C).

Table. 4 CPU time used

Types of
calculation

CPU time (sec)

Model'A

Model B

Mode!l C

Pivot

138,533

These peaks can be identified -as more ‘dafa

become available, further ‘validating = the
robustness of a particular model.
48
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Fig. 8 Frequency responses and natural

frequency peaks

bearing -
and Tolerance
fing
installation

Natural 913 1,042 4,430

frequency.

Frequency 23,571 25,068 8,545

response

3.3 Comparison of the models

3:3.1 Isotropic versus orthotropic

We found that representing the VCM coil with
orthotropic material \gave much more accurate
results -than -with. isotropic /material. As can be
seen in Table 3, the percentage errors of Model
B-with-orthotropic material were in the range of 1-
9% for allvibrational modes tested, whereas the
percentage errors of Model A with isotropic
material were-in the range of 43-53% for the coil
torsion and HSA butterfly vibrational modes.

3.3.2 With tolerance ring and pivot bearing
installed versus without

3.3.2.1 Reliable

We found that incorporating pivot bearing and
tolerance ring in a model did not significantly
improve the model's accuracy. Namely, the range
of percentage errors of Model B without the
mentioned components installed was 0.5-9% for

all vibrational modes, while that of Model C with
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the components installed was 0.2-8%, numerically
lower but insignificant in pracﬁcal terms.
3.3.2.2 Effectiveness
As can be seen in Table 4, the CPU time for
calculating Model C with pivot bearing and
~ tolerance ring instalied was around 6 times Iongér
than that for calculating Model B without them
installed. Since both models gave the same level

of accuracy, Model B is the better model to-use

for simulating the HSA for the tested vibrational

modes. However, as can be seen in Fig..8, Model
C yielded additional modes that may prove to be

important in future exploration.

4. Conclusion

Three finite element models of an actual HSA
were created. They were tested. for accuracy of
the natural frequencies (that they produced
against those measured with an LDV by-an HDD
manufacturer. It was found that the 2 models that
used orthotropic material property to simulate a
component of the HSA; the VCM- coil, were more
accurate than the model” that used- isotropic
material property to do the same. simulation. In
addition, the more complex model that simulated
additional moving parts was not significantly-more
accurate than the simpler one with the. same base
components, but the complex model took 6 times
longer time to simulate. So if we take into account
the effectiveness. Using a model that is not
installed in tolerance ring and pivot bearing is a
great model to calculate. The most useful finding
from this study is that using orthotropic material
property instead: of isotropic property in a certain
way to construct an HSA model greatly improved

the accuracy of the model.
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