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As the rate of increase in areal density of the HDD has accelerated, dynamic characteristics
of the HDD actuator need to be improved with respect to the performance of the tracking servo
and shock transmission. Therefore, it is important to analyze the vibration characteristic of the
HDD actuator that consists of the VCM part, E~block and pivot bearing. In this paper,
vibration modes of the HDD actuator are investigated the using finite element and experimental
modal analyses methods. To develop a detailed finite element model, finite element models of
each components of the actuator assembly are constructed and tuned to the results of the EMA.
The VCM coil is modeled as an equivalent finite element model that has an orthotropic material
property using auto-model updating program. Auto-model updating program with improved
sensitivity based iterative method is applied to build a detailed finite element model using the
result of the EMA. A detailed finite element model of the HDD actuator is then constructed and
analyzed.
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Nomenclature
a . Weighting factor M . The number of design variables
E«Ey,E:  Young’s modulus &; : Modal parameter
Gy, Gxz,Gyz " Shear elastic modulus & " Design variable
Vs Vay, Vyz . Poission’s ratio {#}: : Eigen-vector
Ai . Eigen-value {¢c} : Calculated eigen-vector
N . The number of modal parameters {¢r} : Measured eigen-vector
{ (91} . Reference modal parameter vector
* Corresponding Author, { 8¢} : Predicted modal parameter vector
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1. Introduction

An important primary trend in hard disk drives
is that the areal density and storage capacity are
increasing very rapidly. To maintain the areal
density growth, the performance of the track fol-
lowing servo must be upgraded. The servo gain is
limited by the mechanical resonance of the ac-
tuator structure that moves the read/write heads
across the data tracks on the disk surfaces and
holds them over the specific track for reading and
writing information (Heath, 2000).

Hard disk drives (HDDs) contain high per-
formance electro-mechanical components and the
actuator structure is one of the major components.
Figure 1 shows the schematic of an actuator struc-
ture in hard disk drives. The actuator consists of
the heads, suspensions, arms of E-block, pivot
shaft, ball bearing and the VCM (Voice Coil
Motor) part including the VCM coil and VCM
holder. A magnetic read/write head is mounted
onto the slider that constitutes a part of the
suspension. A suspension in the actuator structure
connects the sliders to the VCM. The actuator
structure also is called the head stack assembly
(HSA).

It is known that the slider moves off from the
centerline of the HSA in some vibration modes
and generates the residual vibration in the track
following operation. The suspension sway mode
and the quasi-rigid-body mode of the HSA are
two important vibration modes that cause the
significant off-track error. Since the linear ac-
tuator has been replaced by the rotary actuator
to achieve high speed and small-sized disk drive,
the acceleration in the lateral direction of the
suspension assembly during access has become

Fig. 1 Schematic of the actuator structure

an important problem. Therefore, the bandwidth
of the positioning servo is limited by the resonant
frequency of the suspension assembly in the di-
rection of the access (Ohwe et al., 1990). Throug-
hout the disk drive industry, it is accepted that in
order to ensure adequate system performance, the
frequency of the lowest structural resonance must
be at least two octaves above the bandwidth of the
servo system (Miu et al, 1991 ; Chiou et al.,
1992). To develop high track density disk drives,
the dynamic characteristics of the suspension are
investigated using the experimental modal analy-
sis and the finite element analysis (Kim C.J. et
al., 1997). The sway mode of the suspension is the
primary source of radial slider motions {Chiou et
al., 1992). Since 1990, size of the slider has de-
creased due to rapid development of technology
such as MR and GMR Head. The frequency of
the sway mode has increased to over 8 kHz due to
new design of the suspension and pico-slider
(Ohwe et al., 1996).

It is common feature of the present hard disk
drives that a QR mode exists in 3~5 kHz range
and it is the lowest vibration mode that limits the
tracking servo bandwidth. The QR mode involves
coupled vibration of the VCM part, arm of E-
block and a ball bearing assembly. The system
mode, which is generated by the distortion of the
ball bearing, is particularly troublesome for the
servo system since it is very sensitive to the as-
sembly process (Jiang L. et al., 1999).

