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Abstract of Dissertation

Abstract

The hard disk drives have been increasingly used in consumer electronics and mobile
computing, in which they may experience severe shock and vibration. Additionally, there
is a fierce competition from the solid state drives. Hence, there is a need for rapid
innovation, especially in the ever shorter drives design cycle. This in turn requires faster
and accurate simulation method.

This dissertation focuses on the formulation of an efficient theoretical model for design
parametric studies and optimization in modern hard disk drives. It integrates both drive
structural model and air bearing model. The structural models are developed using
flexible multi body dynamics formulation and state-space mode superposition theory. The
air bearing model is developed using finite volume formulation and modified quasi-static
concept. The coupled structural and air bearing models can simulate the shock response at
drive level and also predict the operational shock tolerance effectively. Hertz elastic
contact theory is incorporated to deal with structural discontinuities. A modified state-
space formulation is also included to simulate the dynamic air bearing location due to
disk rotation.

In the analysis of the quasi-static air bearing, it is found that air bearing equilibrium
condition does not occur almost-immediately due to the squeeze term effect. Addition of
optimized damping elements to quasi-static air bearing model can increase its accuracy
and enable it to predict the same air bearing force as the finite volume model.

From parametric studies, it is found that lower contact stiffness between suspension
(dimple) and slider (flexure) yield higher shock tolerance. A more rigid cover is also
found to increase the shock tolerance.

Shock response analysis shows that the first-three most dominant actuator modes that
affect the read/write head shock response are induced by the flexibility of suspension and
flexure. It is also discovered that updating the position on the disk, at which the air
bearing forces act, at every simulation time-step does not have significant effect on the
shock response. Hence, it is not necessary to update the air bearing force location on the
disk.

From HDD vibration isolation studies, it can be observed that to survive a harsh shock
and random vibration defined in MIL-STD-810E, the natural frequencies of the external
vibration isolation system should be between 10 to 20 Hz. The damping ratio required is
relatively high (> 10%). To reduce the peak-to-peak displacement during shock event,
combination of soft and stiff isolators can be used.

XV
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CHAPTER 1 INTRODUCTION

Hard disk drives (HDD) are non-volatile storage devices [1] which store digital data
on rapidly rotating disks with magnetic surfaces. In the beginning the HDD had
several detachable disks (that was how the word ‘drives’ comes [2]); however,

modern HDD are typically a sealed unit with fixed media.

1.1 Introduction to HDD mechanical components

The structure of a typical hard disk drive is illustrated in Figure 1.1. From a
mechanical point of view, the major components of HDD include: spindle motor
assembly, disks, voice coil motor (VCM), head-actuator assembly (HAA), and the
device housing. Digital data is stored on the disks. During operation, the disks spin at

high speed and the HAA moves across the disk surface to read or write data on tracks.

Spindle.Motor.Assembly

e

Ramp

Suspension

Arm

Actuator axis

Base deck Disk Head actuator

assembly Voice coil

FIGURE 1.1 THE STRUCTURE AND COMPONENTS OF A HARD DISK DRIVE
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1.1.1 Spindle Motor Assembly

The function of the spindle motor assembly is to rotate the disks. It provides stable,
reliable and consistent turning power. Previously, there were two kinds of bearings
used in spindle motor assembly: ball bearing and fluid dynamic bearing. The fluid-
dynamic bearing (FDB) has less non-repeatable run-out error, lower noise level, better
non-operational shock resistance, and greater speed control. This is due to the higher
damping possessed by FDB as a result of the viscosity of the lubrication oil between
the sleeve and the stator. The ball bearing was then rapidly replaced by the FDB.
Presently, all the spindle motor assemblies use FDB. Figure 1.2 shows the cross-
sectional view of an FDB with rotating-shaft spindle used in most of the portable

HDD.

Base plate” Thrust bearing ~ Motor

FIGURE 1.2 THE CROSS-SECTIONAL VIEW OF A TYPICAL FDB WITH ROTATING-SHAFT SPINDLE

1.1.2 Disks

All HDD contains one or more flat disks. The disk is composed of two main
substances: a substrate material that forms the bulk of the disk and gives it structural
rigidity, and a magnetic media coating which holds the magnetic data. The disks are

mounted through a centrally cut hole and stacked onto a spindle. Today the four
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most common disk sizes (form factor) used in PCs and other consumer electronic
devices are 3.5 inch, 2.5 inch, 1.8 inch, and 1 inch. Their spinning speed usually

ranges from 3,600 rpm up to about 20,000 rpm.

1.1.3 VCM/actuator Assembly

The VCM/actuator assembly is made up of a head-gimbal assembly (HGA), an
actuator and a voice coil motor (VCM). The HGA (for example, see Figure 1.4)
consists of a slider where the read/write head is attached, and a suspension. The
actuator consists of suspension arms and pivot assembly. The HGA together with the
actuator is usually called the head-actuator assembly (HAA). The VCM is composed
of a magnetic coil and two yoke plates where permanent magnets are bonded in place.
The read/write heads are attached to the slider. The T-limiter and the dimple are used
to restrict the movement of the slider. In steady reading/writing process, due to the
preload force generated by the suspension and the opposite force generated by air
bearing under the slider, the slider stays in contact with the dimple (the air bearing is
shown in Figure 1.5 ). However, the slider and the dimple may separate under shock

or severe vibration.

Suspension

Flexure

FIGURE 1.3 HEAD-GIMBAL ASSEMBLY DEVICE I
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Suspension T—Ltuter Earle
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Welded Flexure I

Joint

FIGURE 1.4 HEAD-GIMBAL ASSEMBLY DEVICE 11

1.1.4 Head-disk Interface

Figure 1.5 describes a typical head-disk interface, in which the air bearing is formed
between the slider and the disk due to the relative motion between them. The air
bearing can follow the disk roughness of micrometer level within angstrom level. It
also can tolerate high acceleration track seeking without significant variation in the
flying height. Air bearing is voted in 1999 as one of the most successful technologies

in the HDD [3].

Air Bearing

FIGURE 1.5 A TYPICAL HEAD-DISK INTERFACE IN HDD

1.1.5 Device Housing

The device housing usually consists of two parts: the base plate and the top cover. The
housing provides features for mounting the spindle motor/disks assembly, the
VCM/actuators assembly, and printed circuit board. The actuator shaft is usually
mounted on the drive base plate and supported by the cover through a screw. The base

and the cover also keep contamination from external environment low.
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1.2 Overview of HDD Industry and Technology

The HDD were originally developed for use with desktop computers. In the 21%
century, the HDD have been used in entertainment systems such as digital video
recorders, digital audio players, personal digital assistants, digital cameras, and video
game consoles. In 2005 the first mobile phones to include HDD were introduced by
Samsung and Nokia [4]. Figure 1.6 shows these HDD growth in various applications

over the last few years and projected to 2010 [5].
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3 400,000 A
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5 200.000 A
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FIGURE 1.6 HISTORY AND PROJECTIONS FOR HDD GROWTH TO 2010 PER MARKET SEGMENT [5]

The first reason for the HDD widespread in many digital applications is that its disk
size (form factor) can be as small as 0.85 inch. The smallest form factor, 0.85-inch
Microdrive (Figure 1.7) can store 4 Gigabytes with a projection of 10 Gigabytes in the
near future [6]. Form factor evolution to smaller sizes has been accomplished without
loss of capacity and often has resulted in higher performance and lower power

dissipation [7].
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FIGURE 1.7 A 0.85-INCH TOSHIBA MICRODRIVE [8]

At the same time HDD pricing has stabilized substantially. Figure 1.8 shows the
average selling price (ASP) of 3.5-inch HDD for Seagate, Maxtor, and Western
Digital since 1998 (these three companies represent 59% of the total drive market in
2005) [5]. From Q4 *98 to Q3 ’02 the HDD prices fell due to excessive inventory,
extreme price competition between HDD manufacturers, and heavy pressure by
customers for lower price. Since 2003 the price did not vary much and in 2004 till

2006 the prices show good stability.

One of the reasons for the increase in the price stability is significant industry
consolidation. With the merger of Maxtor and Quantum [9], the integration of Hitachi
and IBM drive operations [10], and the recent acquisition of Maxtor by Seagate [11],

there are fewer rivalries in this very competitive market. Hence, a chance that one
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player trying to gain more market share by undercutting the prices is less than before

the industry consolidation.
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FIGURE 1.8 AVERAGE SALES PRICE (USD) FOR SEAGATE, WESTERN DIGITAL, AND MAXTOR

Another cause for the price stability is a critical shortage of HDD components,
especially the disks. The shortage of the components (as reported in [12]) limits the
industry’s ability to produce the drives. This shortage is acting as external constraint

to HDD supply and thus helps stabilizing the price.

Although the HDD price does not change much, the data density increases
substantially. Figure 1.9 shows the growth of areal density over the past few decades
[13]. More specifically, the areal density has increased by a factor of 35 million since
the first disk drive, RAMAC, was introduced in 1957. Since 1991, the rate of increase
has accelerated to 60% per year, and since 1997 this rate has further accelerated to an

incredible 100% per year [14]. The areal density of hard disk media continues to
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increase at an astonishing rate even exceeding some of the optimistic predictions of a

few years ago; the density doubles easily every two years and sometimes every year,

faster even than the chip progress described by Moore's Law [15].

HGST Areal Density Perspective Reém-{mm

106 Eutyre Areal
Travelstar BOGN Density
Deskstar 180GXP Projgress
10° L 1st AFC Media
E - nm e SUPETDATAMAgNEtic |\ e e memeaeiStar 30GH o S
3 i el A
10* effect Lot CRID Lna orOdrVE Il Ultraqtar 146210
= E Deskstar IEGE.__j 100% CGR
g1’ L
o E
® L f 1stMR Head . % CGR
210 L Coreair
% : 35 Million X
B 3375 — Increase
%‘ 10 ¢ - 25% CGR
5 C
o 1 ¢
E: ? / ® HGST Disk Drive Products
= 1|]'1 L # Industry Lab Demos
< 3 & HGST Disk Drives wiAFC
2 E 4 Demos wiAFC
10° 3
= _/IBM RAMAC (First Hard Disk Drive} 1
1030 L b e e b b ey
60 70 80 an 2000 10

Production Year

FIGURE 1.9 THE PROGRESS OF AREAL DENSITY

The impressive increase in the HDD areal density is the result of several important

technologies. The most prominent one is the magneto-resistive read heads in 1991 and

then followed by giant magneto-resistive (GMR) read heads in 1997. The "giant" in

GMR doesn't refer to the size of the head but the large change in resistance that occurs

when magnetic fields are applied. Different resistance levels can be tagged as ones

and zeros of data. The discovery of this GMR has bestowed the 2007 physics Nobel

prize to Albert Fert and Peter Griinberg [16].
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Advances in disk/media technologies have also contributed to the increase in areal
density. Old longitudinal magnetic recording disk has been changed to perpendicular
magnetic recording (PMR) disk [17] that can squeeze ten times more data [18]. In
2006, Seagate demonstrated a storage areal density of 421 Gbits/in” using this PMR
technology [19], almost 2.5x the density that Toshiba demonstrated just three months
before it [20]. The areal density of PMR disk has been further enhanced by discrete
track recording (DTR) technique [21]. By 2010, using heat-assisted magnetic
recording (HAMR) technology Seagate believes it can produce 50 Tbits/in” hard disk

drives [22, 23].

To accommodate the increase in the areal density, the read/write heads are required to
fly progressively closer to the disk surface (as described in Figure 1.10). This allows
the fields created during the write process, and subsequently read, to be focused into a
smaller space as areal density increases. However, continued spacing decrease
requires a greater physical stability during the read-write operation. This requirement
limits the physical shock tolerance of the HDD. Currently, the operational shock

tolerance of a typical 2.5-inch HDD is up to 325 G [24].

The significant increase in the drives capacity accompanied by increase in price
stability enables the HDD to have lowest cost per Gigabytes compared to other digital
storages technology (~ 100 times cheaper than solid state memory). This allows the
small form factor HDD to play a major role in many portable digital applications.
However, the use of HDD in mobile environment expose it to severe shock ranging

from 800 G to 4000 G [25, 26], capable of disturbing the read/write process in HDD.
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FIGURE 1.10 SPACING-AREAL DENSITY PERSPECTIVE [27]

At the same time, the solid state memory devices (one of HDD competitors in digital
storage market), which have an exceptional operational shock tolerance up to 1300 G
[28], has become cheaper and cheaper [29]. This gives considerable pressure to HDD

industry to increase the shock tolerance of HDD.

In summary, the maximum magnitude of the shock excitation during the usage is
higher than the shock tolerance of the HDD. Since the way the consumers handle the
HDD cannot be controlled, the best way to prevent the HDD from being damaged is

to increase its operational shock tolerance.

1.3 Formulation of Research Objectives

There are several ways to increase the operational shock tolerance of the HDD. The

first one is to design robust mechanical system. The mechanical system can be seen as

10
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the ‘body’ of the HDD. The mechanical component that has a large influence on the
shock tolerance is the suspension/gimbal assembly (Figure 1.11). Its influence is

becoming more significant as the drives are getting smaller [30].

\\\\?h)

Miﬂé;i#fﬂ

\ Load Beam
4 Gimbal

Flexure
FIGURE 1.11 AIR BEARING SLIDER AND SUSPENSION [31]

Over the years, the suspension shape has changed considerably due to various
optimization processes. The profile of the current suspension is relatively complicated
with several mechanical discontinuities or nonlinearities. The suspension itself is
connected with the rest of HDD structures (also having a high degree of complexities)
by bearing joints. It is a challenge to formulate the theoretical model of these complex
& interconnected HDD structures considering the suspension nonlinearities and

strong shock excitation.

The second way to increase the operational shock tolerance of the HDD is to design
robust head disk interface (HDI). The HDI can be considered as the ‘heart’ of the

HDD. The shock robustness of the HDI largely depends on the performance of the

11
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air bearing slider. To improve shock resistance of the drive, the slider has been
evolved with time based on requirement to reduce the overall mass of the
slider/suspension assembly [32]. The evolution of the slider/air bearing surface is
shown in Figure 1.12. It can be seen that as the slider becomes smaller, its complexity

is increasing.

In predicting the air bearing shock response using a conventional way (finite volume
method), a relatively huge grid size is needed to model the modern air bearing. The
big grid size means that a large number of degrees-of-freedom needs to be processed
during the shock simulation. Hence, the simulation may not be time-efficient [33]. It
is then useful to develop a new concept that enables us to create a time-efficient

dynamics model of the air bearing.
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FIGURE 1.12 EVOLUTION OF SLIDER/AIR BEARING SURFACE [32]
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The third method to increase the shock tolerance of the HDD is to design an effective
shock and vibration isolation for the HDD. The isolation acts as HDD ‘skin’,
protecting it from external excitation. The idea of “vibration isolation as HDD skin”
appears more concrete in the current portable drives as shown in Figure 1.13; the

figure portrays a mobile HDD wrapped with rubber isolator.

The knowledge and theory on how to design, test, and evaluate shock isolation system
for the HDD, subject to severe shock and random vibration based on known
standards, 1s important. To demonstrate the need of the vibration isolation, a random
vibration test on several bare HDD (HDD without vibration isolation) was conducted.
It is found that a random vibration with excitation level as low as 3.5 GRMS (G root-

mean-square) is enough to cause read/write error in the HDD [34].

HDD

Vibration isolation

FIGURE 1.13 A PORTABLE HDD

Therefore, this research project aims to create novel and effective techniques/methods
to predict the operational shock and vibration response of hard disk drives for design

parametric studies and optimization.

13
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1.4 Scope

To accomplish the objective above, the project covers:

1. Formulation of theoretical model of complete operational HDD including the

nonlinear suspension/gimbal assembly

2. Formulation of theoretical model of the air bearing for efficient operational

shock simulation

3. Development of the appropriate fluid and structural coupling method,

followed by HDD design parametric studies & optimization

4. Formulation of theory/concept on how to design, test and evaluate effective
shock/vibration isolation system for HDD subject to severe shock and random

vibration defined in a known standard.

1.5 Chapter Organization

The thesis is organized as follows.

1. Extensive literature review on theoretical dynamics models of air bearing & HDD

structures and investigation on the HDD shock and vibration design (Chapter 2)

2. Flexible multi body dynamics formulation and development of time-efficient
state-space mode superposition theory of operational HDD subject to shock

excitation (Chapter 3)

3. Formulation of air bearing dynamics model based on full Reynolds compressible
gas equation using finite volume method, followed by formulation and

investigation of quasi-static concept of the air bearing (Chapter 4)

14
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4. Development of direct coupling method for structural & fluid interaction at the
head-disk interface, prediction of HDD shock tolerance, verification of the

theoretical model, and parametric studies plus optimization (Chapter 5)

5. Formulation of theory/concept for design, test, and evaluation of shock and
vibration isolation system for HDD operating in harsh mechanical environment as

defined in MIL-STD-810E (Chapter 6)

1.6 Chapter Summary

Summary of the HDD industry/technologies and the formulation of research

objectives are given in the following two flow diagrams.

15
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1.6.1 Summary on the HDD Industry and Technologies
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CHAPTER 2 LITERATURE REVIEW

Basically the objectives of the research project, as mentioned in Chapter 1, are to
formulate theoretical models of operational HDD subject to shock excitation and to
develop theories on how to design, test, and evaluate the vibration isolation of the HDD
subject to strong shock and random vibration. The first necessary step required to achieve
these objectives is a thorough literature review to find out the existing related works. This
review covers the theoretical models of HDD structures and the air bearing, and the HDD

shock and vibration isolation.

2.1 Theoretical Model of HDD Structures for Shock Simulation

Before discussing the modeling theories for the HDD structural shock simulation, the

review of the mechanics of each HDD structures is given below.

2.1.1 Mechanics of HDD Structures

There are three important structures in the HDD that affect its shock response; they are
head actuator assembly (HAA), disks-spindle assembly, and drive casing [30]. The
mechanics of HAA, rotating disk, and disk-spindle assembly are presented individually in

the following sub-sections

2.1.1.1 Head Actuator Assembly

Generally, when HDD is in operation, the dimple and the slider keeps in contact while
the T-limiter is disengaged from the suspension. When a shock takes place, the dimple
and the slider may separate. When the shock is very severe, the T-limiter may engage the

suspension preventing further separation of slider and dimple. This means there is a
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discontinuity in the overall stiffness of the suspension.

Contact dynamics can be used to model these discontinuities. For a simple case, the force
between the dimple and the slider can be modeled as a spring force when contact takes

place. A model of the suspension dimple and slider is shown in Figure 2.1.

Dimple

* 1kd de
_ e

FIGURE 2.1 MODELING DIMPLE-SLIDER CONTACT

The equation of the force acting on the slider is

ky(xg—x) x4 <x

f(xd,xs)={ 2.1

0 Xy > X,

where x, and x, are the positions of contacting points on the dimple and on the slider,
respectively. k, is the linearized contact stiffness between the slider and the dimple. The
contact force acting on the dimple is — f(x,,x,). A similar approach can be used to

model the T-limiter. A more accurate contact model like mentioned in [35] or Hertz

theory of elastic contact [36] can also be utilized to handle this nonlinearity.

2.1.1.2 Rotating Disk

The dynamic characteristics of the spinning disk in HDD have been widely studied [37].
When the disk is spinning, there are nonlinear couplings between the transverse vibration
and the in-plane vibration of the disk. With the increase in spinning speed, the nonlinear

coupling will have a greater effect on the dynamics of the disk.
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In [38], the vibration of a spinning disk is studied considering the effect of the in-plane

inertia. Vibration of a spinning flexible disk-spindle system supported by ball bearings

has also been studied in [39] considering the non-linearity of the spinning disk. The

analysis results for 2.5 inch HDD, shown in Figure 2.2, illustrates that the discrepancy

between the natural frequencies obtained from linear and non-linear models increases

with the increase of the disk spinning speed, and that when the spinning speed is higher

than 6,000 rpm, the nonlinearity should be considered to predict the natural frequencies

of an HDD spindle system more accurately.

1000

900

200

700

Natural Frequency (Hz)

. . =
Nonlinear model .