Recently, the shock resistance of hard disk
drives has become an important issue for mobile
computers and portable electronics. The head slap
motion of the slider triggered by a shock load
causes the collision with the disk surface. In this
phenomenon, the read/write error and permanent
damage may occur (Steve Marek et al., 1995). To
understand the shock mechanism of the HDD
actuator, the shock transmissibility of the actuator
structure and the beating between the arm blade
of E-block and the suspension are investigated
(Jin-Seung Sohn et al. 2001). It is found that the
first bending mode of the arm blade plays an
important role in the shock transmissibility.

Proper understanding of the dynamic proper-
ties of the actuator is essential for the new drive
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design and redesign of the actuator system. In this
paper, we investigate the dynamic characteristics
of the actuator in detail by employing both the
experimental and numerical methods. To develop
an accurate finite element model of this complex
structure, finite element models of subcomponents
are constructed and then combined to form an
assembly model of the actuator. In the case of the
VCM coil, an equivalent finite element model of
the coil bundle is developed using the result of
the experimental modal analysis. Numerous works
on the finite element model updating using mea-
surement are available. Sensitivity based iterative
finite element model updating process is an effec-
tive method to apply to an actual mechanical
component (Kukil Sohn et al. 1992). When the
finite element model updating for the complex
structure is performed using this method, some
limitation must be considered. Firstly, proper
selection of the design variables and the initial
values of modal parameters are important to
achieve the numerical convergence of the results.
Next, the variation of the design variables must be
kept to within bounds to maintain physical mea-
ning. In this research, the sensitivity matrix of the
modal parameters with respect to the material
properties is calculated using a finite difference
method and the least squares parameter estima-
tion is performed with improved strategy for se-
lection of the design variables. A commercial
CAE software, MATLAB and ANSYS are used
to construct the auto-model updating program.

2. Equivalent Finite Element
Model for VCM Coil

2.1 Finite element model updating using an
iterative modal sensitivity approach

The correction of the analytical model is a
main step of the updating procedure. Many cor-
rection procedures have been presented and
categorized into two main groups, direct methods
and sensitivity based iterative methods. The direct
methods calculate updated system matrices in one
sigle step and all elements of the system matrices
are variable. The direct method with iterative
calculation of the sensitivity coefticient also has

weak points in that the mass and stiffness matrices
are design parameters and this method is hard to
apply to finite element models with physical de-
sign parameters such as the material porperties
(Lee J. Y., 2002).

Sensitivity based methods optimize selected up-
dating parameters in an iterative procedure based
on truncated Taylor’s expansions that express the
modal parameters, the system matrices and related
characteristics as a function of the updating para-
meters. The method of finite element model up-
dating using an iterative modal sensitivity ap-
proach corrects the design variables such as the
material properties, the thickness of the plate, the
joint stiffness, etc. It is called the sensitivity-based
design parameter method because the physical
parameters defined as the design variables are
updated from the result of the sensitivity analysis
(Sun et al., 2000). A modal sensitivity coefficient
is defined as the rates of change of the modal para-
meter 6; with respect to the design variable &,
computed at a given state of the design variabls.
When the difterential is computed for all selected
modal parameters with respect to all selected de-
sign variables, the sensitivity matrix [S] is obtain-
ed:

o 80;}
[S]“Su”—[agj (l)
where, =1, -, N ; Modal parameters
j=1, -, M ; Design variables

The objective of any model updating is to
adjust the values of selected design variables such
that a reference correlation coefficient is mini-
mized. The functional relationship between the
modal parameters and the design variables can be
expressed in terms of a Taylor series expansion
limited to the linear term.

{or}=(0c}+[ST{ &}—{ 5D (2)

{Aao}=[s1{AL} (3)
where, { 0r } : Reference modal parameter vector
(measure)

{ 8: }: Predicted modal parameter vector
for a given state { & } of the design
variables.

{ &} : Updated design variable vector
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[S] : Sensitivity matrix

For a precise finite element model of the str-
ucture, model-updating process is performed as

follows :

(1) Construct the modal parameter vector §.
{6}=06, & . 6w]" (4)

The error vector is represented by
{Ag}={o6:}—-{6c} (s)

where the measured modal parameter vector r is
a reference vector, and ¢ is a predicted modal
parameter vector with current design variables.
(2) Determine the design variables &(j=1, 2, -+,
M) for structural modification.