Linear model .

0 2 4 6 8 10 12 14 16
Rotational Speed (10’ rpm)

FIGURE 2.2 NATURAL FREQUENCIES DUE TO DISK NON-LINEARITY [39]

Another issue for attention is the flutter of a spinning disk. When a disk is spinning at a

high speed in a fluid, the elastic coupling between the flexible disk vibration and the air

around the disk may lead to the disk flutter. In that case, even though the disk is perfectly
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balanced, a small disturbance to the disk will be amplified and the vibration amplitude of
the disk will grow in time because of the energy supply from the air film. In HDD, the
flutter of the disk will contribute directly to the track position errors of the read/write
head and significant noise [40]. The flutter of rotating disks in enclosed fluids has been
studied in [41, 42]. In [43, 44], an experimental method was developed to predict the
onset of the disk flutter. The disk flutter problem in HDD was investigated in [45, 46]. At
high spinning speed some of the eigenvalues of the system governing equation will have
negative imaginary values (negative damping), meaning that fluttering will happen. By
calculating plotting the eigenvalues with respect to disk rotational speed, the flutter speed
can be predicted as shown in Figure 2.3; the disk has 0.178 m radius and 0.775 mm
thickness. (m, n) corresponds to disk mode having m nodal circles and » nodal diameter
[47]. When the disk rotates, modal distribution is characterized by pairs of waves
propagating in opposite directions circumferentially for a ground-based observer (FTW:

forward traveling wave and BTW: backward traveling wave).

0.15

0.1

0.05

(2220 (Damping)

Flutter speed

-0.05 : : : -

0 1000 2000 3000 4000 5000 E000
Rotation speead (rpm)

FIGURE 2.3 IMAGINARY PART OF EIGENVALUES OF MODES VS. ROTATION SPEED OF THE DISK [46]
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2.1.1.3 Disk-Spindle Assembly

A summary on the development of the disk/spindle vibration before 2000 can be found in
Shen I. Y.’s paper [48]. Presently, although there is a lot of literature on the nonlinearity
of the fluid dynamic bearing (FBD) used in the disk-spindle assembly, only a few papers
discuss the shock response of the spindle with nonlinear FDB. In [49] a method on how
to incorporate fluid bearing nonlinearity to HDD spindle models without substantially
increasing computational effort is demonstrated. In that paper, a linear spindle model by
Tseng et al [50] was modified considering the bearing nonlinearity. The method is

described as follows.

At each bearing (radial or thrust), the relative displacements (A , A ,A_) and angular
displacements («,, @) of the stationary part and the rotating part can be determined. If
the bearing is linear, corresponding to (A ,A ,A)) and (., a,), the bearing forces

(F",F y(b ', F”) and bearing moments (M ", M ;b)) can be obtained as

b b b b n \
(F( ),Fy( LE® M ),M;)) _

X

2.2)

T

~K”(A, A, AL a,a,) -CPAL A, A d,a,)

where K and C" are 5x5 stiffness and damping matrices. The formulation is valid

for different kinds of bearings, including FDB. When the bearing nonlinearity is
considered, the bearing force/moment vector (Efb),Fy”’),Fz("),M i”),M}(,”))T will
becomes a nonlinear matrix function of (Ax, ALA L a, ay) and its derivative. Although
the explicit form of the nonlinear function varies and depends on the nonlinear

. T .
mechanisms, the force/moment vector (E PVEPFP MY M }(,[’)) can still be exactly
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calculated. After the bearing force/moment was obtained, using the Lagrangian

mechanics, the motion equation can be derived as
Mi+[C+C,Ja+[K+K, Jg+Fy(q.q) =y, +f 2.3)

where M is the mass matrix, C is the gyroscopic matrix, Cy, is the damping matrix from
the rotating part and the stationary part, K is the stiffness matrix from the rotation part

and stationary part, Ky, is oscillatory matrix from rotation, F;(q,q) is the generalized

forces resulting from the nonlinear bearing forces/moments
T . .
(E DVEPFP MY, M }(,[’)) and linear/angular deformation (A, A AL e ), frs

is the generalized force acting on the stationary parts and the rotating parts and f is the
generalized excitations from the base motion. The shock responses of a linear and a
nonlinear FDB model were compared. From the comparison studies, it can be seen that
the FDB nonlinearity appears like stiffening springs and dampers. The amplitude of its

shock response is less than the one obtained from the linear model.

After the mechanics of HAA, spinning disk, and disk-spindle assembly have been
presented, some existing theories on how they are incorporated together in HDD

structural shock simulation models are described below.

2.1.2 Existing Theoretical Shock Model of HDD Structures

There are several theories that have been developed so far to model the HDD
experiencing shock. They are full finite element theories, reduced mass and stiffness
matrices, flexible multi body concepts, and state-space formulation based on mode

superposition theory.

2.1.2.1 Full Finite Element Theories
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Head-actuator assembly (HAA) and disk are often modeled based on the finite element
theory [51-54]. In [51] two finite element software codes (LS-DYNA and
ABAQUS/Explicit) were used to simulate the response of a non-operational hard disk
drives subjected to tilt-drop. The simulation results were then directly compared with the
experimental results. It is shown that the two finite element codes perform reasonably
well. In [55] a finite element model of non-operational HDD was created using ANSYS
software package. In the analysis, a half sinusoidal shock was applied perpendicular to
the disk surface. The minimum shock amplitude required to lift the head off the disk was
determined for different shock pulse width. The effects of cover stiffness, disk thickness,
actuator arm stiffness, and bearing stiffness on the HDD non-operational shock

performance were also investigated.

The effects of linear shock and rotary shock are investigated in [56] also using a full
finite element model. The simulation was done using three software packages, Pro/E to
develop the geometry, Hypermesh to do the pre- and post-processing and LS-DYNA to
do the transient analysis. In [52], the finite element analysis is used to investigate the

effect of shock pulse-width on the HDD shock response.

Recently, a free vibration model of a complete HDD was developed using finite element
method [57]. In the model, the spinning spindle-disk system with fluid dynamic bearing,
the head-actuator-assembly and the base are considered. Result shows the important

effect of the motion of the disk on the vibration of the whole HDD.

Due to the complexities of the components, the finite element model may have 100,000
degrees of freedom or more. Hence, using finite element model to analyze the HDD
shock response for parametric design studies is time consuming. However, the finite

element method is very versatile; it can be used to calculate stress distribution, predict
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modal properties of intricate structures, and performed various static analyses. For this
reason, other methods usually rely on the finite element technique to obtain some data of

the HDD structures.

2.1.2.2 Reduced Mass and Stiffness Matrices

In order to increase the computational efficiency, reduced mass and stiffness matrices are
utilized to model the HDD structural components in [58, 59]. However, the mass and
stiffness matrices cannot model the large rotational movement [60], and the effect of disk
rotation that causes the position of air bearing force to change over time with respect to
the disk. The rotational movement/disk rotation is not very important in the vertical linear
shock simulation as shown later in section 5.2.4. However, in the rotational shock

simulation, it is significant.

2.1.2.3 Flexible Multi Body Dynamics Concept

A theoretical model, that is more comprehensive than the reduced mass/stiffness matrices
and also more time-efficient than the full finite element theory, can be formulated using
flexible multi body dynamics concepts. Theoretical model of the disk-spindle model of
the HDD [61-63] has been developed by Prof Shen based on this theory. This modeling
only focuses on the HDD vibration analysis and not the HDD shock response. Using
similar concept, the author has created a theoretical model of non-operational HDD with
a linear head-actuator assembly [64]. However, the flexible multi body dynamics model
of the operational HDD, considering the nonlinearity of the head-actuator assembly and

the shock excitation has not been formulated yet.
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2.1.2.4 State Space Formulation based on Mode Superposition Theory

In order to predict the HDD vertical-shock response within a few milliseconds, the
flexible multi body dynamics concept is ‘overkill’ [60] because the total rotational
movement of the structures will be minute. A more time efficient model can be
developed based on mode superposition theory. State space equations based on this
theory has been developed for a very simple HAA without considering the disk response

and the discontinuities of the HAA [65].

In short, the four existing theories on how the HDD structures can be mathematically
modeled for the shock simulation have been described. They are full finite element
theory, reduced mass & stiffness matrices, flexible multi body dynamics concept, and
state-space mode superposition theory. In the next section, some possible research

contributions are stated.

2.1.3 Contribution to the Theoretical Shock Model of HDD Structures

Based on literature review on the existing theoretical models, it is realized that there are
two possible significant theoretical advances that can be contributed in the area of HDD

structural shock modeling. They are:

2.1.3.1 Flexible Multi Body Dynamics Formulation for HDD Operational Shock

Tolerance Prediction; Considering the Discontinuities of HAA

A complete operational-HDD model for shock simulation will be formulated using
flexible multi body dynamics concept. Three flexible structural components (nonlinear
HAA, disk & its spindle and base plate) are considered in this formulation. The structural

models are then coupled with the air bearing model.
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For the tilt-drop tests calculation, where the rotational movement of HDD is relatively
big, the accurate formulation of large rotational motion is important. Hence, the flexible
multi-body dynamics formulation provides significant contribution especially because the

tilt-drop tests are widely used to assess the shock hardness of disk drives.

The advantages expected from this contribution are that the HDD operational shock
model can simulate the large rotational motion accurately and it can have high

computational efficiency (better than the full finite element model).

2.1.3.2 State Space Formulation of Operational HDD based on Mode
Superposition Theory; Considering the Disk Response & the Discontinuities

of the HAA

The accurate simulation of large rotational motion is not efficient for the relatively short
(few milliseconds) linear drop-test calculations. That is why a more effective formulation
using state-space mode superposition theory is necessary. Advanced state-space
formulation based on mode superposition principle will be developed to model modern
operational HDD. The nonlinearity of the head-actuator assembly and disk response will
be considered. This state-space HDD model will also be coupled with the air bearing
model. With this contribution, the HDD operational shock model is expected to be very

time-efficient while maintaining reasonable accuracy.

It is worth to note that the two proposed theoretical models mentioned above will be

universal; means that their application is not limited to HDD with small form factor.

2.2 Theoretical Model of the Air Bearing for Shock Simulation

Before the theoretical dynamics model of air bearing under shock is presented, it is
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essential to be aware of the two different processes, in which the air bearing plays its role.

They are load/unload process and read/write process (operational state).

2.2.1 Air Bearing in Load/Unload Process

First, the background of the load/unload process is shown, and then followed by the

dynamics of air bearing slider during this load/unload.

2.2.1.1 Background of Load/Unload Technology

Load/unload (L/UL) technology [66] is used to protect the slider and the disk during the
non-operational mode. In the HDD using this L/UL technology, the slider rests on a ramp
located beside the disk (see Figure 1.1). Compared with contact-start/stop (CSS)
technology, where the slider rests on the disk surface in a CSS zone (located at the inner
part of the disk), the L/UL technology has a number of advantages. Firstly, it completely
eliminates the stiction between the slider and the disk during the start-up of the disk. By
eliminating the direct contact between the slider and the disk, the L/UL HDD designs are
exposed to less wear and usually tolerate more start/stop cycles than their CSS
counterparts. Second, the shock tolerance of the HDD in idle mode is improved. This is
especially important in small-form-factor HDD which are often used in a dynamic

environment due to their portability.

28



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Literature Review Chapter 2

Deteng Position  gjiger Unloaded
Suspension/Actuator
Position

Slider Loaded
uspension/Actuator
Position

FIGURE 2.4 LOAD/UNLOAD DYNAMICS [67]

2.2.1.2 Dynamics of Air Bearing in Load/Unload Process

During the load or unload process, the onset or disappearance of the air bearing
significantly affects the system stiffness. Without the air bearing, the dynamic
characteristic of the slider is determined by the structural stiffness of the suspension.
However, when the air bearing is present; as during the late stage of the loading process
or the early stage of the unloading process; the slider will have a higher resonant
frequency due to the very high air bearing stiffness. In this situation, the suspension may
be assumed as a static load. The appearance of the air bearing will present some difficulty

to the dynamic analysis of the whole U/UL process.

Zeng and Bogy [68-73] evaluated the effect of suspension design, shape of the air bearing
surface, disk speed, and vertical slider velocity using numerical simulation. Experiment

was set up to directly measure the air bearing forces during the unload process. In [68,
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72], a 4-DOF suspension model for L/UL simulation is presented and applied to simulate

the L/UL process of a pico slider.

In [74], two different sub-ambient pressure type sliders were investigated during the
loading and unloading numerically and experimentally. The FE model presented in [75]
was adopted in the numerical simulation. The actual HDD components such as the disks,
heads VCM and ramp blocks were used in the experiment. The experiment is elaborately
designed so that the wear caused by load and unload can be observed separately. The
results show that the wear of the disk surface caused by loading is not greatly affected by
the number of cycles, the rotational disk speed, or the air bearing design. However,
during unloading, it was found that the disk wear increases with increasing number of
unload cycles, increasing vertical unload velocity, and increasing disk rotational speed. In
general, wear during unloading was larger than wear during loading in all their
experiments. Properly designed ramps can improve the unloading performance. A larger
dimple preload can suppress the pitch oscillation during loading, thereby improving the

loading performance.

The load/unload process typically takes place in less than 100 milliseconds. Shock
response prediction during load/unload process is not important because external shock
excitation very seldom happens during the load/unload. The shock excitation mostly

happens when the air bearing slider is in read/write process (operational mode).

2.2.2 Dynamics of Air Bearing Slider in Operational Mode

During normal operational mode, the slider is supported by the air bearing as it flies over
the disk surface. All the forces acting on the slider are shown in Figure 2.5. They are air

bearing force, suspension force and moment, shear and drag forces, contact force,
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intermolecular force, and electrical force.

Fsusp & Mgusp --- suspension force and moment
Fq & Fs --- drag and shear force
Fabs & Fimr & Felec --- Air bearing force, IMF, and electrostatic force

z
Fsusp & MSU.Sp
X
y C— Fd & FS
“Friction force” €mm— Fabs & Fime Air ﬂov&_f to the gap
“Contact force”? & Fejee due to disk velocity

Disk
< Disk Velocity

FIGURE 2.5 A FREE BODY DIAGRAM OF THE FORCES ACTING ON THE SLIDER BODY

In Figure 2.5 the moments are considered indirectly; the forces in the free body diagram
are applied not at the CG of the slider but at a certain distance (moment arm) from the
slider CG. To further illustrate this, the example of the air bearing force is used as
follows. Figure 2.6(a) shows the air bearing response obtained in term of its pressure
value. The pressure can be converted into point force acting on certain distance from
slider CG (Figure 2.6 (b)). This type of force is the one shown in Figure 2.5 and hence
there is no need to show the moments. In the actual calculation, the force and moments

acting on CG (Figure 2.6 (c)) are considered.

(©
FIGURE 2.6 FORCES APPLICATION IN THE FREE BODY DIAGRAM OF THE SLIDER
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The next two parts of this section give insights on how to calculate these forces. The first
part presents the theory behind the air bearing force and the next part describes the rest of

the force that affect the air bearing.

2.2.2.1 Air Bearing Force

The air bearing force depends on the pressure distribution exerted by the air on the slider
surface and it is governed by gas lubrication equation (compressible Reynolds equation)
shown in (2.4) [76].

i[p;ﬁ@—p}i ph3a—p =6u u Pty h +12ﬂ@ (2.4)
ox ox) Oy oy ox oy ot

where p is the pressure acting on slider surface, /4 is the spacing between disk an slider, u

is air dynamic viscosity, U and V are the local disk velocity in the x and y direction.

In gas lubrication problem under submicron spacing, the flow in the gas film can not be
considered as continuum flow because the molecular mean free path is not negligible
compared with the spacing [77]. For that reason, it is treated as rarefied gas flow based on
kinetic theory. One of the important parameters in the gas theory is the Knudsen number
(ratio of molecular mean free path to the characteristic length of the flow or in this case
the spacing). When the Knudsen number is greater than 0.01, a slip correction factor Q is

added to account for rarefaction effect or slip at the boundaries as shown in (2.5) [78].

i(Q(Kn)ph?’a—f”j Q(Kn)ph3a—p =6u U@+ ph +12u@ (2.5)
ox ox oy ot

0
+ —_
oy ox oy

where Q(Kn) is a slip model (a function of Knudsen number).

There are various slip models that have been proposed and one of the most popular is
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described by Fukui [79], in which the Boltzmann equation is used to study the
characteristics of the flows with arbitrary Knudsen numbers. The equation is
approximated with the assumption that the velocity distribution of the flow is in isotropic
equilibrium (the Mach number is much smaller than one). Taking into consideration the
flow rate of the lubricant, which is estimated using a variational method, a generalized

lubrication equation is obtained as shown in (2.6).
6ul

2
paO paO

velo )PH*VP]= V o (GPH) + 121! : [a(P H) j (2.6)

2 ot

where V is the differentiation operator, X and Y are the non-dimensional coordinates (x//
and y/l), D is inverse Knudsen number (\/; /2Kn), Kn = Alh; where A = ,um /2p;
R is gas constant and 7) is characteristic temperature, O,(D) is the flow rate of Poiseuille
flow, Qp (D) 1s the relative flow of Poiseuille flow; Q,(D)/(D/6), P is the non-
dimensional pressure; p/pa, pa 1s the ambient pressure, H is the non-dimensional spacing;

hlho, ho is the minimum (characteristic) spacing, / is the slider length, ¥ is the disk

velocity; Ui + Vj, wy is the disk angular velocity, and 7 is the non-dimensional time.

When surface accommodation coefficient a is nearly equal to one Q,(D) can be

calculated as follows.

1 1 D? D*
(Cll __Clz +mczz) (2-7)

O =t a7
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where C,, _ L —£D3 D——(SD +2D°)T(D)
Jn 12 16
D4
- (16 +8D% + ?]TI(D) - D(16+ DQ)TZ(D)},
Cpp =—={1-2T,(D)};

C12

- 5

{fD“ 2

2——+T—2DT(D) 4+TJT1(D)—2DT2(D)},

and A = CHC22 - Clzz. The function, 7, (x), is the Abramowitz function defined

° 22
yT,(x)=[t"-e 'dt
0
In practice, several interpolation functions or Poiseuille flow rate databases for different a

are often employed to calculate O,(D) in computer simulations [80, 81].

2.2.2.2 Other Forces Affecting the Air Bearing Slider

The suspension force and moment acting on the slider can be derived from the structural
analysis theories described in section 2.1.2 above. The drag force and friction force,
including the moments they create, are negligible due to the relatively small pitch angle
(in the order of 10~ radians) [82]. However, the viscous shear force contributed by the air

flow is quite significant [83, 84].

The contact force can be obtained using Greenwood-Williamson contact model [85], in
which the roughness of the disk surface is considered as an accumulation of asperities
whose apexes have the same radius. It is then assumed that the heights of asperities
follow a Gaussian distribution and there is no interaction between asperities. The contacts

are considered elastic in this model. The contact force P is then given by:

[SS]

1 3 K

P:%nZE'ﬁzazg(h); F, = j(s— )2q> (s)ds ; D" (s) = e (28)

2

ﬁH
3
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where 77is surface density of asperities, 4 is nominal contact area, E’ is the effective
Young’s modulus, S is radius of curvature of asperities, o is standard deviation of the
asperity heights, F(h) is scaled height distribution, / is standardized separation, s is

standardized asperity height, and @(s) is standardized height distribution (Gaussian).

When the flying height (FH) of the slider is very low (less than 6 nm), it has been shown
experimentally that the HDI may become unstable [86-88]. Two forces were found to be
the possible cause of this instability - intermolecular forces (IMF) and electrostatic

forces.

The intermolecular forces (F(r)) are close range forces. They consist of a relatively long
range attractive force and a short range repulsive force, and they can generally be

modeled by the Lennard-Jones’ equation below.

A B
+
6rr’ 4571

F(r)= (— ijAy (2.9)

A and B are the effective Hamaker constants between the slider and the disk. 7 is the

distance between the particles/ molecules/ atoms. AxAy is the effective area of element

on which the slider and the disk interact. From (2.9) it can be seen that the attractive
components of intermolecular force is determined by the Hamaker constant 4. A typical
range of this attractive force is about 10 nm [87] while the range of the repulsive force is
around 0.05 nm. Since the typical FH is from 3 to 18 nm, the repulsive force can be

neglected.