Modification vector { A¢ } is defined as

{AL}=[AL, AL, - Alu]” (6)

(3) Calculate a sensitivity matrix [S] using the
finite difference method. The first order sensitivity
matrix of the modal parameters for the design
variables is written as

[ A6 A6 . AL
AL AL T Al
[S]: A{l Aé’z ’ AKM (7)
Aby  Abyv . Abx
L AL AL AN

Hence, the variation in the modal parameter due
to the structural modification is expressed as

{Aa0}=[SH{AL} (8)

(4) Desired variation vector of the design vari-
ables can be obtained as follows:

{ag)=[S]"{As), N=M (9)

If each selected design variable is independent
and the rank of the sensitivity matrix [S] is equal
to the number M, the inverse of the sensitivity
matrix [S]~! exists. Generally, the number of the
modal parameter N is not equal to the number
of the design variable M. If N is not equal to M,
the pseudo inverse matrix method is used as
follows :

{AL}=[SI7([SI[S]) M Ab}, N<M (10)
{AE}=([SIT[SH'[SI{ A6}, N>M (11)

(5) Update the design variable vector and iterate
the finite element steps analysis until the conver-
gence criteria are satisfied.

{gt={¢Y+alAl) (12)

The sensitivity matrix [S] is constructed using
only the first order sensitivity. Hence, the weigh-
ting factor @ is employed to prevent the diver-
gence.

Fig. 2 shows the flow chart of an auto-model
updating program. The eigen value A; and eigen
vector { ¢ }; are calculated by the finite element
analysis and compared with the results of the mo-
dal testing. The modal assurance criterion (MAC)
numerically compares all mode shapes of the
finite element analysis with all mode shapes of the
EMA to identify the calculated modes (Ward
Heylen et al., 1997). The following equation is

L Set up initial values of design variable ]

L Sensitivity Analysis by finite difference method l

Ranking design variables in terms of sensitivity

CJ (i=l,...,M)

FE Analysis |<—

I Selection ofdesign variables ¢

| Modaltest I l

| Cakulate the MAC I

l Cakulate modal parameter error A9 —‘

N M=+ 2708 l—
Y

I Increase the number of design variables ]

<o M
Y

f Qutput the final design variables —I

Fig. 2 The flow chart of auto-model updating pro-
gram
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used :

[{ ¢c }{ 8z}
{dc}{pc D { o} {dr))

where, { ¢c } : eigen vector calculated by finite

(13)

MAC(¢c, ¢1)= (

element analysis
{ #r}: eigen vector estimated by EMA

Design variables for the finite element model
updating are selected and the sensitivities of the
modal parameters are calculated to arrange the
design variables in ascending order. The sensitiv-
ity matrix is calculated using the finite difference
method and meodified values of the design vari-
ables are estimated by the inverse matrix method
given by Eq. (9). As a result of the inversion of
the sensitivity matrix, calculated variation of the
design variables with larger sensitivity is smaller
than that with smaller sensitivity. It is clear that
the variation rate of a less sensitive updating para-
meter must larger than that of a more sensitive
updating parameter in order to generate the same
amount of A for correction. This feature of the
updating algorithm suppresses the variation ran-
ges of the more sensitive updating parameters and
causes the meaninglessly large variations of the
less sensitive updating parameters over the lin-
earization range of interest. When the norm of the
error of a modal parameter between the reference
value and current value is large, desired variation
of the design variable with large sensitivity must
be increased in order to obtain convergence.

Fig. 2 shows the detailed algorithm of the im-
proved sensitivity based iterative method. This
improved sensitivity based iterative method has
different characteristics compared with the con-
ventional sensitivity based iterative method as
follows :

¢ Sensitivity of the modal parameter vector
with respect to the updating parameters is evaluat-
ed using the norm of the sensitivity to rank the
updating parameter in terms of sensitivity magni-
tude. The updating parameters are rearranged in
descending order so that the most sensitive up-
dating parameter is arranged in the first position.

¢ As shown in Fig. 2, the number of selected
updating parameters is increased gradually in
each outer loop step in which the conventional

sensitivity based iterative method is performed. In
the first step of the outer loop, the most sensitive
updating parameter is only used for model cor-
rection to minimize the error norm between the
analytical modal parameters and the experimental
modal parameters. In the next step of the outer
loop, the most and the second-most sensitive up-
dating parameters are used. The greater the itera-
tion number in the outer loop, the greater the
number of updating parameters are in descending
order.