For the HDI having multiple layers (as shown in Figure 2.7), the Hamaker constant 4, is

given by a multilayer model derived for four layers interaction.
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3hv, (n’ -n, )(nk —n’)
8\/E(n +n, )/(n +n, )/{(n +n, )/+(n +n, )/}

Ay = (2.10)

where £ is Planck’s constant; 6.626x107* J.s, v, is ionization frequency; 3x10" Hz, &,

is permittivity of material i (C>.J"".m™), and #; is reflective index of material .
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FIGURE 2.7 CROSS SECTION OF MULTILAYER HDI

The intermolecular force F(D) is then given by a multilayer model equation (Matsuoka et

al. as cited in [87]).

L A2343 + A2353 + A1343 + A1353
6x| D° (D+T)° (D+T') (D+T+T')

F(D)=- AxAy 2.11)

where D is air thickness, T is thickness of disk lubricant, and 7" is thickness of DLC

layer in the slider.

The second force that causes the HDI instability is the electrostatic force. The
electrostatic force is an attractive force due to the electrostatic interaction between the

disk and the slider [88], which can be calculated as
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e,k V> AxAy

2
zZ

Fo.(D)=- (2.12)

where ¢, is permittivity constant (8.85x10"* F.m™), k. is dielectric constant (1 for air),

V' is potential difference between the slider and the disk.

In conclusion, when the slider is flying at a relatively low separation from the disk, the
significant forces acting on it are the suspension force, the shear force, the contact force,
the air bearing force, the intermolecular force, and the electrostatic force. After all the
forces acting affecting the air bearing slider has been described, how these forces are

represented and predicted in the HDD shock simulation are given next.

2.2.3 Existing Theoretical Shock Models of Air Bearing

The existing theoretical shock models can be classified into two existing groups. The first
one is the constant stiffness model (linear spring model) and the second one is the full air

bearing model.

2.2.3.1 Constant Stiffness Model (Linear Spring Model)

Some researchers have used simple linear springs combinations (Figure 2.8) to represent
the air bearing in the HDD shock simulation [89, 90]. The stiffness value is calculated by
solving (2.5) at the steady state condition. The purpose of using the linear spring as air
bearing is to increase the simulation-time efficiency. But this linear-springs model is not
appropriate for shock simulation because during shock the air bearing behavior is actually

nonlinear [91, 92] as depicted in Figure 2.9.
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FIGURE 2.8 LINEAR SPRING COMBINATION TO REPRESENT AIR BEARING
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FIGURE 2.9 NONLINEAR RELATIONSHIPS BETWEEN FLYING HEIGHT AND AIR BEARING FORCE

The flying height is the spacing between the trailing edge center (TEC) of the slider and
the disk. Pitch is the transverse angle formed by the disk surface and slider surface in
micro-radians. Roll is the longitudinal angle formed by the disk surface and slider surface

in micro-radians.

From Figure 2.9 it can be seen that for flying height below 10 nm, the air bearing force
shows significant nonlinearity with respect to the flying height. Additionally, the air

bearing force also behaves nonlinearly with respect to pitch angle and roll angle as shown
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in Figure 2.10 and Figure 2.11.
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FIGURE 2.10 NONLINEAR RELATIONSHIPS BETWEEN PITCH ANGLE AND AIR BEARING FORCE

TEC = 6.5 nm, Pitch = 65 yRad

N
Noan

Normal Load (gram)
=
(63}

0.5
-100 -50 0 50 100

Roll Angle (uRad)

FIGURE 2.11 NONLINEAR RELATIONSHIPS BETWEEN ROLL ANGLE AND AIR BEARING FORCE

When strong shock happens, the air bearing spacing is expected to experience a relatively
large variation; the spacing can then reach a quite low value (less than 10 nm). This
means that during the shock, the air bearing stiffness should change. The changes in the

air bearing stiffness values give rise to different air bearing forces and moments response
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as shown in [76].

In summary, the use of linear spring to represent air bearing in the shock simulation

results in inaccurate forces and moments, and incorrect slider movement.

2.2.3.2 Full Air Bearing Shock Model

Basically, the full air bearing shock model calculates the air bearing response by solving
various related mathematical equations described in section 2.2.2. The most complex one
is the compressible Reynolds equation. Usually finite volume method [93-95] is used to
solve it. The advantage is that the air bearing response can be calculated with high
accuracy. However, the shock response simulation takes considerably long period of time
because at every time step the compressible Reynolds equation needs to be reevaluated.
Also, additional computation time will be needed when the air bearing slider profile is
more complicated. Hence, full model may not be an efficient method for design

optimization studies where many parameters are involved and time is limited.

From the review above, it can be seen that the existing air bearing shock models consists
of two extremes. The first one (the linear spring model) oversimplifies the air bearing
dynamics, resulting in inaccurate prediction. On the other hand the full model
complicates the shock simulation by reevaluation of governing equations at every time

step, causing low computational-efficiency.

2.2.4 Contribution to the Air Bearing Shock Modeling

Based on the previous literature review, it appears that a possible significant contribution,
which can be made to the development of the theoretical shock model of the slider plus

air bearing, lies in setting up method or concept that can lead to time-efficient shock
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response simulation having reasonable accuracy. The basic analytical consideration for

the concept is given as follows.

It is understood that the slider and the air bearing form a dynamic system that can react
very fast, relative to the duration of the shock event and the significant motions of other
HDD components [96]. This comes from observing that the dominant frequency
associated with a 0.5 ms half-sinusoidal pulse excitation is up to 2 kHz [97], whereas the
fundamental air bearing resonance frequency is typically well over 100 kHz in modern
HDD. Therefore, from the perspective of the air bearing, the dynamic response of HDD
structural components merely causes a change in boundary conditions that happen slow

enough for air bearing equilibrium to be maintained (in the absence of head disk contact).

From a constant mass-spring-damper system point of view, it can be seen that if the
fundamental frequency of the air bearing is 100 kHz and the excitation pulse is 2 kHz,
then the air bearing response falls in the stiffness controlled region as depicted in Figure

2.12. In that region, the air bearing dynamics response (x) is expected to be the same as
its static response (Ssuric), regardless of large variation of damping {. This almost-static

(quasi-static) notion, if applied in air bearing shock modeling, is expected to accelerate
the dynamics response calculation and at the same time produce quite accurate result. The
quasi-static treatment has also been used in [98], in which the CML air bearing program
was used to determine the air-bearing compliance matrix at different slider attitude. The
compliance-matrix data were then transformed to force-displacement, force-rotation,
moment-displacement, and moment-rotation curves. The result shows that the velocity
profiles between the linear and non-linear air bearing are quite different. This paper

however is very brief and does not give comparison with full finite volume air bearing
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FIGURE 2.12 ESTIMATED TRANSMISSIBILITY CURVE FOR AIR BEARING

In chapter 4, this quasi-static concept will be investigated in detail by comparing the
quasi-static air bearing shock model with a complete finite volume air bearing model.

Subsequently, the quasi-static concept will be extended to increase its accuracy.

2.3 Coupled Structural and Air Bearing Model

HDD shock tolerance is defined as the minimum half-sine shock magnitude that causes
damages on the magnetic surface on the disk. To predict the shock tolerance of HDD, the

structural model and the air bearing model needs to be coupled with each other.
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2.3.1 Existing Coupled Model

There are three types of coupled models that have been used in the HDD shock

simulation; basic coupled model, indirectly coupled model, and directly coupled.

2.3.1.1 Basic Coupled Model

Finite element (FE) structural shock model is combined with the linear-springs air
bearing model to simulate the shock response of the HDD. Usually FE transient analysis
is used to solved the shock response (as in [90]). This is not the best approach for
predicting the shock tolerance; it is time consuming when performing analysis at the
system level, since the system involves many degrees of freedoms. Besides that, the use
of the linear springs to represent the air bearing is not appropriate because during shock
the variation in the flying height is relatively large; at low flying height region, the

nonlinear behavior of the air bearing becomes significant [91].

FIGURE 2.13 BASIC COUPLED MODEL (FE STRUCTURAL MODEL + LINEAR SPRING AIR BEARING)

This basic model has been improved and optimized over the years in the HDD industry

due to its simplicity and ease of modeling. HDD engineers can straightforwardly
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produce the FE model from available solid models. Then, several spring elements can be
added immediately to the FE model to represent the air bearing. Next, the mode
superposition method is used to reduce the computation time. With an appropriate
selection of air bearing stiffness [99], this basic model can predict the trend of air bearing

force response with reasonable accuracy.

This improved basic model is good to predict whether certain design changes reduce or
increase the variation of air bearing force during shock event. However, to predict the
shock tolerance, knowing the trend of the air bearing force response is not sufficient;

more comprehensive air bearing models are necessary [96].

2.3.1.2 Indirect Coupled Model

Subsequently, the FE structural model is indirectly coupled with an air bearing model as
in [76, 100-104]. This method is widely used because the air bearing is relatively very
stiff that any sufficiently stiff linear spring will hold the slider to the disk. Besides that,

the forces fed back to the arm are too small to affect arm response significantly.

The shock simulation is divided into two steps. In the first step, a finite element model of
the disk, suspension, slider and air bearing is used to find the structural force response. In
the finite element model, the linear springs are used to represent the air bearing. In the
second step, the structural force response obtained in the first step is used as input data
for the air bearing simulation and the dynamic flying attitudes are calculated. This kind of
two-step method was later used in the optimization of air bearing contours for the shock

performance of HDD [105].
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A similar method [96] was also used to investigate the shock response of the HDD. The
difference was that the motions of the disks/arm were obtained experimentally by the

laser Doppler vibrometer (LDV), not by the finite element method.

The use of the linear springs as air bearing model in the finite element analysis and the
indirect coupling method do not represent the real system where the air bearing behaves
nonlinearly and the coupling between the air bearing and the structural components

happen simultaneously. A direct coupling method is then preferred.

2.3.1.3 Direct Coupled Model

In [58, 59, 106] the air bearing model and the HDD structural model are directly coupled.
At every time-step the two models communicate with each other. The air bearing
modeling is done using the CML dynamics air bearing simulator software, while the
ANSYS finite element analysis is used to calculate the structure response (in [59]) or to
generate mass and stiffness matrices of the structures (in [58, 106]). The method used in
[59] was computationally expensive because at each time step data should be exchanged
between ANSYS and CML. To increase the computational efficiency, the mass and
stiffness matrices obtained from ANSYS are embedded into the CML dynamics
simulator and used to obtain structural response [58, 106]. Still, the shock response
simulation takes considerably long computation time because at every time step the
compressible Reynolds equation needs to be reevaluated. Hence, it may not be an

efficient method for design optimization studies where many parameters are involved.

The direct coupling method used in [58, 59] also requires some modifications to the
structural model; the slider needs to be modified into a mass element connected to the

flexure by some rigid beams (as shown in Figure 2.14) [33].
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FIGURE 2.14 A DIRECT COUPLING METHOD

It should also be noted that in the models mentioned above the effect of the disks spin is
not included (the locations of the forces acting on the disks (e.g. from the air bearing) are

fixed).

Summing up, there have been various coupled model developed: basic model, indirectly
coupled model, and directly coupled model. The direct coupled model is preferred due to
its superiority in representing the actual fluid and structural interaction in the head-disk
interface. In the next sub-section, several possible contributions to the diversity of direct

coupled model are given.

2.3.2 Contribution to Diversity of Direct Coupled Models

There are two additional coupled models that will be contributed. The first one is the
combination between the flexible multi body dynamics structural model and full air
bearing model. The second one is the coupling between the state-space structural model
(formulated based on mode superposition theory) and the quasi-static air bearing model.
The first model will be able to give comprehensive prediction on both structural and air
bearing shock response, while the second coupled model will be able to predict the HDD

shock tolerance in a highly time-efficient manner.

So far in the literature review, the theoretical shock model of the HDD structures (the
‘body’), the air bearing (the ‘heart’), and their couplings have been discussed. With good
theoretical shock model, the shock robustness of the structures and the air bearing can
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be further optimized. Having a robust ‘body’ and ‘heart’ is excellent, but without

appropriate ‘skin’ (vibration isolator) the HDD still has a high chance to fail.

2.4 Design and Analysis of Vibration Isolation for HDD

In this section the existing researches with the purpose of solving the vibration problems
of the HDD, is presented. It is then followed by the possible contributions that can be

made to advance the vibration isolation in HDD.

2.4.1 HDD Vibration Problem

Before discussing the existing theories/method related with solving HDD vibration
problems, it is important to examine the source of vibration in the HDD. Four major
noise and vibration sources in the HDD are the spindle-disk assembly, VCM/HAA

system, base/cover, and external environment.

2.4.1.1 Vibration from Spindle-disk Assembly

The spindle-disk assembly consists of a number of disks mounted on a spindle motor,
which is enclosed by a hub. A typical spindle motor has a stator firmly attached to a
spindle shaft. The stator is energized by a voice coil system inside the hub. When the
stator is energized, the hub and disks rotate simultaneously. Bearings separate the hub
from the shaft and keep rotation smooth. As the demand for higher storage capacity and
better performance has increased, the track density has reached 100,000 tracks per inch
(TPI) [107]. The drive speed has exceeded 15,000 rpm. Accordingly, the spindle-disk
assembly is subjected to increased amounts of acoustic and mechanical energy. A great
amount of this energy is transmitted to the components of the spindle-disk assembly,

where it causes reliability and performance problems, such as whirling-mode vibration
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which increases the degree of non-repeatable run-out (NRRO) caused by bearing defects.
The amplitudes of the NRRO generally increase with increasing drive speeds, and are

creating substantial problems in today’s high-speed drives [48].

2.4.1.2 Vibration VCM/HAA System

The actuator subsystem contains the actuator arm and the rotary ball-bearing component.
When the voice coil is energized by the input current from flex circuit cable
(magnetization process), it creates a magnetic field between the top and bottom magnetic
plates and applies a mechanical torque to the actuator. The torque from the voice coil
motor causes the actuator arm and the head-gimbal assembly (HGA) to rotate
simultaneously (seeking motion). The magnetization of the voice coil not only generates
significant acoustic noise, but also contributes considerable mechanical disturbance to the

actuator element.

2.4.1.3 Cover/Bases Vibration

Disk drive covers and bases are normally made of thin aluminum or stainless steel, which
easily resonates at higher rotational speeds. The vibration and acoustic noise that come
from drive operation (HAA seeking motion) would also run through the edges of the

cover and base and the screw holes.

2.4.1.4 Vibration from External Environment

The vibration level from the external of the HDD is quite high when the HDD is used in
mobile applications. Severe shock is experienced by the HDD when its user accidentally
drops it to the hard floor. The HDD also undergoes harsh vibration when it is being used

in rough environment such as battlefields. All this external excitation may damage the
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HDD if proper vibration isolation system is not used.

After discussing the four major noise and vibration sources in the HDD (the spindle-disk
assembly, VCM/HAA system, base/cover, and external environment), let us take a look

on the existing method/theories to deal with them.

2.4.2 Existing Theories/Method to Overcome HDD Vibration Problem

Besides optimizing the structural and air bearing design parameter, the research efforts in
handling the HDD vibration problems can be categorized into three big groups; the first
group develops more robust HDD servo, the second group devises more reliable
drop/free fall detection method, and the third one designs better HDD vibration

isolation/damping.

2.4.2.1 Robust HDD Servo Control

The first group basically deals with the development of robust servo control
algorithm/mechanism. There have been numerous researches done in this group, such as
reduction of external vibration in hard disk drives using adaptive feed-forward control
[108], compensation of the HDD vibration during jogging/walking using low frequency
disturbance feed forward control [109], use of MEMS based accelerometers for the
compensation of the effects of self-induced and external vibrations in HDD [110],
rejection of narrow-band disturbances using a general second-order phase lead peak filter
[111], suppression of vibration during short-span seeking mode in HDD based on multi-

rate feed-forward control [112], etc.

2.4.2.2 Reliable Drop/Free Fall Detection

The objective of drop/free fall detection is to reliably detect a fall and ‘park’ the
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read/write head prior to impact event. The conventional approach (to measure the
acceleration using the acceleration sensor and react based on acceleration threshold with
timing reaction) is found ineffective in predicting the free fall [26]. Hence, more
advanced algorithms are being developed, such as the one in [113]. The free fall detection
is performed not only depending on the acceleration, but also depending on the calculated
area value between the acceleration threshold and the current acceleration measurement

below the threshold.

Better drop sensors are also employed. A predictive drop sensor, composed of a thermal
accelerometer and an electronic controller, has been shown to achieve fast response in
predicting the impending fall and enables the protection function before real impact
occurs [114]. By the optimization of filter weighting coefficients, predictions of up to 35

ms have been demonstrated and that can provide reliable protection against drop shock.

However, this drop detection is more complicated than one first imagine because most of
the time the drop motion is not a simple free-fall. It often mixes with spinning motion.
Not only that, the center of mass may not be constant (such as in flip-phones and laptop)
and real-life motions (tapping with thumbs, dancing, running, etc.) add further complexity

[26].

2.4.2.3 Effective Vibration Isolation

There have been many basic theories formulated on how to optimally isolate/damp
vibrations in/experienced by an object [115-122]. However, to create an effective
vibration isolation of complicated machinery such as the HDD, more advanced
theories/methods need to be developed. That is why there are many published research

work devoted to HDD vibration isolation [123].
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The research in the HDD vibration isolation is further classified based on the locations of

vibration sources (spindle-disk assembly, VCM/HAA, base/cover, external environment).

(a) Vibration Isolation for Spindle-Disk Assembly

To solve the problems related to the spindle-disk assembly vibration, various damping
treatments have been evaluated. For example, a whirl damper design addresses the
whirling-mode vibration [124]. The whirl damper, made of a layer of viscoelastic
damping polymer and a layer of stainless steel, works like a circular washer. Other
interesting ideas for solving the problem of spindle motor vibration include damping
treatments on the stator/spacer. Various designs of this type of damper have been
proposed in [125]. Test results show that disk vibration is significantly lowered when a

constrained-layer damper is added to the spacer.

Investigations of fluid-film or hydrodynamic bearings for spindle motors continue to
appear in the literature [50, 126-130]. The advantages of these fluid-like bearings include
improvement of non-repeatable run-out and reduction in acoustic noise. These are

especially important for drives rotating at high speeds.

The other important source of spindle-disk assembly vibration is the disks themselves.
Disk vibration (or disk flutter) results from unsteady airflow, or windage, over the disk
surface. The problem is made worse when thinner and lighter disks are used. To reduce
the effects of disk flutter on tracking performance, damping is added into disk substrates.
The damped disk is made of two thin layers of aluminum with a layer of high-
performance viscoelastic polymer in the middle. The new damped disk increases the
damping properties of the disk and considerable improvements in tracking performance

have been achieved by using this new damped-disk design [131]. Effect of adding
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dynamics absorbers on the rotating disks was also examined in [132], in which the
relationship between the location of the dynamics absorber and the effect in the vibration

control was investigated numerically.

(b) Vibration Isolation for VCM/HAA assembly

To overcome the undesirable motion caused by vibration resonance in the HAA
components, lighter and stiffer suspension that have higher natural frequencies have been
manufactured. A smaller and lighter slider design further reduces the amount of inertial
force, making the slider more stable during flying. The trend to decrease the size of the
head-gimbal assembly to improve shock performance is limited by the current materials
and manufacturing technology available. It is also limited by cost. HDD engineers then

look for other possible solutions, such as passive damping treatments.

Suspension dampers have been widely used to reduce head-gimbal assembly (HGA)
resonance. One of the works in suspension damping involves the insertion of a damping
polymer into the multilayer suspension element [133]. This yields a damped suspension
element where damping been designed into the suspension structure. However, adding
damping element in suspension increases the effective mass of HGA, and subsequently

reduces the shock performance of HDD [30].

Recently, damping is used in the arm and VCM. The damping devices are installed on the
arm and hollow space within the voice coil motor on the HDD to suppress the quasi-rigid
body mode caused by the flexibility of the arm pivot [134]. In [135] a dynamic absorber
is introduced to assist in controlling the acceleration of the actuator arm. Subsequently, a
dual-mass dynamic absorber is embedded within the VCM to restrain the VCM vibration

modes and the quasi-rigid vibration of the HAA [136].
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Advanced alloys with high damping such as High Damping Stainless Alloy (HIDAS)
were developed and applied for suppression of noise or vibration in the HDD. These
alloys have high strength (1400Mpa) as well as high damping capacity (10-20%). All
data obtained showed better results compared with other materials [137]. High cost and

quality control would be the remaining problems.

(¢) Vibration Isolation for Base/Cover

Disk drive covers and bases are normally made of thin stainless steel, which easily
resonates at higher rotational speeds. The acoustic noise that would come from drive
operation would also run through the edges of the cover and base and the screw holes.
Significant progress has been seen in controlling the noise and vibration transmitted
through these areas. The popular cover damper used in hard disk drives was first
introduced in 1993 when the drive speed increased to 5400 rpm [123]. The cover damper,
based on the constrained-layer damping treatment [138] was strategically placed on the
cover above the spindle motor area to reduce resonance. Recently, a piezoelectric
bimorph was designed and also placed on the drive cover above the spindle motor area to

effectively suppress the unwanted vibration of the disk-spindle system [139, 140].

(d) HDD External Vibration Isolation

The vibration isolation placed inside the HDD mainly helps to reduce the vibration
caused by the disk spin and/or the HAA seeking motion (self-induced). To effectively
protect the HDD from strong external excitation (having magnitude much bigger then the
self-induced vibration), an external vibration isolation is a must [141]. In literatures, little
attentions have been given to the external vibration isolation of HDD. So far, rubber

mounts/pads have been investigated and optimized for HDD vibration protection [142-

53



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Literature Review Chapter 2

144]. However, they do not offer a theory and principles on how to design, test, and
evaluate external vibration isolation systems for HDD subject to both shock and random

vibration based on well know standard.

2.4.3 Possible Contribution to the Field of HDD Vibration Isolation

From the review above, it is clear that the area of HDD external vibration isolation has
not been well addressed. Hence, a research work on how to design, simulate, test and
evaluate the vibration isolation systems for operating HDD subject to severe shock and
random vibrations based on a well-known standard (such as military standard) will be a
significant contribution in the field of HDD vibration isolation. Design concepts on how
to achieve satisfactory shock and vibration isolation for HDD will be formulated. The

concepts will then be tested and further enhanced by several design case studies.

2.5 Chapter Summary

Summary on the theoretical shock model of HDD structures (the ‘body’), the theoretical
shock model of the air bearing (the ‘heart’), their coupled model, and the HDD shock and

vibration isolation (the ‘skin”) are presented next in several flow diagrams.
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CHAPTER 3 STRUCTURAL MODELING OF
OPERATIONAL HDD SUBJECT TO SHOCK

In the first part of this chapter, an operational HDD structural model for shock
simulation is developed using flexible multi body dynamics formulation. Three
flexible structural components (nonlinear head actuator assembly, disk-spindle and
base plate) are considered in this model. The advantages of the flexible multi body
dynamics formulation are: it can simulate the large rotational motion accurately and

its computational efficiency is better than the full finite element model.

If only the vertical-shock response in the few milliseconds after shock happens is
needed, then flexible multi-body dynamics is overkill. Hence, in the next part a more
time-efficient operational-HDD structural model is developed using a state-space
formulation based on mode superposition principle to predict the HDD vertical-shock
response within a few milliseconds. The discontinuity of the head actuator assembly
is considered. The effect of the disk spin on the air bearing location is included. The
advantage of the formulation is the reduced computation time and the ease in doing

the parametric studies.

In the last section, modeling and verification of the head actuator model is depicted to

complete the formulation of the theoretical shock model of the HDD structures.

3.1 Flexible Multi Body Dynamics Formulation of HDD

The HDD experiencing the shock can be modeled as different flexible bodies which
are connected to each other by bearing joints. These bodies include the VCM-head

actuator assembly, the disk-spindle assembly and the housing, as shown in Figure 3.1
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[145].

VCM-head actuator
assembly

Air bearing

Housing and
shafts

Disk-spindle
assembly

Screw connection

Ball bearings or fluid-
dynamic bearings

FIGURE 3.1 FLEXIBLE MULTI BODY MODEL OF HDD

The whole formulation is divided into two main parts. The first part is the formulation
of dynamics properties of each flexible body (mass, damping, & stiffness matrices as
well as quadratic velocity vector). The second part is the formulation of the

generalized force applied on flexible bodies.

3.1.1 Formulation of Dynamics Properties of Flexible Body

For any flexible body in the HDD, as shown in Figure 3.2, the body reference
o'’x'7y' 72" is selected. Here, the superscript i denotes the i" body. The location and

orientation of the body reference with respect to the global coordinate system OXYZ
are defined by a set of coordinates q'. The vector q' can be written in a partitioned

form as
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q. =[R" "] 3.1)

where R’ is a set of Cartesian coordinates that define the location of the origin of the

body reference and 0’ is the set of Euler angles that describe the orientation of the

selected body reference.

FIGURE 3.2 DISPLACEMENT VECTOR OF ARBITRARY POINT P ON ONE FLEXIBLE BODY IN THE HDD

Then for an arbitrary point P on the body, its global position vector r, can be written

as [60]
r; =R’ + Aiu; (3.2)

i

where u', is the local position vector of point P expressed in x"y"z" and A’ is the

transformation matrix between the body reference and the global reference (see

appendix A.1); A’ is a function of ', and u', is the vector sum of w, (the position of

point P in the undeformed state in the body reference) and u’} (the displacement of

point P due to elastic deformation).
Next, the displacement of point P due to elastic deformation can be approximated as

wy =S'G ) 2 () (3.3)
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where S'(x'", y'" Z'") = [(,lﬁ,i ¢£ ¢,’;l] is space-dependent shape matrix, and
q, () =[q% g4, -4} 1" is vector of time-dependent elastic generalized coordinates

known as modal coordinates. m is the number of mode shapes to be taken into

account.

The mode shapes of each HDD flexible component are obtained through finite
element analysis. The boundary conditions for each component when the mode
shapes are calculated are shown in Figure 3.3 below. For the head actuator assembly
its spindle is fixed, no constraint is applied between the dimple and the flexure. For
the disk, its spindle is also fixed. For the base plate its two side edges are fixed. The

air bearing is not considered in the modes extraction state.

HAA 7z Clamped boundary
condition

L

Disk + Spindle

NN

Base Plate

FIGURE 3.3 THE BOUNDARY CONDITION DURING MODE EXTRACTION

The jth mode shape value ¢;-(x" " yi " ") at any point can then be obtained by

interpolation as in (3.4).

. . . . n . .
0521 = Nl (3.4)
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where N; is the K™ shape function of the corresponding element, (p}k is the /™ mode

shape value evaluated at the nodal points of the element, and » is the number of the

shape functions of the element.

Expanding (3.2) the global position of point P can be further describes as
r, =R +A'(u, +S'q)) (3.5)
The total vector of the generalized position of point P can then be written as
q¢=R" 0" q7] (3.6)
By differentiating (3.5) with respect to time, the velocity of point P can be obtained as

i =Lq’ (3.7)

where L' is a time- and space-dependent matrix. Subsequently, the kinetic energy T

of the flexible body i is represented in terms of q'

Ti :%q[TMiqi (38)

where M’ is the mass matrix of the flexible body i and is defined as
M’ =|,.p' L'LdV’ (3.9)
where pi and V' are the density and the volume of the body i, respectively.

By using the modal frequencies, the potential energy caused by the -elastic

deformation is written as
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. 0

P} ZEqiT 00 01| (3.10)
0 K/,

where K’f is the diagonal stiffness matrix associated with the elastic coordinates of

the body
K' =diag(ef® &) - o)) (3.11)

Here a),l( is the &A™ modal frequency.
Upon the application of the Lagrange’s equations

dor’ or' oP;:
P + =

— =00 j=1,2,-,6+m (3.12)
diog; oq;  Od)

J

and with the consideration of the modal damping, the equations of the body motion

can be obtained as

where C' is the damping coefficient matrix, Q' is the generalized force applied on

the flexible body, and Q! is the quadratic velocity vector resulting from the

differentiation of the kinetic energy with respect to time and body coordinates.

00 0
c'=[00 0
00 C,

where C; is the diagonal damping matrix associated with the elastic coordinates of
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the body

C, =diag(2{{o; 25,0, - 20,0,

Here ¢ isthe K™ modal damping.

Q! contains the gyroscopic force and the Coriolis force components.

. ST B R
= Mq +———(q™™Mq’ 3.14
Q, q 2aq,(q q) (3.14)

In a similar way, the governing equations of the other flexible bodies in the HDD are

formulated.

After the mass, damping, & stiffness matrices plus the quadratic velocity vector of

each flexible body have been formulated, it is time to formulate the generalized force
Q! in equation (3.13).
3.1.2 Formulation of the Generalized Force

Before the generalized force can be formulated, the physical forces acting on HDD
component need to be identified and computed. These forces are generated at pivot

bearings, air bearing, and dimple/flexure contact surfaces.

3.1.2.1 Pivot Bearings Forces

Ball bearings (between head actuator assembly (HAA) and base) and fluid bearings
(between disk-spindle and base) are modeled as springs-dampers system. A node is

determined at the center of each bearing as illustrated in Figure 3.4.
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A
1
\
HAA _—
B

Base shaft for HAA

Base (

FIGURE 3.4 BEARING NODE POSITION

Nodes 4 and B are at positions where the outer ring center and inner ring center of the
bearing located, respectively. Distance between A and B are later used to measure the
deformation of the bearing. Once the distance and the relative velocity between nodes
A and B are obtained, the bearing force can be obtained through the stiffness and
damping matrix function. The stiffness and damping matrix functions were obtained
from the respective manufacturer. In case this information cannot be obtained, the
matrices can be approximated from experiments. In the same way, the force between

the disk-spindle and the base can be obtained.

3.1.2.2 Air Bearing Forces

Air bearing forces [95] acting on the slider surface and on the disk surface can be
found using theoretical models described in literature review chapter. Additionally, in
chapter 4, the author presents the finite volume formulation and quasi-static air
bearing model to calculate the air bearing force in the shock simulation. Then, in
chapter 5, the way to couple the air bearing model with the flexible multi body

dynamics structural model is discussed.

3.1.2.3 Dimple/Flexure Contact Forces
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If the HDD experiences severe vibration or shock, the dimple and the flexure may
separate. This means there is a discontinuity in the overall stiffness of the head

actuator assembly. These discontinuities can be modeled using a contact model.

In the current study, Hertz model [36] for circular point contact is adopted since the
diameter of the dimple is smaller compared to the flexure’s length and width. Figure
3.5 illustrates the model; the dashed line is the shape of the dimple and the flexure

before deformation.

From the Hertz elastic contact theory, the relations between the contact force P and

the interference 9 is

3

P=k5? (3.15)

where £, is the stiffness coefficient and it can be approximated as:

* 2 2N\
k, :M, E = 1_‘/1+1i (3.16)
3 E, K

E,, E, are the Young’s modules of the flexure and load beam and v,,v, are the

Poisson ratios. R is the radius of the dimple.

dimple i

flexure and
slider

FIGURE 3.5 CONTACT BETWEEN DIMPLE AND FLEXURE
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After the forces exerted by the bearings and by the contacts between the dimple and

the flexure have been formulated, they are considered as external forces F'(q',?)

defined in the global coordinate system. If F'(q’,?) is applied at point P, the virtual

work done is defined as
oW' =F'or, (3.17)
And 6W' can be written in a partitioned form as

éRi
ow' =FT[l B A'S||

| (3.18)
oy

Then the generalized force Q' applied on the body caused by the force F'(q',¢) can

be formulated as
Q =[F" F'B F"A'S'| (3.19)

where B’ is the matrix whose columns are the partial derivatives of the vector A’ uip

with respect to the body reference rotational coordinates.

After the generalized force Q' has been formulated, the governing equation for each

flexible body (3.13) can be completed. Additional details on the flexible multi body
dynamics formulation is given in Appendix A. The proposed simulation procedure is

described in Chapter 5.

The flexible multi body dynamics is good to represent the system experiencing
relatively large rotation (when the shock applied is rotational shock or the simulation

time is relatively long). This method is also computationally efficient. If one
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component in the HDD is changed, only mode shapes and frequencies of that
component need to be re-calculated and used in the formulation to obtain the system’s
response. However, if only the vertical-shock response (the shock direction is
perpendicular to the disk surface) in the next few milliseconds after shock happens is
needed, then mode superposition theory expressed in the state-space system can be
used to develop the dynamic model of the HDD for further increase of the

computational efficiency.

3.2 State-Space Formulation for HDD Vertical Shock Analysis

The description on the state-space formulation is divided into two main sections. The
first part explains the basic state-space mode superposition theory including the
formulation of system matrix. And, the second part describes in detail the modified

formulation of input and output matrix of each important HDD components

3.2.1 General Concept & Formulation of System Matrix [65]

The diagram of the state-space model is given in Figure 3.6 [146]. The structural
state-space models take forces as inputs and gives response of the structure
(displacements, velocities, and accelerations) as outputs. The state-space models are
formulated using the mode shapes and the natural frequencies of the structures of
interest. The formulation is based on mode superposition principle [147]. Damping is
assumed to be proportional to mass/stiffness matrices. For most metal (e.g. stainless

steel) the damping is ~ 2 %.
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Input matrix  Integrator

x(t) x(t)
ll(t)—> B J. I »
Input

X = Ax+Bu

y = Cx

Output
C —vy®
Output matrix

A
System matrix

FIGURE 3.6 STATE-SPACE DIAGRAM

The shock response due to vertical shock (perpendicular to the disk surface) is the
focus in the subsequent formulations, as HDD is most prone to failure in that direction
[101, 104]. The experiment result in Table 6.2 further shows that indeed the HDD is

more vulnerable to the vertical vibration than horizontal vibration.

The formulation of system matrix A is as follows. The equation of motion in the

modal coordinates is shown in (3.20).

G, +2,,0,4, + 0.’ q, = Fyu, +...+ F,u (3.20)

m--m

4;-q,,and g, are acceleration, velocity, and displacement of i™ mode. ¢, and o, are
proportional damping ratio and natural frequency of i mode, respectively. F; is
generalized force component of /™ mode corresponding to input j. The F, is equal to

y

0'F

;i » where @ is the normalized modal matrix. u; and F, are magnitude and unit

vector of input j in the physical coordinates, respectively. m is the number of

physical forces acting on the structures.

Equation (3.20) can be written as:

qz’ :qi

(3.21)
g, = F, -2¢,0,4, _a)izqi
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Writing (3.21) in matrix form, (3.22) is obtained.

E9R NPV A ) T
.| = 2 |+ u, +...+ u,, (3.22)
q; -0 —200, |4, F, F,

By defining that x = [¢,,4,,9,.4,,----9,,4, ] and recalling thatx = Ax+Bu , system

matrix A can be formulated as in (3.23) where 7 is number of modes used.

0 1 0 0 ’ :
-9 -%ag 0 0 0 °
0 0 0 1 0 ’
A O 0 - -2 0 ’ o
0 0 0 0 1
2
| o 0 0 0 0, =20,0,] 5,9,

The formulations of input matrix B and output matrix C depend on the characteristic

of structures modeled and will be presented in the next sections.

3.2.2 State-Space Formulation of Head Actuator System Considering

Structural Discontinuities

The state-space formulation of the head actuator system is divided into three parts.
The first part explains about the procedure for required modal analysis. The second
part shows the input and output matrix formulation. And, the third part discusses how

to handle the discontinuities in the head actuator assembly.

3.2.2.1 Modal Analysis

The configuration and the boundary conditions of the structural model of the head

actuator assembly system (Figure 3.12) for modal analysis are described as follow.
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The model follows the configuration of the head actuator assembly system during
HDD normal operating condition. There is no constraint applied between the dimple
and the slider. The slider is free to move, while the arm pivot (the nodes coupled with

the mass element in Figure 3.12) is only allowed to move in the vertical direction.

3.2.2.2 Input Matrix and Output Matrix Formulation

The input matrix B converts the physical forces to modal forces. Its formula can be

derived from (3.22) and (3.23).

0 0 0

Fll F12 Flm

0 0 0
BHAA: F‘.Zl F‘.ZZ FZm

0 0 ... 0

Fu Fooo Fuloysm

(3.24)

To couple the HAA with the air bearing and to handle the nonlinearity of the
structure, the vertical displacements of several points on the HAA are needed. The
points consist of the nodes on the slider corner, dimple, limiter, arm pivot, and lift tab.
Let the output y = |z}, z5... zx] where z is the vertical displacement of the points, £ is

the number of the points, and # is number of modes used.

Matrix C can then be formulated as in (3.25).

., 0 o, 0 ... ... 90, 0
S
0 0 @040 0 0 o9, O kx2n

(3.25)
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where ¢.;; is the head actuator assembly normalized-mode-shape-value corresponding

to the vertical displacement of point j in i mode.

3.2.2.3 Handling Structural Discontinuity

During shock event, the dimple may be separated from the slider as in Figure 3.7. At
any time step when the dimple and slider are in contact with each other, contact force

F. is applied to each contacting element as depicted in Figure 3.8.

AN AW N AT
T N X A Y Y A VA VA VA VA VA YaTaY ’
wmmmgséésé%? T e

Slider —o0a

X 0 A N P W A A, i)

A PRV
SRS AARA A A AR
R 'E“EEE%%EE%EE

FIGURE 3.8 FORCES APPLIED DURING DIMPLE-SLIDER CONTACT

The contact force is approximated by using Hertz elastic contact stress formula (3.26).

E*and R are described in Figure 3.9.

4E\/_

F = 3 ; O 1s interference (3.26)
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FIGURE 3.9 DIMPLE-SLIDER CONTACT AS CIRCULAR POINT CONTACT

The force response of this nonlinear spring is treated as external physical force to the

HAA. The force is then translated into the generalized forced ( F;u;) in the equation

of motion in the modal coordinates (3.20).

After the HAA state-space model has been formulated, the next section will show
how the state-space model of the disk, which includes the effect of disk rotation on

the air bearing position, can be formulated.

3.2.3 State Space Formulation for Disk Considering Spinning Effect

on Air Bearing Position

The state-space formulation of the disk is divided into three parts. The first part
explains about the procedure for required modal analysis. The second part shows the

input matrix formulation. And, the third part describes the output matrix formulation

3.2.3.1 Modal Analysis

The boundary conditions of the disk (Figure 3.10) for modal analysis are described as
follows. The outer edge of the disk is free. The inner edge is coupled with a mass
element and is allowed to move only in the vertical direction. First, the static analysis

is done to obtain the stress distribution due to disk spin. Modal analysis is then carried
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out by considering stress stiffening and spin softening effect.

-+Mass element

FIGURE 3.10 STRUCTURAL MODEL OF DISK

3.2.3.2 Formulation of Input Matrix of Spinning Disk

The part of the disk surface that makes direct contact with the air bearing changes as
the disk rotates. Hence, the position on the disk at which the air bearing forces act
needs to be updated at every time step. To facilitate this, matrix B is formulated as in
(3.27). This formulation directs the state-space model of the disk to take modal forces

instead of physical forces as inputs.

0 0 0
1 0 0
0 0 0
0 1 0
Bpisk = o
00 ..0
00 .. 1
- -2nxn (3.27)

The modal forces FM can be calculated using (3.28).

wzll' (0221' te (Dzml' Fvl
' v ' F
FM = ¢z.12 (02.22 . (PZTnz ]t (3.28)
¢zln' gozZn' ¢zmn' nxm va mx1
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Fy(j=1,2, ..., m) is the magnitude of vertical force i acting on the disk. ¢_," is the

h

i"" mode normalized-mode-shape-value corresponding to vertical displacement of the

disk section where F); acts on at the current simulation time.