This improved method can protect the numeri-
cal results from divergence and help maintain pro-
per convergence.

2.2 Sensitivity analysis and model updating
for the VCM coil

The FRF (frequency response function) of the
VCM coil is measured on a soft sponge in both
vertical and horizontal directions. The rigid mode
due to the soft sponge is sufficiently lower than
the first local mode of the VCM coil and hence
the boundary condition of the test specimen is
considered to be freely supported. As shown in
Fig. 4, impulse force is applied to the VCM coil
by a small impact hammer (PCB Type 086C80}.
In Fig. 4, the size of the test specimen and the
impact hammer are compared to a coin to em-
phasize their small dimensions. The velocity re-
sponse of the VCM coil is measured by the laser
doppler vibrometer (Polytec LDV) at 12 points
in the vertical direction and 10 points in the hori-
zontal direction. Measured signals of the impulse
force and velocity responses are sent to a 4-
channel dynamic signal analyzer (HP35670A) to
acquire the frequency response function. Fig. 3
shows the experimental setup for the experimental
modal analysis of the VCM coil. The measured
frequency function is averaged ten times. The mo-
dal parameters are estimated using SMS Star-
Modal, a modal parameter estimation software.
Since the impact hammer cannot readily excite the
test specimen for over 15 kHz range, the frequency
range for measurement is limited to the range of
0 to 12 kHz. There are 8 vibration modes in this
frequency range. Measured natural frequencies
and mode shapes are presented in Fig. 5. In Fig.
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Fig. 4 Test specimen and impact hammer

S, measured mode shapes are compared with
calculated mode shapes of the finite element
model.

As shown in Fig. 6, the VCM coil is piled on
top of the fine coil by applying adhesive. In this
study, the VCM coil is modeled as an equivalent
finite element model using a solid element with
an orthotropic property to properly represent
the coil structure. Fig. 7 shows the equivalent
finite element model. Five local coordinates are
introduced partly in the VCM coil and six para-
meters are used to idealize the VCM coil as an
orthotropic material as follows :

* Sway Mol VA | (490 H * Beentbang Mok OR8]l 80 )

Measured natural
shapes of VCM coil

Fig. 5 frequencies and mode

& X (6

Fig. 6 Modeling of the VCM coil

Ex, Ey, Gyz,,Gxz,

ok

" ‘}:-t

N

Fig. 7 Design variables of the VCM coil

Ex(Es), Ey(Er) =E:(E2), Go(Gr) =GCr(Ger)

Gye(Gra), U= xz. Vs

The finite element model has different proper-
ties at the corner compared with those of linear
part to build a proper model. Hence, eight design
variables of the VCM coil model are determined
as follows :
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Table 1 Natural frequencies of initial and updated finite element model

Mode EMA Initial finite element Model Updated finite element Model
(Hz] FEA [Hz] E [%] MAC FEA [Hz] E [%] MAC
TI 2240 3040 35.8 0.925 2276 1.61 0.934
Bl 4010 3730 —7.02 0.881 4182 4.28 0.902
SWi1 4990 4520 —9.41 0.980 5059 1.38 0.977
BR1 6140 5360 —12.6 0.929 6296 2.54 0.930
T2 8100 8120 0.24 0.855 7782 —3.92 0.885
B2 9360 7960 —15.0 0916 9206 —1.64 0.873
BR2 12400 11440 —7.76 0.801 12146 —2.05 0.787
Sw2 12700 11780 —7.22 0.492 12373 —2.57 0.516

Exl, Eyl (Ezl) , Gyzl, nyl ( zel) ’
EXZ. EyZ(EZZ)’ Gyzz, nyz(zez)

The parameters Exi, Eyi(Ea), Gz, Gon(Gxa)
are elastic moduli of region | and Exz, Ey2{Ez),
Gz, Gry2(Grz2) are those of region 2 as shown
in Fig. 7. The Poisson’s ratio is not considered as
a design variable because it’s influence is too
small compared with any elastic modulus and it is
a dependent variable of orthotropic material to
confirm the stiffness matrix of the finite element
to be a positive definite matrix (Peter Kohnke,
1994) .