To facilitate the computation of ¢_,', the mode shapes of the disk are stored using

circular coordinates (radial positions » and circumferential positions #). Figure 3.11
shows the plot of one of the disk modes in circular coordinates. Since the disk rotates

with a known speed, the position of the forces with respect to the disk can be found at

1
Zji

any time step. Subsequently, ¢_.' is retrieved using lookup and interpolation method

[148].

4000

2000 .

-2000 4

Mode Shape Value

4000 |
-200

Circumferential 200

position (degree) R adial position (mm)

FIGURE 3.11 (0,1) DISK MODE IN CIRCULAR COORDINATES

3.2.3.3 Formulation of Output Matrix of Spinning Disk

The displacement of the disk area under the slider must be calculated in order to find
the spacing of the air bearing. However, this area changes as the disk spins. To
facilitate the calculation of its displacement, the output matrix C is formulated as in

(3.29). In this way, the state-space model of the disk gives modal displacement q =
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(91, q2. - -, gn] as the output.

000 .. .. 00
O 010 .. ..00

Coisk =
0O 00 0 ... ... 10

nx2n (3.29)

The part of disk surface directly under the slider can be predicted based on the disk

spinning speed and its vertical displacement y can be obtained from (3.30).

1 1 1 T
D11 D12 R
_ (02:21 (Pz:22 : (Dz:zn xq (3.30)
(pzml ' (Dsz‘ Tt qumn ' mxn

After formulation for each flexible body has been completed, in Chapter 5 they are
combined together with the air bearing. The state-space formulation that has been
developed is computationally efficient because only mode shapes value at the point of
interest are needed during the simulation and very high frequency modes can be
truncated. Besides that, the formulation can model the dynamics air bearing position

due to disk rotation.

3.2.4 Further Discussion

In this subsection, how to apply the shock pulse to the state-space model and how
many modes are necessary to get acceptable accuracy in shock simulation are

described.

3.2.4.1 Applying Shock Excitation in State Space Model

Since the magnitude of the shock applied to the HDD is usually given in terms of
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acceleration (for instance 250 G), there is a need to convert acceleration input to
force. To facilitate this, a mass element is added to the structural component. This
mass element should be much heavier than the structural components (~ 1000 times)
so that the mass of the structures can be neglected. The element is then coupled to the
structure nodes at which the shock pulse will be applied. Figure 3.12 depicts how this
technique can be applied to a head actuator assembly: A mass element of 5 kg is
added at the location shown in the figure. The 5 kg value is chosen because it is
sufficiently bigger than HAA mass, which is ~ 5 gram only. The lines between the
mass element and its surrounding nodes symbolize the couplings. Applying a force
with magnitude of 250%9.81x5 Newton at the mass element node will produce 250 G

acceleration at the coupled nodes.

Coupling lines
» A mass element

FIGURE 3.12 STRUCTURAL MODEL OF HEAD ACTUATOR ASSEMBLY (HAA)

3.2.4.2 Required Number of Mode Shapes

To determine the number of modes to be included in the shock response simulation, a
convergence test was carried out. A half sine shock with magnitude 200 G and pulse
width 0.5 ms was applied to several HAA models. Each model uses different number
of modes. It was observed that using 100 modes give good convergence; the

displacement of the trailing edge center of the slider differs by less that 0.5 nm when

78



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Flexible Multi Body Dynamics and State-Space Mode Superposition Chapter 3

compared to the model that uses 250 modes.

In the flexible multi body dynamics formulation and in the development of the state-
space model described above, it can be seen that only the modal property of
individual HDD components is needed. Since the head actuator assembly (HAA), as
one of the HDD components, has a quite intricate shape and also a significant effect
on the shock tolerance, its modeling and experimental verification will be included in
the next section for clarity and completeness in describing the theoretical shock

models of HDD structures.

3.3 Modeling and Verification of Head Actuator Assembly

To ensure reliable shock model, the structural models used need to be verified by
experiments. One of the ways to verify them is by comparing its numerical modal

analysis result with experimental result [149].

First, the finite element modeling of complete head actuator assembly (HAA) is
presented, followed by its modal analysis. Then, the experimental modal analysis of

the HAA and the disk are shown and last is the verification of the HAA model.

3.3.1 Finite Element Modeling of Complete HAA

Finite element model of HAA developed from its solid CAD model is shown in
Figure 3.13. All body is meshed using Solid92 element (a tetrahedral element). The
FE software used to perform the numerical modal analysis is ANSYS Version 10.0

[35].
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a

% R

DRI Suspension 3
Bottom arm

Note: There are two ball bearings that connect the spindle
and the shaft

FIGURE 3.13 FE MODEL OF COMPLETE HAA

Two bearing models were considered for this HAA model. Their stiffness is
determined from experiments as follows [150]. In Figure 3.14a below, force Fj is
applied to the bearing while its shaft is fixed. The force Fx needed to produce 1 mm
downward displacement was recorded. For the bearing that we modeled, the Fy is

1119 N. Hence, bearing axial stiffness is 1119 N/mm.

FA/2 FA/2 .

e

Ball
Bearing

(a) (b)

Bearing
Shaft

FIGURE 3.14 EXPERIMENTAL SETUP FOR BEARING STIFFNESS DETERMINATION

The radial stiffness can be obtained through the same method. Fr (see Figure 3.14b) is
the force needed to produce 1 mm radial displacement. The bearing radial stiffness

was obtained accordingly as 4062 N/mm.

The first model is depicted in Figure 3.15. Nine spring elements are used to represent
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the nine metal balls inside the bearings. Hence, every spring element has a vertical
stiffness (kz) of 124.33 N/mm, stiffness in x-axis (kx) of 451.33 N/mm and stiffness

in y-axis (ky) of 451.33 N/mm. The rotational stiffness is zero.

(Matrix 27)

FIGURE 3.15 BEARING MODEL I

Another bearing model is described in Figure 3.16. The inner bearing and the outer
bearing are connected to one spring element using rigid links. Hence, kz; = 1119
N/mm and kx = ky = 4062 N/mm. The rotational stiffness in vertical axis is zero
because the bearing is supposed to rotate freely. To find the rotational stiffness in x-
and y-axis, the bearing is tilted (hypothetically) at 0.01 radians with respect to one of
the horizontal axes. Since the axial stiffness of each ball in the bearing is kz/9 =
124.33 N/mm, the total reaction moment as the results of tilting the bearing 0.01
radians can be calculated as 13.75 Nm. Hence, the rotational stiffness in x- and y-axis

can be estimated as 1375 Nm/radian.
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FIGURE 3.16 BEARING MODEL II

The two bearing models give almost the same result during modal analysis. However,
the second model was deemed more appropriate because it can give a free rotation

about the bearings axis while the first one cannot.

3.3.2 Finite Element Modal Analysis of HAA (Pre-stressed)

The HAA is first loaded onto the disk (Figure 3.17). Stress then develops in the hinge.
This stress can be obtained by static analysis. It is afterwards included in the modal

analysis (pre-stressed modal analysis).

FIGURE 3.17 COMPLETE HAA LOADED ONTO THE DISK

The natural frequencies of the first two modes are 3,494 Hz (suspensions first bending
in-phase) and 3,990 Hz (suspensions first bending out-of-phase). The corresponding

mode shapes are shown in Figure 3.18 and Figure 3.19.
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FIGURE 3.19 SUSPENSIONS FIRST BENDING OUT-OF-PHASE

If the stress in the hinge is not included in the modal analysis, the natural frequencies
shift up (3,506 Hz and 4,016 Hz). This is due to the preload induced pre-strain and
pre-stress in the suspension hinge [151]. The percentage changes are 0.35% for the

first mode and 0.65% for the second mode.

After the numerical analysis has been presented, the experimental modal analysis will

described next.

3.3.3 Experimental Modal Analysis of the Disk and the HAA

Experimental modal analysis have been well established as described in [149, 152]. In
this subsection, the experimental setup is portrayed and then the modal analysis

results of the disk and the HAA are presented.

3.3.3.1 General Experimental Setup

The experiment setup for modal analysis is shown in Figure 3.20. To enable the
shaker to give input vibration with correct magnitude and frequency, a closed loop

control is used.
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FIGURE 3.20 EXPERIMENT SETUP FOR MODAL ANALYSIS

Figure 3.21 shows an HDD fixed onto a shaker using several clamps. The
accelerometer labeled with “control” provides the feedback signal to the vibration
controller. Another accelerometer provides input signal (acceleration signal) which is
converted to velocity by a signal conditioner and then fed to the vibration controller.
The laser Doppler velocimetry (LDV) captures the velocity the HDD components and
sends the output signal to the vibration controller. The transmissibility (velocity signal
from LDV divided by velocity signal from signal conditioner) is calculated and then

plotted against the frequencies.
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Control

Input

FIGURE 3.21 EXPERIMENT SETUP — CLOSE UP

A fixture is needed to hold the HDD firmly while doing the modal analysis. Instead of
clamping the HDD (Figure 3.21), gluing the HDD using epoxy (Figure 3.22) can give

better grip to the shaker platform.

FIGURE 3.22 SHAKER AND BASE GLUED TOGETHER

The network of dots in Figure 3.22 and the several subsequent figures indicates the
scan points of the LDV. After the general experimental set up has been described,

next the modal analysis results of the disk and the HAA are given.
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3.3.3.2 Experimental Modal Analysis Results of the Disk

The modes of the disk were then obtained using the LDV scanning utility. The setup

is shown in Figure 3.23.

FIGURE 3.23 SETUP FOR DISK MODAL EXTRACTION

Figure 3.24 shows the first three modes. There are no 0-1 balanced modes or 0-0

balanced modes because there is only one disk in this HDD.

| .

2469 Hz 2913 Hz

3950 Hz

FIGURE 3.24 MODE 0-1, MODE 0-0, MODE (-2 OF THE DISK

The natural frequencies of the disk depend on the boundary condition. When the same
disk is clamped using a different boundary condition (using a washer tightened with a
screw as shown in Figure 3.25), the resulting natural frequencies (Table 3.1) are
different compared to one using the original clamp shown in Figure 3.23. This is due
to the difference in the clamp dimension and clamp symmetrical properties; the

original clamp is wider and more symmetric than the washer.
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FIGURE 3.25 DISK WITH DIFFERENT BOUNDARY CONDITION

TABLE 3.1 NATURAL FREQUENCIES OF THE DISK WITH A DIFFERENT CLAMP

Using Original Clamp Using Washer and Screw
Mode Shape (Figure 3.23) (Figure 3.25)
(0,0) mode 2913 Hz 2150 Hz
2469 Hz 2425 Hz
(0,1) mode 2469 Hz 2774 Hz
3950 Hz 3750 Hz
(0,2) mode 3950 Hz 3906 Hz

3.3.3.3 Experimental Modal Analysis Results of the HAA

The mode shapes of an HAA with a free head-gimbal assembly (Figure 3.26) are first

obtained.

FIGURE 3.26 HAA WITH A FREE HGA

The mode shapes obtained from setups shown in Figure 3.27 and Figure 3.28 are

given in Figure 3.29.
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FIGURE 3.28 MODAL ANALYSIS SETUP II FOR HAA WITH FREE HGA

First Suspension First Flexure
Bending @ Bending
//s' 262 Hz \ [
s ’J 1565 Hz

2155 Hz FTo

T ————

___________._.-
2888 Hz
Out-of-Phase Arm &

First Flexure

Torsion Suspension Bending
o
Jf N ~—— 3775 I:I_i.f
. - ~ In-Phase Arm & My
Secor}d SESDERSIONS oM 7 \ Suspension Bending
Bending

FIGURE 3.29 MODES OF HAA WITH ONE SUSPENSION ONLY
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Figure 3.30 shows the setup for modal extraction setup of the HAA on the disk (the

disk was not rotating and fully clamped).

FIGURE 3.30 HAA ON DISK

The mode shapes obtained are presented in Figure 3.31 and Figure 3.32.

# -
/ 2469 Hz /2869 HZ\“

-

FIGURE 3.31 FIRST AND SECOND MODE OF HAA ON DISK
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3906 Hz \

3394 Hz Y

kA

FIGURE 3.32 THIRD AND FOURTH MODE OF HAA ON DISK

It appears that the first and second modes are induced by disk modes (0-1 modes and

0-0 modes), while the third and fourth modes is caused by the HAA bending modes.
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3.3.4 Experimental Verification of HAA FE model

The natural frequencies and the mode shapes of the analytical model of the HAA
(with its pivot and the slider fixed) are then compared with the related experimental
result. The comparison results are presented in Table 3.2 and Table 3.3. It can be seen

that the finite element model is quite accurate, within 2-3 %.

TABLE 3.2 FIRST MODE COMPARISON

First
Mode Real model FE model
7\
y
Mode — \
shape \
O, 3394 Hz 3494 Hz (+ 3 %)
TABLE 3.3 SECOND MODE EXPERIMENTAL VERIFICATION
Second
Mode Real model FE model
Mode .
shape
O, 3906 Hz 3990 Hz (+ 2 %)

After the models have been verified, they are used to generate the modal properties
(natural frequencies and mode shapes) required in the flexible multi body dynamics

formulation and in the development of the state-space mode superposition model.
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3.4 Chapter Summary

The summaries on the flexible multi body dynamics formulation of HDD, the development of the state-space model for HDD vertical shock

analysis, and the HAA modal analysis are given below in the form of flow diagram.

3.4.1 Flexible Multi Body Dynamics Formulation of HDD

> Mass Matrix
Formulation of - Stiffness Matrix
> dynamics properties of
Flexible Body > Damping Matrix
Flexible
Mulii-Body | External Environment
Dynamics —
Formulation
of the HDD —> Pivot Bearings Forces
, Formulation of the Air Bearing Forces

Generalized Force

—> Dimple/Flexure Contact Forces
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3.4.2 State Space Formulation for HDD Vertical Shock Analysis

Formulation of General
System Matrix

—|

HAA Modal Analysis

Formulation of the
State Space Model —
HAA specific

y

State Space
Formulation

Formulation of the
State Space Model —
Disk specific

Input & output matrix formulation

>

Handling Structural Discontinuity

Disk Modal Analysis

y l

Further Discussion

Formulation of Input Matrix of Spinning Disk

Formulation of Output Matrix of Spinning Disk

Applying Shock Excitation in State Space Model

Required Number of Mode Shapes
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3.4.3 HAA Modal Analysis

—» Finite Element Modeling of HAA

-» Experimental Modal Analysis

| Experimental Modal Analysis Results of the Disk

of the HAA and the Disk

L,| Experimental Modal Analysis
Results of the HAA

HAA Modal > Finite Element Modal Analysis of HAA (Pre-stressed) — p-----------=---=-=------
Analysis B A
— General Experimental Setup . VS.

S

A

- Experimental Verification of HAA FE model
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CHAPTER 4 QUASI - STATIC CONCEPT FOR AIR
BEARING SHOCK MODELING

This chapter aims to introduce and investigate the quasi-static concept of the air
bearing for the HDD shock simulation. The chapter is divided into three major parts.
In the first part, the analytical consideration that leads to the quasi-static notion is
explained. Then, the development of full air bearing shock model based on finite
volume method, considering viscous shear force & intermolecular is presented. In the
last part an air bearing model is built based on the quasi-static idea and the model is

subsequently compared with the full air bearing model.

4.1 Analytical Consideration

The basic analytical considerations for the quasi-static concept are explained as
follows: The duration of the shock pulse and the motions of HDD structural
components are relatively much slower than the response of the dynamic system
formed by the slider and the air bearing. This can be concluded by observing that the
dominant frequency associated with half-sinusoidal excitation is around 1,000 Hz for
shock with 0.5 ms pulse width, whereas the fundamental air bearing resonance
frequency is typically well over 100 kHz in modern HDD [96]. Since the motion of
the HDD structures do not happen on a time scale that is significantly faster than the
shock pulse, these components can be dynamically excited. Therefore, from the point
of view of the air bearing, the shock response of HDD components only causes slow
enough alteration in its boundary condition that the air bearing equilibrium is

maintained during the shock event (in the absence of head disk contact).
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To further explain this concept, a mass-spring-damper system viewpoint is used
below. Referring to Figure 2.12, if the fundamental frequency of the air bearing is 100
kHz and the excitation pulse has maximum significant frequency content up to 2 kHz,
then the air bearing response lies in stiffness controlled region [116, 147]. In that
region, the air bearing dynamics response is expected to be the same as its static

response (quasi-static), regardless of large variation of damping C.

However, the various related literatures [49, 78, 153-159] have shown that the air
bearing behavior is nonlinear. Hence, its fundamental natural frequencies can change.
This is further demonstrated in the next figure; Figure 4.1 displays the variation in air
bearing force with respect to flying height. It shows that the air bearing fundamental
natural frequencies varies from ~ 36 kHz to ~ 140 kHz when the flying height
changes from 50 nm to 2 nm (the slider mass is 0.006 gram and its position is 30 mm
from disk pivot; the pitch angle and roll angle are fixed at 80 p-radians and O radians,

respectively).

Normal Load (gram)

0 : : ‘
T 10 20 30 ‘40\T

-1

Flying Height (nm)

FIGURE 4.1 RELATIONSHIPS BETWEEN FLYING HEIGHT AND BEARING FORCE
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From a mass-spring-damper system point of view, the variation of the fundamental
frequencies of the air bearing does not significantly affect the quasi-static nature of
the air bearing response. This is further explained in Figure 4.2, which shows that the
air bearing response is still much the same with the static response, although its

fundamental frequency has changed from 140 kHz to 36 kHz.

Nevertheless, the actual air bearing shock response is expected to be quite complex
because not only the flying height that varies during shock event, the pitch and roll
angle also fluctuate. Hence, the best way to test the quasi-static concept in the air
bearing dynamics application is to build both the full model & the quasi-static model,

and then compare their shock responses.

10
f, = 140 kHz =01
fry = 36 kHz
10" | ]
stiffness
= controlled
o region
=
10"t :
-2
1|:| L a3 aal i a1l L a1l L MR RN L M A A NN
10" 10" 10° 10° 10° 10*

Frequency (kHz)

FIGURE 4.2 AIR BEARING TRANSMISSIBILITIES AT DIFFERENT FUNDAMENTAL FREQUENCIES
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The development of the full finite volume model of the air bearing are presented in
the next section and then followed by the formulation of quasi-static air bearing

model.

4.2 Full Finite Volume Air Bearing Modeling

The finite volume method (FVM) can be applied to a general class of convection-
diffusion problem (case independent). Here, the FVM is adapted to model the air
bearing dynamics. In the first part of this section, the governing equations for the air
bearing are presented. The next two parts contain the finite volume formulation and

its verification using another well established numerical model.

4.2.1 The Governing Equations for the Air Bearing

In this study, three forces in the air bearing are considered. The first one is the air
pressure governed by Reynolds compressible gas equation; the other two are viscous
shear force and intermolecular force. The formulations of all those forces have been
previously shown in the literature review [95, 160]. In the followings, they will be
explained with more detail and clarity to facilitate subsequent finite volume

formulation.

4.2.1.1 Reynolds Compressible Gas Equation

The pressure distribution exerted by the air bearing on the slider is governed by gas

lubrication equation [161] i.e. compressible Reynolds equation that can be written as

i(ph3a—pj+i ph3a—p =6u U@+ ph +12u% 4.1)
ox ox) oy oy ox oy ot
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where p is the pressure acting on slider surface, / is the spacing between disk an
slider, u is air dynamic viscosity, U and V are the local disk velocity in the x and y
direction. Since the air bearing thickness is very small compared to the lateral

dimension of the slider, the pressure can be assumed to be constant across the film

thickness.