The natural frequencies of the VCM coil are
chosen as modal parameters for the model up-
dating process. To find the influence of the design
variables on the natural frequencies of the VCM
coil, structural sensitivity analysis is performed
using the finite difference method. Fig. 8 shows
the sensitivities of the design variables for eight
natural frequencies. Before identification of the
orthotropic material properties, the initial finite
element model is assumed to have the isotropic
material properties and the initial values of the
elastic moduli and the Poisson’s ratio are given as
E=30GPa, G=10GPa, v=0.3.

As shown in Fig. 8, the sensitivities of Ex,
Gxz1. Ey1 and Ey» for the natural frequencies are
greater than another. The sensitivities of FEx,
Gyz1. Gyzz are so small that the natural frequencies
of the VCM coil model are not much varied. To
find the optimal values for the design variables
that can reduce the error between the results of the
EMA and the finite element analysis, an auto-

Table 2 Orthotropic elastic modulus of equivalent
VCM coil model

Design variable | Initial Values [Updated Values
Eq [GPa] 31.0 46.6
Ey1(Ew)  [GPa] 31.0 59.0
Gyai [GPa] 10.0 14.6
Gyt (Gxyl) [GPa] 10.0 2.87
Vyz1 0.3 0.3
Va1 (V1) 0.3 0.3
Ex [(GPa] 30.0 30.0
Ey2(Ez)  [GPa] 300 39.8
Gz (GPa] 10.0 10.0
Gixzz(Gryz) [GPa] 10.0 3.85
Vyzz 0.3 0.3
Vazz (Vxy2) 0.3 0.3

model updating program is applied to the finite
element model of the VCM coil. The result of the
model updating is listed in Table | and the
updated material properties of the VCM coil are
presented in Table 2. Differences in natural fre-
quencies between the predictions of the updated
finite element model and the measured values are
reduced from a maximum value of 35% to less
than 5%. Optimal values of the orthotropic mate-
rial properties are acquired from the result of the
model updating and an equivalent finite element
model of the VCM coil is constructed. The design
variables of the orthotropic elastic moduli, are
selected in ascending order and auto-model
updating is performed with increase in the design
variables.
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(a) 3 dimensional plot for sensitivity
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Fig. 8 Sensitivity of natural frequencies w.r.t. the orthotropic elastic modulus
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Fig. 9 Error norm of finite element model in
model-updating process

Fig. 9 shows the decrease in the error norm
during the iterative model updating process and
the number in the circle denotes the number of
design variables selected. When three design vari-
ables with large sensitivities {Exi, Gxz1, Ey1) are
selected, remarkable decrease in the error norm is
noted. But two design variables with small sensi-
tivities (Ex2, Gyzz) make no contribution during
the model updating process.

3. Finite Element Modeling of the
VCM Part

The holder part is made of the composite ma-
terial. It is assumed to have an isotropic property
and the material properties are referred to the

Fig. 10 Finite element model of the VCM part

Table 3 Natural frequencies of the VCM part

EMA FEA Error
Mode # M) | (M) | (%)
1°* Torsion mode 2330 2447 5.03
1** Bending mode 3330 3148 | —5.46
1 Membrane Mode 5860 5804 | —0.96
2" Torsion mode 7600 7048 —7.26
data given by the manufacturer. (Kim et al.,

1999) The finite element model of the VCM part
is made up of 529 solid elements and 1121 nodes
10. The equivalent VCM coil
model is merged into this model with estimated
material properties. The FRF of the VCM part is
measured at 12 measurement points in the vertical

as shown in Fig.
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direction by using the impact hammer and LDV.
Measured and calculated natural frequencies are
listed in Table 3. The finite element model of the
VCM part also shows errors in the natural fre-
quencies compared with the result of the EMA.

4. Finite Element Modeling of the
E-block

The arm part of the E-block is made of an
aluminum alloy and the material properties are
referred to the data given by the manufacturer.
(Kim et al., 1999) The finite element model of the
arm part consists of 663 solid elements and 1521
nodes as shown in Fig. 11. The experimental mo-
dal analysis is performed to measure the modal
parameters in the same manner as the test in-
volving the VCM coil. An impulsive force is
applied to the middle part of the E-block using a
small impact hammer to transmit sufficient energy
to the whole arm part ; 38 measurement points are
selected to identify the mode shape of the E-
block. The measured and calculated natural fre-
quencies are listed in Table 4.