The above Reynolds equation cannot be used directly when the spacing between the
slider and the disk is in submicron order. If the air bearing spacing between the disk
and slider is very small and comparable to the molecular mean free path, the
rarefaction effect of the gas (the slip effect) has to be taken into account. The slip
correction factor Q for the steady state air bearing condition can be put into the

following non-dimensional form of Reynolds equation [162, 163].

i(QPH3 a—P—AXPH] +
)¢ oX

0
oY

(QPH3 2—};—AyPHj =0 4.2)

where P= p/p, and H = h/h, are dimensionless parameters of air pressure and air
bearing spacing, respectively; p, is the ambient pressure and #/, is the reference

spacing between the trailing edge center of the slider and the disk, X =x/L and

Y = y/L are dimensionless coordinates in slider length and width direction; L is the
length of the slider. A = 6uUL/ p k. and A, =6uVL/ p,h’. are the bearing numbers

in X and Y direction respectively, which represent the relative importance between
convection effect and diffusion effect. u is the dynamic viscosity of the gas, U and V'
are the disk velocity components in X and Y direction respectively. Q is the slip term;

different O function reflects different slip order as shown in Table 4.1.
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TABLE 4.1 VARIOUS SLIP MODEL

Non-slip model Q=1

First-order slip model Q=1+6aK,/(PH)

Second-order slip model Q=1+6K,/PH + 6(Kn /P]‘I)2
1.5-order slip model QO=1+60K,/PH + (8/3)(Kn /PH)2
Fukui-Kaneko model O=f(K,/PH)

Here, a = (2—«a)/a is a numerical constant where « is the surface accommodation

coefficient, K, = A/h,, is the Knudsen number and A is the molecular mean free.

g = HNE ;”RT (4.3)
p

where R is the gas constant, T is the temperature and p is the gas pressure.

The Fukui-Kaneko approximation model [81] is used in this simulation because its
validity has been confirmed by the Direct Simulation Monte Carlo method [164]. The

corresponding slip term Q can be expressed as

0- (4.4)

where

0, =D/6+1.0162+1.0653/ D —2.1354/ D* for (D > 5)
0, =0.13852D +1.25087 +0.15653/ D — 0.00969/ D* for (0.15 < D < 5) (4.5)
0, =—-2.22919D +2.10673 +0.01653/ D — 0.0000694/ D for (0.01 < D < 0.15)

and

Q.. D)y=D/6 (4.6)
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D is the inverse Knudsen number

Jz

kDo 4.7

n

and D, is a characteristic inverse Knudsen number.

D, = —Lahn_ (4.8)

UA|2RT,

The non-dimensional form of the unsteady state (dynamics) Reynolds equation can be

written as
0 (QPH36—P—A PH] 0 (QPH36—P—A PH) aiPH 4.9)
oxX oxX oY oY oT

where o =12uwl’ /(p,h’) is the squeeze number, T = @t , and @ is an appropriate

angular frequency used for the dimensionless process of time ¢.

4.2.1.2 Viscous Shear Force Formulation

With the development of the HDD, the flying height keeps reducing and the spinning
speed of the disk keeps increasing. When the flying height is small enough, the shear
force generated by the air flow under the slider may become significant. The shear

force also increases as the spinning speed of the disk increases. The shear force,

normalized by p,L*, can be calculated with the following formula.

- ’"jojo Hop . A sy (4.10)
2 ox 6(H +2K )
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A
HoP, N vy (4.11)
2 0v  6(H+2K,)

where b is the slider width normalized by the slider length. F,, and F,,. are the shear

forces in pitch and roll direction, respectively. To obtain their contribution to pitch

and roll moment, the shear forces are multiplied with the slider thickness.

4.2.1.3 Intermolecular Force Formulation

When the flying height of the slider is less than 10nm, the contribution of the
intermolecular force between the slider and the disk to the air bearing instability
cannot be neglected. For two infinite half spaces, if the distance between the two
center planes of the surface atoms or molecules is 4, then the intermolecular adhesion

stress P between these two half spaces can be expressed as

= Ah™ (67)— Bh™ /(457) (4.12)

where 4 is the Hamaker constant and B is another constant. The first term in (4.12) is
the attractive term and the second term is the repulsive term. In this study, the

Hamaker constant A is taken to be 10"°J and B is taken to be 107° J.m° [165].

After the three governing equations have been given, the finite volume formulation is

given next.

4.2.2 Finite Volume Formulation

The finite volume formulation starts by formation of the computational grid
containing finite number of control volume. The compressible Reynolds equation is

then generalized and integrated over each side of the control volume [95]. After that,
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the integrated equations are evaluated using hybrid interpolation scheme. The
evaluated equations of all the control volumes are put together to form a general

matrix equation and solved using two level iteration scheme.

4.2.2.1 Formation of Computational grid

The grid distribution in finite volume method (FVM) plays an important role in
obtaining a meaningful solution. This is especially true in the air bearing study where
the slider profile has a relatively complicated geometry. There are not only clearance
discontinuities, but also sudden changes of the surface slope. Generally, if a more
accurate pressure solution is wanted, denser grid will be needed. However, the
increase of the grid number will introduce other problems, such as longer
computational time. Hence, non-uniform grid is always used to address this problem;
more computational grids are assigned at the positions where accurate pressure
solutions is wanted (at areas with discontinuities/ abrupt changes) while fewer grids
are put at other unimportant position (e.g. shallow region). It is also important to align
a grid line at the position where there are clearance or slope discontinuities. In the
subsequent section, the term “key position” will be used as the name of the position

where there is a clearance or slope discontinuities.

A grid scheme base on the geometric progression [166] is adapted in this study. Since
it is important to put a computational node at the key positions, they are firstly
extracted out from the slider profile data. After all the key positions have been known,
the computational domain is then divided into several intervals using these key
positions in both directions. In each interval, the geometric progression can be used.

In Figure 4.3, the grids number distribution for an interval is shown. In this figure, the
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total grids number isn, +n, +n,. The first n, grids are expanding grids with the
geometric progression ratio g while the last », grids are shrinking grids with the
geometric progression ratio 1/ g. The n, grids in the middle are uniform grids with
grid size equals to the size of the last grid in the first n, grids. The length of this

interval is 4B =/ . The following relation can be found.

. B

| n, grids | mygrids n, grids |
I [ [

do
FIGURE 4.3 GRIDS NUMBER IN AN INTERVAL
d,(1—g"
2¥+nzdoq"fl .y (4.13)
—q

Then the first grid size d,, can be expressed as

_ [(1-q)
2(1-g")+n,(1-q)g"™

(4.14)

0

After the computational grid has been established, the governing equation for each

control volume in the grid can be formulated.

4.2.2.2 Integration of Generalized Compressible Reynolds Equation

The general class of convection-diffusion equation can be written as
0 . .
5(p¢) +div(pug) = div(I' gradg) + S (4.15)

where ¢ is the dependent variable, p is the density of the fluid, 7" is the diffusion

coefficient, u is the flow velocity and S is the source term. In (4.15) , the first term in
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the left hand side is called transient term and the second term is called convection

term. The first term in the next side is diffusion term and the second is source term.

When considering the two dimensional case, the steady state Reynolds equation (4.2)

can be written as:

0
AR @16
oxX oY
where f, and f are the total fluxes defined by
o¢
= -r— 4.17
Jo=pup-T— (4.17)
o¢
= -r— 4.18
fy=pvo pre (4.18)

where « and v are the X and ¥ components of u
Clearly, it can be seen that (4.2) is a special case of (4.15), with ¢=P, p=H,

u=A_,v=A, and T = QPH" .

In finite volume method, the solution domain is subdivided into a finite number of
small control volumes (CVs), as shown in Figure 4.1. The integration of equation

(4.16) over a CV gives
F +F —-F, —-F =0 (4.19)

where F, and F, are the integration of flux f_ over the CV face e and face w,
respectively; £, and F| are the integration of flux f, over the CV face n and face s,

respectively.
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Each integrated flux is then separated back into convective flux F“and diffusive flux

F“ to ease the subsequent formulation.

jtl NW N NE
° ° ° ° °
I ww L
° o<+ 1y ePe™ o E o EE
J-1 :
° ° o SE °
SW S
-1 1 i+l

FIGURE 4.4 A TYPICAL CV USED FOR A CARTESIAN 2D GRID

The approximations to F“and F? require the values of the variables at the locations
other than computational nodes (CV centers). They can be expressed in terms of the
nodal values by interpolation. Numerous interpolation schemes are available, such as
central differencing scheme, upwind differencing scheme, hybrid differencing
scheme, power-law scheme, and higher order schemes. In this study, central
difference scheme is used and stabilized using hybrid scheme. The hybrid system has

been proven to be the one of the most effective stabilizing schemes [95].

4.2.2.3 Evaluation of Flux by Central Differencing Scheme (CDS)

The general steady state convection-diffusion equation without source (4.20) can be

obtained by integrating (4.15) over the sides of the CV.

L PV -ndS = Lr grad ¢ - ndS (4.20)
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In the above equation, the term on the left is the convective flux F¢ and the right

term is the diffusive flux F¢. The convective flux F° can be approximated as a

product of the mass flux and the mean value of ¢, for example, on the ‘e’ face of the

CV in Figure 4.3:

F¢= LE PV -1dS ~ 1§, 4.21)
where 71, 1s the mass flux through the ‘e’ face:

i, = [, pv-ndS = (pu),Ay (4.22)
@, is obtained by using the linear interpolation between the two nearest nodes as:

b = Ppde +Pp(1=4,) (4.23)
where A, is the linear interpolation factor and it is defined as:

4 =letr (4.24)

e
Xy —Xp

Then the convective flux can then be written as:
Ff=m,(1-2,)¢, + m, AP, (4.25)

The mass flux m, through the ‘n’ face can be calculated as
i, = [ pvondS = (pu,), Ax (4.26)

Analogous expressions for the convective fluxes of other CV faces are:
F\; = mw(l - ﬂ’w )¢P + mwﬂ’w¢W (427)
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Fe=m (1-24,))¢, +m, A o, (4.28)
Ff=m,(1-1,)p, +m A P (4.29)

The total convective flux can then be written as

Js v -ndS = Ff + FS + Ff +F

(4.30)
= (AIL’ +me +mw + mn +ms)¢P + AE¢E + AVLV¢W + A]LV¢N + A§¢S
where
AE = me/le; A;‘V = mw//iw
A, =m Ay A =m A, (4.31)

A, =—(4; + 4, + Ay + Ay)

Note that m, and A, for the CV centered on node P are equal to —m, and 1- A, for

the CV centered on node W, respectively.

The diffusive flux integral is evaluated using the midpoint rule and CDS
approximation of the normal derivative. For example, on the ‘e’ face of the CV in

Figure 4.3, the diffusive flux is:

0
F! = Is(, ['grad¢-ndS = (Fa—fJ Ay

(4.32)
= Ly (¢E_¢P)

Xp —Xp

In (4.32), the diffusion coefficient I' is interpolated linearly between the nodal values

at P and E. Note that for a same CV, I" is different at different CV faces.

Analogously, the diffusive flux integral over other CV faces can be obtained as:
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I'A I'A
Fl =2 =)= ——— by ~¢) (4.33)
Xp— Xy Xp— Xy
M'Ax
Fl=———(#y—¢) (4.34)
Yvn=DVp
I'Ax I'Ax
Fsd =" (bp —05) = (Ps —&p) (4.35)
Yp~ Vs Yp = Vs

The diffusive flux over the whole CV can then be written as:

JsTgradg-ndS = F + F + F)' + F

d d d d d (4.36)
= _(AP¢P + AE¢E + AW¢W + AN¢N + As ¢s)
where
Al = I'Ay oAl = I'Ay
X, —Xp Xp — Xy
al = 1A e TAx (4.37)
YN —Vp Yp = DVs
AL = (AL + A + AL + 49)
Finally, for a generic node P, the integral equation (4.20) becomes:
Ay Oy + A5 + App + Ay + Aydy = O (4.38)

where 4, = 4] + A[’ ;  represents any of the indices P, E, W, N, Sand O, =0.

The stability of the CDS depends on the Peclet number that measures the relative

strength between convection and diffusion. It is defined as

P =A4°/4" (4.39)
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When

L,

>2,the CDS will lead  (4.38) to divergence [167]. To stabilize this,
hybrid scheme method is used. When |Pe| <2, the Hybrid scheme is equivalent to the

original CDS. When Peclet number

F,

> 2, the Hybrid scheme dictates that the

upwind differencing scheme is used to calculate convection flux and the diffusion flux
set to be zero. Under this scheme, the coefficients in (4.38) are re-expressed as
Ay =min(m,,0,4; + A7); A, =min(m, 0,45, + 4;)

A, =min(rm, 0,45 + A%);  Ag = min(rm, 0, AS + A2) (4.40)
Ay =—(A, + A4, + Ay + As)+(m, +m, +m, +m,)

where the coefficients 4;, A4, , A, and A are defined by equation (4.31) while the

coefficients A, A7, A% and A{ are defined by equation (4.37).

After all the flux equations at each CV has been established using CDS with hybrid
scheme, all their coefficients are assembled and used to solve the pressure value at
each CV center. In last two subsections, the pressure solution at any given slider

configuration and the unsteady state pressure solution are given.

4.2.2.4 Solving the Pressure at Given Slider Attitude

Equation (4.38) is nonlinear because its coefficients are functions of the
unknown dependent variable ¢. To solve these equations, a two level iteration
scheme is employed. The outer iteration updates the coefficients using the most
current values of the pressure and the inner iteration solves the linear outer-iteration-
generated system of equation. For the inner iteration, the alternating direction line-by-

line method is used.
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When solving the equation  (4.38), an approximate convergence criterion should be

given. For each grid point, the residual R, can be defined as

R, = AW¢W + As¢s + AP¢P + AE¢E + AN¢N - QP (4.41)

When R, at all grid point is smaller than a preset value,  (4.38) is deemed

converged. In this report, the convergence criterion is written as

2R,
R=<t <& (4.42)

2 |4+

where ¢ is a given small number used as the convergence criterion number. The

usual value of & is ~ 107,

4.2.2.5 Pressure solution for Unsteady State Air Bearing

When the HDD is working in a vibrating environment, the vibration of the HDD
structures will cause the change of the flying attitude of the air bearing. The change of
the flying attitude will cause the change of the air bearing pressure. The unsteady state

Reynolds equation (4.9) should be used to find the air bearing pressure.

Fully implicit scheme is adopted to solve the unsteady state Reynolds equation. For an

unsteady state, if at time step n the pressure is ¢" and the clearance is 4", while at

time step n+1, the pressure is ¢""' and the clearance is 4", the discretization of

(4.9) results in as
Ay v’;fﬂ + As¢§+l + APM¢;+1 + A gH + 4y :fﬂ =0p (4.43)
A, (I represents any of the indices E, W, N, S) has the same formasin  (4.38),
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n+l
A, =4, +—GZt Scys (4.44)
and
n dl" n
Op = EScNj (4.45)

where o is the squeeze number, / is the air bearing spacing, S, is the area of the

CV, and At is the time step length.

Equation (4.43) is then solved using the same two-level-iteration scheme introduced

in section 4.2.2 4.

After the pressure and the air bearing spacing have been solved, the contribution of
the intermolecular force and the viscous shear force to total air bearing response can

be easily calculated using (4.12), (4.10), and (4.11).

4.2.3 Verification of the Finite Volume Model of Air Bearing

In this section, the verification of the finite volume formulation shown in the previous
section is presented. First, the slider used in the verification study is described. The
dynamics process that was simulated is then described. Lastly, the dynamics response
of the air bearing model is compared with the results obtained from an established

model.

4.2.3.1 Description of the Slider Used in the Verification

The slider used in the verification process is shown in Figure 4.5. It is a current slider

in the market used in a one-inch Micro drive. Its profile is quite complicated.
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101 Rails Preload = 1.25 gram
oee RPM = 3600
0.76
= 063 Radial Position = 12 mm
E .
£
£ 0% Skew angle = 11.34 degrees
< 038
. Steady State FH =~ 6 nm
o1 Steady State pitch =~ 45 urad
0.0 44—
0.00 015 031 046 062 077 092 108 123 _
Length(mm) Steady State roll = ~ 1 urad

FIGURE 4.5 SLIDER DESIGN AND PARAMETERS [33]

The other corresponding parameters are slider mass m = 0.006 gram , pitch moment of
inertia 7, =2.18x10"""kg.m*, roll moment of inertia 7, =1.36x107""kg.m* gas

viscosity 4 =2.08x107Pa-s, ambient pressure P, =1.01x10° Pa, and surface

accommodation coefficient « =1.

4.2.3.2 Dynamic Process Simulated

The slider is given initial TEC height 15 nm, initial pitch angle 150 micro radians, and
initial roll angle 0. The initial air pressure is uniform and at the same level as ambient

pressure. The disk is perfectly rigid and flat. The mesh size is 128 x 128.

The slider center of gravity is at the base of the slider profile and it can only move
vertically (up and down). At time t = 0, the preload of 1.25 gram is given at the slider
center of gravity and the simulation starts. The results of the simulation and its

comparison with other model are given next.

4.2.3.3 Comparison with another Dynamic Model
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The same slider and the same dynamic process described previously were simulated
using our model and using CMLAir32 v6.56a. The CMLAir32 is an air bearing
commercial design program created by Computer Mechanics Laboratory in
University of California, Berkeley. It has been used extensively in the HDD industry
to analyze air bearing design and its analysis results shows good correlation with

experimental results [33].

The comparison of the dynamic of the slider attitudes and the air bearing force are
given in Figure 4.6 and Figure 4.7. It can be seen that our model agrees quite well
with CMLAIir32 v6.56a; the differences that appear between the two models are most
probably contributed by the slight differences in both the computational grids used

and the mathematical formulation (e.g. the interpolation scheme).

FIGURE 4.6 COMPARISON WITH CMLAIR32
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FIGURE 4.7 DETAILED COMPARISON WITH CMLAIR32

Since our finite volume model agrees quite well with the established model, it can be

said that the model is accurate enough to be used in investigating the quasi-static

concept introduced in section 4.1. In the next section, the quasi-static idea will be

used to build an air bearing model. The model will be subsequently compared with

the full finite volume model.

4.3 Quasi-static Concept for Air Bearing Modeling

In brief, when the fundamental frequency of a dynamic system is much higher than

the frequency of excitation, its response will mostly depend on the static governing

equation. Referring to the main governing equation of the air bearing (the
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Reynolds compressible equation), the quasi-static concept suggests that the squeeze
term (the time dependent term) can be considered as negligible because the
equilibrium condition of the air bearing system is considered to happen almost

instantaneously.

In the following subsection, the development of air bearing model based on the quasi-
static concept is first described. Then, its shock response is compared with the full

model.

4.3.1 Development of 3D Air Bearing Model based on Quasi-Static

Idea

Figure 4.8 illustrates the mechanism of air bearing model; given any spacing
configuration (fly height, pitch, and roll) as the input, the model should be able to give

its force response (normal force, pitch & roll moment) to the structures.

Air bearing spacing Nonlinear Air Normal force
(Fly height, pitch, and Bearing Stiffness |—» and pitch/roll
roll) Model moment

FIGURE 4.8 MECHANISM OF THE AIR BEARING MODEL

Unlike in full finite volume model where the compressible Reynolds equation is
evaluated from at each simulation-time-step, quasi-static air bearing model has its

force and moment response pre-calculated.

Initially, the pressure distribution on the slider air bearing surface is obtained by
solving the static compressible Reynolds (4.2) at various slider attitudes using finite

volume method.
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Next, normal load (N.), pitch moment load (Py,), and roll moment load (Rj,) acting on
the slider are computed for each spacing configuration. The data are then saved in
lookup tables (one for each load). The parameters of a lookup table are illustrated in
Figure 4.9. The intervals for the lookup tables depend on the degree of accuracy
required; smaller interval means more accuracy in deciding the air bearing response
during shock simulation. Nz, Py, and Ry, of the air bearing configurations inside the
interval are obtained by interpolation (/. is the net vertical force acting on the slider;

Py and Ry, is calculated with respect to slider geometric center).