Table 4 Natural frequencies of the E-block

EMA | EMA | Error
(Hz]  [He] | [%)
I | 1760 | 1780 | —1 |1, 4 arm bending (out of phase)
2| 2000 | 1970 2 |1, 4 arm bending (in phase)
4560 | 4234 7 1.2, 3, 4 arm bending

No Mode shape

3

4 | 8320 | 8907 | —7 |1, 4 arm torsion (out of phase)
5| 8610|9240 | —7 |1, 4 arm torsion {in phase)
6

7

1030010804 | —5
1067010987 | —3

(
1, 4 arm torsion (out of phase)
(

1, 4 arm torsion (in phase)

AN ¢
3 ‘ i ;)
1 "-'k
ok
™
Fig. 11 finite element model of the E-Block

The modes with the bending mode shapes exist
in the low frequency range while those with an
arm torsion mode shape that can generate an off-
track error of the slider head exist in thc high
frequency range. The majority of the mode shapes
show deformation of the 1** and 4" arms because
the thickness of the 2™ and 3™ arms is thicker
than that of the 1°* and 4'" arms. The result shows
a good agreement between the finite element mo-
del and the actual model.

5. Dynamic Characteristics of the
HDD Actuator without a
Suspension

The finite element model of the HDD actuator
without a suspension is composed of the VCM
part, E-block, pivot bearing finite element model.
All sub-component finite element models are
merged to construct the finite element model of
the actuator assembly. It is made up of 1352 solid
elements, 32 linear spring elements and 2820
nodes. The pivot bearing is modeled as a steel
shaft and linear spring elements. The inner face of
the shaft is constrained in all degrees of freedom
to provide the fixed boundary condition. The free
boundary condition is applied to the top of the
shaft to coincide with the test condition without a
cover.

The actual bearing part is made up of two ball
bearings that are mounted on the E-block center
hole. The span between the upper and lower
bearings is 5.8 mm and each bearing has 13 balls.
The bearing is modeled as 16 spring elements - 8
spring elements in the radial direction represent
the radial stiffness of the bearing and 8 spring
elements in the axial direction represent the axial
stiffness of the bearing. One end of the axial
spring is connected with the shaft and the other
end is fixed. One end of the radial spring is con-
nected with the shaft and the other end is con-
nected with the E-block. The stiffness of springs
is 600,000(mN/mm) in the radial direction and
450,000 (mN/mm) in the axial direction. These
values are initially obtained from the data given
by the manufacturer and further tuned by apply-
ing the experimental results.
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Table 5 Natural frequencies of HDD actuator without a suspension (FEA#!: with un-tuned coil, FEA#2 :
with tuned coil)
A FEA Error EA#2 Error

ol g e | e e | Mode shape

[ 611 683 —11.8 637 —4.19 VCM 1 bending

2 1340 1580 —17.9 1308 2.39 VCM [* torsion

3 1540 1486 3.51 1483 3.70 1, 4 arm bending (in phase)

4 1820 1843 —1.26 1843 —1.26 | L 4arm bending (out of phase)
5 2180 2154 1.19 2153 1.24 2, 3 arm bending (in phase)

6 2780 2720 2.16 2720 2.16 ! 2. 3 arm bending (out of phase)
7 3340 3657 —9.49 3438 —2.93 VCM 2™ bending

8 3490 3559 —1.98 3525 —1.00 Lateral translation

9 3640 3968 —9.01 3879 —6.57 VCM 2™ torsion

10 — 3742 — 3710 - Longitude translation

11 4990 4898 1.84 4704 5.73 E-block I* bending

12 5620 6146 —9.36 5770 —2.67 VCM local bending

13 6100 7101 —16.41 6531 —7.07 VCM local torsion

14 7900 8634 —9.25 | 8284 —4.86 Lateral bending

Lateral 1 tion Mo
Fig. 12 Mode shapes of HDD actuator without a
suspension

The number of the measurement points and

locations are sum of those of the components.
This actuator is assembled to a pivot mounted on
a jig. The impact hammer is used to excite the
specimen. The velocity responses are measured at
the total of 57 points in the vertical direction by
LDV. An additional modal testing is performed
in the lateral direction to measure the lateral
modes. Finally, the modal parameters are esti-
mated using the Star-Modal software.

Table 5 shows the results of the finite element
analysis and the EMA. Two finite element model
are used to evaluate the effectiveness of the VCM
coil model updating. FEA#I show the result of
the finite element analysis wity the VCM coil
model that uses the initial values of the design
variables geven in Table 2. FEA#2 shows the
result of the finite element analysis with the
VCM coil model using the updated values of the
design variables listed in Table 2. There are
several recent works reported about similar HDD
actuator models Kim C. S. et al (1999) identified
the dynamics characteristics of the HDD actuator
system by using analytical and experimental mo-
dal analysis. In this work, the frequency differ-
ence between the experimental and FEA results
are about 9% for vibration modes related to the
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VCM part. Chang S. Y. et al (2000) performed a
study about the topology optimization of the
HDD actuator arm. In this work, the frequency
difference between the experimentel and FEA
results are over 20% for vibration modes related
to the VCM part. These large errors for vibration
modes in finite element model are caused by
modeling inaccuracies of the VCM part.

In most vibration modes that are related to the
VCM part, the differences in the natural frequen-
cies between the experimental and FEA estimates
are reduced in the updated model. The VCM I
bending mode, the VCM I* torsion mode, the
VCM 2™ bending mode, the VCM 2" torsion
mode and the actuator lateral bending modes are
improved through the model updating process.
But the arm blade modes are not affected by
model updating and dominated by the E-block
part only.

Most natural frequencies calculated using the
updated finite element model coincide with the
results of the experimental modal analysis and the
errors between them are less than 8%. It can be
seen that the lateral translation mode (3532 Hz)
and the longitudinal translation mode (4051 Hz)
are strongly related to bearing stiffness. As shown
in Fig. 13, the mode shape of the lateral transla-

Fig. 13 Mode shapes of HDD actuator that limit the
bandwidth of track following sevo

tion and lateral bending modes show actuator
movement in the lateral direction that can gener-
ate an off-track error because the head position is
off from the centerline of the arm of E-block. The
natural frequency of the lateral translation mode
is lower than that of the lateral bending mode so
that the lateral translation mode limits the band-
width of the track following servo. To enhance
the performance of the track following servo, this
lateral translation mode must be raised.

Because the thicknesses of the 2" and 3™ arms
are thicker than that of the 1°* and 4" arms, the
frequencies of the 1**-4™ arm blade bending mo-
des are lower than those of the 2"-3" arm blade
bending modes. The result shows that the sus-
pensions mounted on the 1* and 4™ arm blades
are susceptible to the vertical shock and vibration
that generates the head slap motion. From the
viewpoint of shock transmission, the 1% and 4
arm blade bending modes (both in-phase and out-
of-phase directions) are main obstacles to redu-
cing the shock transmission from the HDD case to
the head mounted on the suspension.

6. Conclusion

In this paper, the dynamic characteristics of
the HDD actuator system that are critical to im-
proved servo performance and shock resistance
are investigated using the finite element and ex-
perimental modal analyses methods. An equiva-
lent finite element model of the VCM coil was
constructed using the solid element that has a
different elastic modulus for each direction to
properly represent the anisotropy. Consequently,
five local coordinates are introduced and elastic
modulus sets for 2 regions are selected as design
variables. To find the optimal values of the design
variables, auto-model updating program is de-
veloped using MATLAB and CAE software AN-
SYS uses a sensitivity-based design parameter
method and the physical parameters defined as
the design variables are updated from the result of
the previous sensitivity analysis. Improved stra-
tegy for selection of the design variables is deve-
loped to enhance the convergence rate. Structural
sensitivities of the modal parameters with respect
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to the design variables of the VCM coil are cal- Dynamics of HDD for High Track Density,”

culated and the error between the result of the
finite element analysis and that of the EMA is
found to be less than 5%,

A detailed finite element model of the sub-com-
ponents of the HDD actuator is constructed using
an auto—updating program. Using detailed sub-
component models, the finite element model of
the HDD actuator is constructed and vibration
modes of the HDD actuator are investigated. The
lateral translation mode of the HDD actuator
without a suspension at 3.6 kHz can produce the
residual vibration in settling operation and limit
the servo bandwidth. The 1°* and 4" arm blade
bending modes (both in-phase and out-of-phase
directions) are found to be the main obstacles to
reducing the shock transmission from the HDD
case to the head mounted on the suspension.
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