/
A 20
0 Roll angle (page)
-20
/20
_28 Pitch angle (column)
0 5 10
Fly height (row)

FIGURE 4.9 SIMPLE LOOKUP TABLE

The fly height axis of the lookup tables may range from 0 to 100 nm (100 nm is
chosen because above this value the air bearing behave almost linearly; the linear
interpolation will be able to give good prediction of the air bearing response). To
capture the nonlinear behavior of the air bearing, the axis-interval at the low fly height
region should be small. For instance, the fly height axis can be set as 0, 0.5, 1, 2, 3, 4,
5,6,7,8,9, 10 (smaller interval), 12, 15, 25, 50, and 100 nm (larger interval). The
pitch and roll axes of the lookup tables may range from -100 micro-radians to 100
micro-radians with 20 micro-radians interval; the air bearing shock responses are

expected to fall inside these ranges.
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There will be some spacing configurations in the lookup tables where the slider-disk-
contact is detected. At these configurations the air bearing responses are not
computable using the static Reynolds equation. To complete the lookup tables, linear
extrapolation method can be used. The interpolation is done for each roll angle value
and for each load type. The figure below shows a typical lookup table for air bearing
normal load (NL) for a certain roll angle configuration. The flying height and the

pitch angle has uniform interval.

TABLE 4.2 LOOKUP TABLE

Column i Flying Height
Row 1 2 3 n
1 | NL NL NL NL
2 [ NL NL NL NL
Pitch 3/NL [NL O [NL .. NL
Angle
m | NL NL NL NL

= interval where slider-disk contact happens (as the results, its value cannot be
predicted using static Reynolds equation)

= interval where static Reynolds equation can be used to determine its value.

The expansion process starts by filling the unknown values at the bottom edge and the

right edge of the table.
NL(m,) = 2NL(m,j+1) = NL(m,j+2) and NL;n) = 2NL+1,n) — NLG+2,n) (4.46)
Then, the rest of the unknown values are extrapolated as
NL)= NLg#1,) + NLgje1) - NLge1 1) (4.47)

The extrapolation is then repeated for the rest of roll angle. The same method is also
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used for moment load.

The completed lookup table functions as 3D quasi-static air bearing model in the
shock simulation; providing air bearing force response at any given slider attitudes

(flying height, pitch angle, and roll angle).

After both full model and quasi-static model have been shown, in the next subsection

the shock response of the two models are compared.

4.3.2 Comparison between Quasi-static Model and Full Model

To investigate the accuracy of the quasi-static model, its shock response is compared
with the full air bearing model. In this comparison a same structural model is coupled
to both full model and quasi-static air bearing model (the details on the coupling

process is given in the next chapter).

Figure 4.10 gives the response of the quasi-static air bearing and the full air bearing
model to 200 G and 0.5 ms shock input. It appears that the shock responses of the full
air bearing model is significantly lower compared to the response of the quasi-static

air bearing.
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FIGURE 4.10 COMPARISON OF SLIDER RESPONSE BETWEEN QUASI-STATIC AND FULL AIR BEARING
(AB) MODEL
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A relatively high amount of damping is present in the shock response of the full air
bearing model. This is in conflict with the analytical consideration in section 4.1 that
shows that damping variation is not supposed to affect the air bearing response. The
answer to this conflict lies in the squeeze term effect that is included in the full model;
the damping/stiffness due to the squeeze term appears to have significant influence on

the dynamics of the air bearing at the low frequency range.

4.3.3 Modification of Quasi-static Air Bearing Model

Modifying the interval of the lookup tables and/or changing the interpolation method
used in quasi-static air bearing model do not significantly improve the accuracy of the
model. Other ways to improve the accuracy of quasi-static air bearing model were
investigated. It is found that adding viscous damping can increase accuracy of the
quasi-static model considerably. The best places to put the damping elements and how
much damping should be applied were investigated and the conclusion is presented as

follows.

A linear viscous damping is best placed between the slider trailing edge center and the
disk (position ‘A’ in Figure 4.11). Position ‘B’ (under the slider center) is not
recommended because at that position the damping reduces pitch response much more
than the fly height response. It means that by putting the damper at position ‘B’, the
required pitch response may be obtained but the fly height response is still higher. A
rotational damper is needed only at the rolling axis. The rotational damper in pitching
axis is not necessary because the linear damper affects pitch response at the same

time.
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Disk

FIGURE 4.11 ADDITION OF VISCOUS DAMPING ELEMENT IN QUASI-STATIC MODEL

The damping values depend on the slider profile and its related parameters. The
approximation function for the damping values is too complex to derive considering
the intricacy of the slider profile. Hence, the next sensible solution is using an
optimization method with the objective to minimize the difference in the maximum
shock response between the quasi-static air bearing and finite volume air bearing. In
this study, trial-and-error method is used in optimizing the damping values. Since the
time needed to run shock simulation using the quasi-static air bearing is very fast (in
term of minutes), the trial-and-error technique is quite efficient. For the slider shown
in Figure 4.5, the linear damping needed is found to be around 800 N.s.m™ and the
rotational damping is around 10”7 N.m.s.rad'. These values may be used as references

for the damping optimization of another similar slider.

4.3.4 Modified Quasi-Static Model vs. Full Air Bearing Model

The shock response of the quasi-static model (with optimized viscous damping) and
the full model at 200 G shock with 0.5 ms pulse-width are given in Figure 4.12. It can
be seen that the shock response of the quasi-static model is much improved with the
addition of damping. It is interesting to note that the force response of the quasi-static
model and the full model (Figure 4.13) are virtually the same. This indicates that the

quasi-static air bearing (AB) can accurately predict the change in air bearing force.
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FIGURE 4.12 COMPARISON OF SLIDER RESPONSE BETWEEN QUASI-STATIC MODEL (WITH DAMPING)
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Figure below shows the comparison between model without and with modification. It

can be seen that the response of the air bearing is reduced due to this modification.
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FIGURE 4.14 COMPARISON BETWEEN QUASI-STATIC MODEL WITHOUT AND WITH FIX

The effect of the modification on Figure 2.12 is depicted as the figure below. It is

similar to that of over-damped damper, reducing the slider response even at the low

frequency region.

10° ¢
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10" — (=01 i
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0
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X 10+
1071
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10 10 10 10
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FIGURE 4.15 EFFECT OF MODIFICATION FROM SDOF POINT OF VIEW

The same fitted damping value was tried at pulses with different widths and heights. It

was found that the same damping can be used to obtain acceptable results for a variety
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of pulse parameters. The comparison results are shown below (Figure 4.16 to Figure
4.21). It can be seen that the flying height difference is less than 2 nm and the
maximum pitch angle difference is ~ 10 prad. For the roll angle the difference is less
than 4 urad. Note that without the damping fix (see Figure 4.10) the error is up to 30

nm for the flying height, 40 prad for the pitch angle, and ~ 90 prad for the roll angle.
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4.3.5 Advantages and Disadvantages of Modified Quasi-Static

The advantages of the modified quasi-static concept in air bearing shock simulation
are: the air bearing response can be obtained very quickly and with reasonably good
accuracy. The force and moments response are virtually the same with the full air
bearing. This approach is more realistic than the linear spring model and can be used
for HDD with any form factor. The drawback is that significant amount of time is
needed to prepare the modified quasi-static air bearing model before it can be used in
the shock simulation. However, the preparation steps only need to be done once for

each type of slider.
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4.4 Chapter Summary

The quasi-static concept of the air bearing for shock simulation has been introduced.
It has been used to build a quasi-static air bearing model. The quasi-static model was
then compared with the full finite volume model. The results show that the quasi-
static notion alone is not accurate in representing the air bearing dynamics due to the
significance damping contributed by the squeeze effect. An optimized damping was
then added to the original quasi-static model and the modified model then shows
relatively high accuracy especially in predicting the air bearing force and moment
response. Overall summary of the work presented in this chapter is presented in the

following flow diagram.
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CHAPTER 5 FLUID AND STRUCTURAL COUPLING,
VALIDATION, AND PARAMETRIC STUDIES

This chapter is divided into two main sections. In the first section two types of
coupled models, which are formed from the combination of the HDD structural
models and the air bearing models presented in previous two chapters, are described
and validated. HDD design and simulation parameter studies follow in the last

section.

5.1 Coupled Models (Structural plus Air Bearing)

The two coupled models are presented here. The first coupled model is the
combination between the flexible multi body structural model and the full finite
volume air bearing model. The second one is the state-space structural model

combined with quasi-static air bearing model.

5.1.1 Flexible Multi Body & Full Air Bearing Coupled Model

This subsection is divided into three parts. In the first part the method for coupling the
air bearing pressure into the flexible multi body structural model is described. Then,
the shock simulation procedure is presented. Lastly, the validation of the coupled

model is given.

5.1.1.1 Air Bearing Pressure Coupling Method

After the discrete air pressure and the intermolecular stress have been obtained at each
time step by finite volume formulation of the air bearing, it is transformed into the
point forces applied on the centers of the slider edges (Figure 5.1). The centers are
labeled as LEC (leading edge center), TEC (trailing edge center), OEC (outer edge
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center) and IEC (inner edge center). OXYZ is the general coordinate system of the
HDD and oxyz is the slider coordinate system. The transformation of air bearing
pressure into point forces is based on the almost-perfectly-rigid property of the slider

(due to its small size and relatively high Young’s modulus).

Since the slider coordinate system oxyz does not always coincide with the general
coordinate system OXYZ of the HDD, the four point forces should be transformed into

the general HDD coordinate in the multi body dynamics formulation.

Z . ..
suspension limiter  dimple
v p
ol Y air bearing
X Weldlng :.:.::_:_::;.:.:.:.
jOInt .'.'.':}k:\':.g
flexure )
{V disk
slider
y
OEC
LEC | TE
IEC X

z lo T >
FIGURE 5.1 SKETCH OF AIR BEARING & STRUCTURES COMBINED

5.1.1.2 Shock Simulation Procedure

Considering that the air bearing has a higher stiffness compared to the structure, the
numerical differentiation formula (odel5s as described in [168]) is used in the time-
stepping. After the slider vibration has reached steady state, half-sinusoidal
acceleration shock in the Z-direction is then applied to the two short edges of the base
cover. If the shock duration is 7 and the shock amplitude is 4, then the velocity v and

displacement s of the base cover is given in (5.2) and (5.1), and their profiles (with T’
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FIGURE 5.2 SHOCK (ACCELERATION, VELOCITY AND DISPLACEMENT)

5.1.1.3 Model Validation
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The validation was done by comparing the shock tolerance predicted by the coupled
model with the actual shock tolerance of the HDD. The highest half-sine shock
amplitude that the HDD can withstand without disk damage is called shock tolerance.

The damage is considered happen when the slider touches disk surface.

According to its manufacturer specification, the shock tolerance of the one-inch HDD
that have been modeled here is 200 G @ 1ms. In fact, its actual tolerance is about

one-third higher than the specification given to the consumer (which is ~ 267 G) [33].

The simulation result predicts the shock tolerance to be 223 G, which is quite closed
to the actual shock tolerance. The difference in the prediction may be caused by the
difference between the base model used and the real base; the real base has printed

circuit board and electronic controller unit embedded in it, making it stiffer.

The first coupled model has been described and validated in the above section. The
second coupled model (the combination of the state-space structural model & quasi-

static air bearing model) are presented next.

5.1.2 State Space Structural & Quasi-Static Air Bearing Model

This subsection is divided into three parts. In the first part, the method for coupling
the quasi-static air bearing force and moments into the state-space structural model is
described. Then, the shock simulation procedure is presented. In the third part, the
global validation of the coupled model is given together with its comparison with two

other existing coupled models.

5.1.2.1 Quasi-Static Air Bearing Coupling Method

A coupling method, to enable the state-space structural model and the quasi-static air
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bearing model to communicate with each other, is formulated as follows. The state-
space equations take forces as inputs and give displacements as output, while the
quasi-static air bearing model takes fly height, pitch, and roll as inputs and gives the
loads (N, Py, and Ry) as outputs. To couple them together in the shock simulation,
the structural displacements are converted to the fly height, pitch, and roll, whereas
the force and moment loads are transformed to point forces (as in Figure 5.3). The
conversion from the structural displacements to the fly height, pitch, and roll is
relatively easy. To transform the N, Py, and Ry to the point forces, the conversion

formula (5.3) is used. The formula is valid because the slider is almost perfectly rigid.

FIGURE 5.3 POSITION OF THE POINT FORCES ON THE SLIDER

F,=N,/2+P, /(Lcosa)
F,=N,/2-P, (Lcosa)
F, =R, /(W cos f)

F, =-F,

(5.3)

F\, F», F3, and F, are the point forces acting on the slider as depicted in Figure 5.3; F)
and F, act at the trailing edge center and the leading edge center respectively, while
F5 and Fy4 act on the mid point of the inner edge and the outer edge of the slider
respectively. L and W are slider length and width. o and f are pitch and roll angles,
respectively. Equal and opposite forces are also applied to the four points on the disk

directly under the four points on the slider.
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The advantage of this coupling method and the method presented in section 5.1.1.1 is
that no structural modification is required on the slider model (unlike in coupling

method used in [59]).

5.1.2.2 Shock Simulation Procedure

Several time-stepping methods had been tried for its efficiency & stability. It was
found that for Ode45 solver (Dormand-Prince) with variable time-step and error
tolerance of 107 (absolute) and 107 (relative) is also quite time-efficient and stable in

advancing the simulation time this coupled model.

The time needed for 6-ms shock simulation in MATLAB® SIMULINK environment
is less than 25 minutes using a computer with an Intel® dual-core T2300 processor.

In this coupled model, the shock excitation is applied at the HAA and disk pivots.

5.1.2.3 Validation and Comparison with Other Models

To validate the method, experimentally measured shock tolerance of the 1”” HDD that
have been modeled was compared with simulation results. The comparison studies

with other available methods were also conducted.

Experiment Results

The actual shock is measured by drop test. First, the HDD base was fully clamped to
the fixture on the drop table (the base vibration can be neglected). A drop table was
used to produce 0.5 ms half-sine shock pulse to the HDD. The shock amplitudes,
measured by an accelerometer placed on the HDD motor hub, were increased with 50
G increments (100 G, 150 G, 200 G ...). After each test, the slider head was

programmed to scan the disk for hard errors. It was observed that the disk damages
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mostly happen at 300 G shock amplitude.

Simulation Results

The shock input to the model is increased at 10 G interval. At 310 G level, the leading
edge of the slider starts to touch the disk. Hence, at 310 G the disk may be damaged.
The predicted shock tolerance (310 G) is quite close with the actual tolerance (300 G).

The air bearing response at 310 G, 0.5 ms shock pulse is shown in Figure 5.4.
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Comparison Studies with Other Methods
The computation time and accuracy of the proposed method are compared with

1. Full finite element method using LS-DYNA as its dynamics solver

2. CML HDD Dynamics Events Simulator [58, 59, 106]
Only the following components are modeled in these studies:

1. A head-actuator assembly (as in Figure 3.26)

2. A disk (p=2553 kg.m>, E = 83.5 GPa, thickness = 0.381 mm, /D = 7.01 mm, OD

=27.4 mm)

3. Air bearing (described in Figure 4.5)

The disk is not spinning. The boundary conditions of the disks and the head actuator
assembly are shown in Figure 5.5.
1 _ﬁ-
HAA %, - Rigid boundary

condition, can only

move vertically
Disk
— /

FIGURE 5.5 BOUNDARY CONDITIONS OF DISK AND HAA

In the HDD model for comparison (refer to Figure 5.6) the disk is connected to the air
bearing model. The air bearing model is then connected to the slider in the HAA.
Next, a half sine shock pulse with magnitude 200 G and pulse width 0.5 ms are

applied at both the disk and the HAA (indicated by blue arrows in Figure 5.6).
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FIGURE 5.6 HDD MODEL FOR METHOD COMPARISON

The studies were carried out using a computer with Intel ® Xeon ™ CPU 2.20 GHz,
512 MB of RAM. The three models were run one at a time to predict 6 ms time
history of HDD shock response. Full CPU utilization for each method was observed.
The shock input started at simulation time = 3ms. Summary of the results is shown in

Table 5.1.

In Table 5.1, the CML shock tolerance of 300G is based on the contact force
exceeding 10g, whereas the author's shock tolerance of 310G is based on the slider
touching the disk. The justification for this comparison is that both definitions
supposedly mean the same thing, which is the slider-disk contact. The rule of
predicting shock tolerance based on ‘contact force exceeding 10g’ comes from the
CML programmer himself. This 10g force is used to increase the correlation between
the CML results and the experimental results. For the author, the slider-disk contact
simply means: the slider touches the disk (the minimum spacing between the slider
and the disk surface is zero) and that is what the author used in predicting the shock

tolerance.
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TABLE 5.1 COMPARISON RESULTS BETWEEN THE PROPOSED METHOD AND TWO EXISTING METHODS

Computation Time

simulation run

by LS-DYNA
program

Total dof : ~20,000

Time for 6 ms run:

Air bearing mesh:
161 x 161

Normalized residual
for Reynolds

equations: 107

Time for 6 ms run:

Task
Full Finite Element CML’s HDD State Space Structural
Model with LS- Dynamics Event model with Quasi-static
DYNA solver Simulator air bearing model
Air bearing Using linear The air bearing finite | Using lookup tables to
modeling springs; the volume model has represent air bearing;
stiffness was been set; can directly | time needed to create
obtained from air proceed to the next the tables and to
bearing steady state task. optimize the damping
analysis (~ 1 was ~14 hours. To be
minute). To be done only once.
done only once.
Structural Not required Substructuring the Modal analysis to
model finite element model | extract 250 modes (~6
preprocessing to 250 dof and minutes)
obtaining mass and
stiffness matrices
(~12 minutes)
Shock Time step: decided Time step: 107 s Time step: variable

(0ode45) 10°to 10! s

Error tolerance: 107

(relative), 107
(absolute)

are very stiff. Even
at 800 G the slider
hardly moved

tolerance is 300 G
(based on contact
force > 10 gram force
after head lift event)

~6 hours ~7.5 hours Time for 6 ms run:
~ 1.25 hours
Total time
(3 factors ~ 48 hours ~62 hours ~ 24 hours
structural DOE (Fastest time)
— 8 runs)
Accuracy The linear springs Predicted shock Predicted shock

tolerance is 310 G
(based on slider
touching the disk)
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5.1.3 Comparison between Two Coupled Models

The state-space/quasi-static model (SS/QS) and the multi-body/finite-volume model
(FMBD/FVM) are compared using the same setup as in section 5.1.2.3. First, the
comparison of the initial transient response (before shock) is shown in Figure 5.7.

Then, the shock responses of the two models are compared in the Figure 5.8.

Plot of TEC fly height 200g @ 0.5ms
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FIGURE 5.7 DIRECT COMPARISON OF RESPONSE HISTORY (INITIAL RESPONSE)
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Overall the early responses are different because in the FMDB/FVM the initial air
bearing pressure starts from uniform value (ambient pressure), while in SS/QS the air

bearing pressure starts directly from the static-equilibrium value.

In addition, the flying height in SS/QS achieves the equilibrium much faster than in
the FMDB/FVM. This is due to the addition of high damping between the TEC and
the disk in the QS model (refer to section 4.3.3). For the roll and pitch motion both
models reach equilibrium almost at the same time. Nevertheless, after ~0.3 ms both

models converge to relatively same value.

Next, the shock responses of the two models are shown below. Both models show
relatively good resemblance; the maximum flying height error is ~ 1 nm and the pitch
difference is less than 10 prad. The roll response are almost the same (error is less

than 1 prad).

In summary, the differences of the two coupled models are caused mainly by the air
bearing models. The structural models practically give the same outputs because only

the linear shock input is considered.

145



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Fluid & Structural Coupling, Validation, and Parametric Studies Chapter 5

Plot of TEC fly height 200g @ 0.5ms
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5.1.4 Summary of Two Coupled Models

The second coupled model (the combination of the state-space structural model &
quasi-static air bearing model) is particularly efficient for studying HAA/disk design
parameters such as thickness and shape of the arm/suspension; once the quasi-static

air bearing model has been created, it can be used over and over again in the
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structural studies. But, when the design parametric studies involve the changes in the
air bearing parameter (such as slider profile or disk velocity), the quasi-static model
needs to be updated to cater for every change; this process will take relatively long
time. Hence, for the parametric studies involving air bearing parameters, the first

coupled model developed shown in section 5.1.1 is more appropriate.

The descriptions of the two coupled models together with their validation and the
comparison with two other models have been given in the above section. In the next

section, various parametric studies on HDD design and shock simulation are shown.

5.2 Design and Simulation Parameter Studies

The HDD design parametric studies comprise the investigation of the effect of the
dimple/flexure contact stiffness and the flexibility of the bases on the shock tolerance.
In addition, the effect of considering the intermolecular force and the ever-changing

air bearing location in the HDD shock simulation are presented.

5.2.1 Study and Optimization of Dimple/Flexure Contact Stiffness

In this study, the shock pulse-width is fixed at 0.5 ms, while the contact stiffness

coefficient between the dimple and the flexure (Figure 5.9) k_ is set as controlled

variable. The base is considered rigid for simplification. The base here refers to the
base-plate. Since the base is considered rigid, the shock pulse experienced by the base
will be transmitted to the disk and HAA without any changes. This means that the
shock pulse can be directly applied to the disk and the HAA. The shock pulse starts
after 0.5 ms simulation time. This is to allow the air bearing to reach the steady state

condition.
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dimple |

flexure and
slider

FIGURE 5.9 CONTACT BETWEEN DIMPLE AND FLEXURE

Figure 5.10 shows the slider flying attitude, air bearing force and dimple spacing

response to 500 G shock when the contact stiffness coefficient &, is 10° N/m. TEC is

trailing edge center of the slider as depicted in Figure 5.1.

Figure 5.10d shows the displacement of the TEC on the slider and its projection on
the disk, with respect to HDD shaft. In Figure 5.10d, it appears that after the shock
begins both the slider and the disk start to lift up. After this, from Figure 5.10f it can
be seen that the dimple and the flexure separate and subsequently get in contact again.
The flying height are in nm scale as depicted in Figure 5.10a. Hence, the two curves

in Figure 5.10d are relatively very close.

Figure 5.10f shows the dimple-slider spacing response (the relative distance between
the dimple and the flexure/slider). It is possible for the suspension (the dimple) to
move at relatively higher distance than the slider (the TEC) movement. As the results,
in Figure 5.10f it can be seen that the dimple is being separated from the slider at a
distance of 250um max, while the TEC only moves 30um max with respect to HDD

shaft (in Figure 5.10d).

The separation and contact between the dimple and the flexure happen repeatedly. As
the dimple hits the slider (when the dimple spacing is below zero in Figure 5.10f),
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the contact force is produced between the dimple and the slider. The air bearing reacts
with this contact force, generating the air bearing force response as shown in Figure

5.10e.

When the dimple hits the flexure, there is a sudden change of the flying height, pitch
angle and roll angle. However, in this case (£, =10° N/m) the sudden change does not

lead to the slider touching the disk (the minimum clearance in Figure 5.10a is more

than zero).

Figure 5.11 shows the slider flying attitude, air bearing force and dimple spacing
response to the same shock (500 G) when the contact stiffness coefficient &, is
increased to 10" N/m. It appears that now the slider touches the disk (Figure 5.11a).
The sudden change of the flying attitude is big enough, leading to the impact between
the slider and disk. If the shock amplitude is less than 450 G, the impact will not

happen.
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FIGURE 5.10 SLIDER, AIR BEARING, AND DIMPLE SPACING @ 500 G WITH kc =10°N/m
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FIGURE 5.11 SLIDER, AIR BEARING FORCE, AND DIMPLE SPACING @ 500 G AND kc =10"N/m

Figure 5.12 shows the flying height responses when the contact stiffness coefficient
k. is further increased to 10° N/m and the shock amplitudes are 250 G and 280 G
respectively; the dimple spacing response is shown in Figure 5.13. It is observed that
severe vibration happens after the dimple contacts the flexure. This is due to repeated
contacts between the dimple and the flexure. However, at 250 G this vibration does

not lead to the slider/disk impact. By increasing the contact stiffness coefficient &, to
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10° N/m, at shock amplitude 250 G, the impact between the slider and the disk

happens.

a) Response of the Flying Height . )
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FIGURE 5.12 FLYING HEIGHT FOR SHOCK WITH AMPLITUDE A) 250 G B) 280 G, kc =10*N/™m

a) _ _ b) . .
Dimple spacing Dimple spacing
: 1
3 S e 3
=4 ! ! =4
=2} - g - == =2}
£ | | £
3 ‘ | 3
g [l o ] 7
o 5L fl P I @
=% | | =%
£ ! ! £
o — —— o
| |
2 3 4
Time (ms) Time (ms)

FIGURE 5.13 DIMPLE SPACING FOR SHOCK WITH AMPLITUDE A) 250 G AND B) 280 G, kc =10*N/m

The trend of the HDD shock performance with regards to the changes in the contact
stiffness coefficient &, is given in Figure 5.14. It shows that for stiffer dimple-flexure
contact stiffness, smaller shock magnitudes will cause slider-disk contacts. Referring
to contact dynamics equation, the contact stiffness can be lowered by reducing the
Young’s modulus (F) of contacting materials. This suggests that softer material can

be used at the dimple/flexure contact region to increase the HDD shock tolerance.
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FIGURE 5.14 SHOCK TOLERANCE VS. VARIATION OF CONTACT STIFFNESS COEFFICIENT

Figure 5.15 shows the shock response of the pitch angle of a normal suspension and a
suspension with softer dimple/flexure (its contact stiffness is reduced by 99%). By
reducing the dimple-flexure contact stiffness, the pitch angle modulation due to shock
is also decreased. As a result, the tendency of the slider edge to hit the disk will be
less and the shock resistance will increase. The simulation predicted that reducing the
original contact stiffness in the HDD that has been modeled by 99% increases its

shock tolerance by 80 G.

Additional observation in Figure 5.14 shows that the rate of increase in the HDD
shock tolerance is rising when the stiffness coefficient is logarithmically reduced from
10° N/m to 4 x 10° N/m. Continuing the reduction shows less increase in the shock
performance. A flat slope is indeed detected in the trend curve (around 2 x 10° N/m).
But, the shock tolerance still show some increment if the contact stiffness is
furthermore decreased. The probable conclusion is that the optimum value for the
contact stiffness (in the context of attaining highest shock tolerance) is the lowest
feasible value. In reality this value is limited by other factors such as manufacturing

cost and availability of material/technology.

153



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Fluid & Structural Coupling, Validation, and Parametric Studies Chapter 5
1500 | 7 +---- normal Bt R
? — softer 0 :: Iy
ml ' ' 1 '
S 100
2
£
E 50
‘o
Or L . ]
2.05 2.1 215
time (ms)

FIGURE 5.15 EFFECT OF DIMPLE-FLEXURE CONTACT STIFFNESS (THE SHOCK STARTS AT 1.5 ms)
5.2.2 Study on the Effect of the Flexibility of the Base Plate

Using flexible multi-body dynamics formulation developed in Chapter 3, the base
plate is included in the HDD modeling. The shock simulation is then conducted. The
response of first five modes of the original base at 250 G, 1 ms shock is shown in
Figure 5.16. It can be seen that the first two modes are relatively more dominant than

the other modes. These two modes are shown in Figure 5.17.

-7
x 10

Modes displacement

Time (ms)

FIGURE 5.16 MODE COORDINATES OF THE BASE DUE TO 250 G SHOCK AT 1 MS
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FIGURE 5.17 DOMINANT MODE SHAPES OF THE BASE A) FIRST MODE, B) SECOND MODE

The shock tolerance for different base stiffness and different shock duration is given
in Figure 5.18. The base stiffness is varied by modifying its natural frequencies; e.g.

‘4x stiffer’ means that its natural frequencies are increased two times.

300
o 250W— * 4 *
=
£ 150 ‘
S / —&— (.5 ms
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—l— 2.0 ms
50+
Original 4x 6.25x 9x
base Stiffer Stiffer Stiffer

Base Stiffhess

FIGURE 5.18 BASE STIFFNESS EFFECT FOR SHOCKS WITH DIFFERENT DURATION TIME

It can be seen that generally with the increase in the base stiffness, the shock tolerance

increases. This is because as the base is getting stiffer, its elastic deformation is
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getting less. Less deformation means that the configuration of the HDD components

that adhere to the base is also more stable.

Furthermore, the effect of the base stiffness is found to be greater when the shock
pulse-width is shorter. This is because the shock with shorter pulse width has
significant frequency range that is-closer-to or includes-more-of the base natural
frequencies. In our case, the base fundamental natural frequency is ~ 3 kHz. The
shock with 0.5 ms pulse width has significant frequency content up to 2 kHz, which is
closer to base natural frequency than the shock with 1 ms pulse width. As the results,

the 0.5 ms pulse width will have greater effect on the base deformation.

5.2.3 Effect of the Intermolecular Force between the Slider and the

Disk

Figure 5.19 depicts flying height response to a shock with amplitude 250 G and 1 ms
pulse-width applied on the HDD base. It can be seen that the flying height is smaller
when the intermolecular force (IMF) is considered; when the flying height is smaller,
the effect of IMF is greater. This is because at lower flying height (before contact

happens), the attractive force is bigger.

Overall, for the HDD that we modeled, the effects of intermolecular force are
negligible (only ~ 4% at 4 nm flying height). However, for flying height below 4 nm
the effect will be higher than 4 % and the intermolecular effect may then be

considered.
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FIGURE 5.19 RESPONSE OF FLYING HEIGHT FOR 250 G, 1MS SHOCK

5.2.4 Effect of Updating the Air Bearing Location at Every Time Step

When the disk rotates, the location of the air bearing (with respect to the disk local
coordinates) is moving. Using the second coupled model presented in this chapter, the
effect of this location changes can be studied. It appears that the effect on the fly
height response is relatively small. Figure 5.20 shows the small difference in phase
and magnitude of the fly height shock response between the model that update the air
bearing location and the model that does not update it. Overall, the effect of disk spin

is negligible.
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FIGURE 5.20 THE FLY HEIGHT SHOCK RESPONSE (0X = NOT SPINNING, 1X = DISK SPINS)

The summary of design and simulation parametric studies is:

1. Lower dimple/flexure contact stiffness and stiffer base increase the HDD

operational shock tolerance significantly.

2. The effect of the intermolecular force on the slider flying height is more than

4% when the clearance is less than 4 nm — at least for the case considered.

3. Updating the air bearing location that moves due to the rotation of the disk

does not affect the shock simulation results.

5.3 Chapter Summary

The overall summary is given in the following flow diagrams.
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CHAPTER 6 DESIGN AND ANALYSIS OF SHOCK AND
RANDOM VIBRATION ISOLATION OF
OPERATING HDD

In the previous three chapters, the theoretical models have been developed and used for
hard disk drives (HDD) design studies. The results from the studies can be used to
increase the mechanical robustness of the HDD internal system (making it more
shock/vibration resistant). However, having a strong interior is not enough since the
severe shock/vibration excitation comes from the external environment (from outside the
HDD). An effective external vibration isolation system is important for the HDD. Hence,
this chapter describes how to design, simulate, test and evaluate the external vibration
isolation systems for operating HDD subjected to severe shock and random vibrations

based on military specifications MIL-STD-810E.

First, the shock and vibration profiles that might be experienced by HDD are described
according to Military Standard (MIL-STD) 810E. Next, the authors propose vibration
testing and evaluation criteria that can be used to examine the effectiveness of the shock
and vibration isolation. Design concepts specially tailored to HDD vibration isolation
systems are subsequently proposed in the subsequent section. After that, two case studies

are presented to test and augment the concepts.

6.1 Shock and Random Vibration Profile

The U.S. Department of Defense has provided a series of guidelines for reliability and
environmental testing under MIL STD 810E [169]. Some of the tests given by the

standard are vibration, water resistance, humidity, and temperature tests.
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The random vibration test in MIL STD 810E is commonly used among mobile electronics
manufacturers for ruggedisation testing. The vibration data in the standard is derived
based on the interaction of vehicle structures with road and surface discontinuities. Due to
the randomness and irregularity of data collected, the data is best simulated by
superimposing narrowband random vibration over a broadband random base. Hence, the
vibration data consists of random-on-random vibration data in 3 primary axes. Each axis
has six phases which correspond to different speed of vehicle during military mission.
Figure 6.1 shows a general power spectral density (PSD) profile described by the
standard. The standard will be used to investigate the performance of externally isolated
HDD. According to the standard, the HDD have to be able to run smoothly under the

excitation of each random-on-random vibration profile.
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FIGURE 6.1 GENERAL POWER SPECTRAL DENSITY OF RANDOM-ON-RANDOM VIBRATION

The HDD also have to pass the shock tolerance requirements. The purpose of the shock
tests is to ensure that the HDD can withstand the relatively infrequent, non repetitive
shocks or transient vibration encountered in handling, transportation, and service
environments. As described in the MIL STD 810E, the shock tests are intended to assess

equipment assemblies which in this case are the HDD together with the shock and
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vibration isolator systems, in their functional or operating modes. The applicable shock

profiles for functional test are given in Table 6.1.

188 T T T 1T T 71T T T 17T T
75 N Functional Test for
***** oot - - 1Ground Equipment
60~ 6 db/octave -+i-fi-------14-- R e R
50 BT i
40 IR Crash Hazard Test for
© T [Ground Equipment
o 30 T T T T T T T
< | A R A |
20— i E
cross-over frequency
10 T S A
10 1000
freq (Hz)
FIGURE 6.2 SHOCK RESPONSE SPECTRUM PROFILE FOR SHOCK TEST
TABLE 6.1 SHOCK PROFILE FOR SHOCK TEST
Half si k .
Test procedure a'l stne pea Pulse Width | Cross over frequency
acceleration
Functional Test 40 G
. 6-9 ms 45 H
For Ground Equipment | (1 G =9.81 m/s%) g
Crash Hazard Test 75G 3.5-5ms 80 Hz
For Ground Equipment

6.2 Vibration Testing and Evaluation Criteria

For testing the HDD, random-on-random vibration signals as specified by the power

spectral density profiles of MIL STD 810E are generated by a vibration controller

(VR8500).

The controller then excites a large electrodynamics shaker system to

physically produce the random vibration. Figure 6.1 shows a typical experimental setup

for random vibration. For shock testing, a programmable shock table and dual-mass shock

amplifier (Figure 6.4) is used to produce required shock magnitude and pulse width.
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FIGURE 6.4 EXPERIMENT SET UP FOR VERTICAL SHOCK TEST
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During shock/random vibration test, the functionality of the HDD is evaluated in terms of
1. Real time data recording to the HDD with constant data transfer rate.

By using a multi-channel field data recorder, data (e.g. signals from
accelerometers) is recorded and streamed in real-time to the HDD. The data
transfer rate can be determined from the size of the data and the sampling
frequency. The data written to the HDD is then verified. The HDD pass this test if

the desired data recording rate can be maintained without loss.
2. Video streaming from HDD

For example, the movie streamed may be a DVD video having a video bit rate of
approximately 4 megabytes per second (MB/s). The HDD are considered to pass
this test if there are no pauses in the movie being played continuously during the

vibration test.
3. Video capture to HDD

Using camera with video recording interface, dynamic events are captured to
HDD. The HDD pass this test if there is no distortion in the video captured during

playback.

6.3 Design Concept

6.3.1 Threshold of Bare HDD

This section aims to demonstrate that vibration isolation is necessary for HDD. The
vibration tolerances of bare HDD (without vibration isolation system) are determined

based on the evaluation criteria given in section 6.2 above. The bare HDD are subjected
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to the random vibration defined by uniform power spectral density from 5 Hertz to 500
Hertz. The magnitude of power spectral density is increased until the HDD fail according
to the given criteria. Table 6.2 shows the experimentally measured acceptable limits of

the bare HDD used in this study (the axes notation is given in Figure 6.5).

TABLE 6.2 MAXIMUM GRMS THAT HDD CAN WITHSTAND WITHOUT VIBRATION ISOLATOR

) GRMS
Manufacturer Serial No
X-axis y-axis Z-axis
F4H23NTD 5.07 5.07 3.47
Hitachi
F4H23NWD 5.05 5.22 3.47
Z

FIGURE 6.5 HDD AXES NOTATION

Since the random vibration inputs specified by MIL STD 810E are up to 8.95 GRMS for
z-axis and 12 GRMS for x-axis, the bare HDD would not be able to pass the MIL STD

810E requirements. Hence, vibration isolation is necessary for the HDD.
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6.3.2 Shock and Random Vibration Isolation Design

Basically, the isolator design should achieve transmissibilities for all three axes of motion
that are low enough to provide the necessary vibration isolation in the 5-500Hz frequency
range. Since the HDD cover is relatively stiff (fundamental natural frequencies ~ 3 kHz),
the HDD can be treated as a rigid body [122]. This assumption is acceptable in designing
the external isolation system because since the cover is relatively very stiff, the elastic
deformation of the cover will not affect the response of the isolation system. Referring to

Figure 6.6, the RMS value of the HDD acceleration can be predicted by the formula:

RMS value = ]|Tr(@)|’ S, (0)dw 6.1)

where Tr(w) is the frequency dependent transmissibility function, and S,,(w) is the power

spectral density function for a random input vibration to the base.

HDD (m) lx(t)
L]

ly(r)
1 |

Base

FIGURE 6.6 HDD ON VIBRATION ISOLATOR MOUNT

The objective is to make sure that the RMS value of the HDD acceleration is lower than

the acceptable limits given in Table 6.2 above.
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Using (6.1), the RMS acceleration response can be predicted if the transmissibility
function Tr(w) and the power spectral density input S,,(w) is known. Tr(w) is a function

of isolator system natural frequency @, and the damping factor ¢ .

1+(2¢r)? J; w

-y +@rt ) ", @)

n

Tr(w) =(

S,(w) 1s set according to the data given in MIL-STD-810E. The data consists of six
phases of random vibration input defined in the z (vertical), x (transverse), and y

(longitudinal) directions.

Figure 6.7 to Figure 6.9 show the predicted RMS acceleration response of the HDD
versus the isolator’s natural frequency for damping factor of 0.1, for the six phases of
random vibration input defined in MIL-STD-810E for the z, x and y directions. V1 to V6
correspond to §,,(w) in the six phases of vertical random vibration data. T1 to T6
correspond to S,,(w) in the six phases transverse of random vibration data. L1 to L6

correspond to S,,(w) in the six phases of longitudinal random vibration data.
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FIGURE 6.7 PREDICTED RMS ACCELERATION RESPONSE OF THE HDD (Z-DIRECTION)
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FIGURE 6.8 PREDICTED RMS ACCELERATION RESPONSE OF THE HDD (X-DIRECTION)
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FIGURE 6.9 PREDICTED RMS ACCELERATION RESPONSE OF THE HDD (Y-DIRECTION)

It can be inferred that the vibration isolation design must have relatively low natural
frequency. For example, in vertical direction, a natural frequency of 20 Hz or below will
give an RMS acceleration response under 2 G. In the x and y directions, a natural
frequency of 30 Hz or below will give an RMS acceleration response under 3.5 G. A
well-damped system (damping ratio > 0.1) with natural frequencies between 10 to 20 Hz

is expected to give good random vibration isolation.

However, a system with low natural frequencies may suffer from high displacement
response under a shock input. A high displacement response is not desirable because there
may not be enough space around the HDD to accommodate peak-to-peak displacement.
In order to restrain displacement response, relatively stiff isolators can be added to the
vibration isolation system (Figure 6.10). The HDD can still function normally when it hits

the stiff isolator due to its high shock tolerance.
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FIGURE 6.10 VIBRATION ISOLATOR MOUNT WITH ADDITIONAL STIFF ISOLATOR

6.4 Design Case Studies

6.4.1 Design |

Figure 6.11 shows a vibration isolation system for a 2.5” HDD. The HDD is secured
inside an aluminum box. The box is supported by four low damped rubber mounts; two at
the left side and two at other side. Figure 6.12 shows the measured transmissibilities of
the system in the x, y and z directions. The damping ratios for all three directions are less
than the values that are predicted to give satisfactory vibration isolation, as explained in
section 6.3. Figure 6.13 shows a typical vibration PSD of the excitation and the
corresponding response of the HDD. The HDD isolation system did not pass the random

vibration tests according to the criteria defined in section 6.2.

i U-Shape basen

FIGURE 6.11 VIBRATION ISOLATION SYSTEM I
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6.4.2 Design Il

Figure 6.14 and Figure 6.15 show another vibration isolation system for a 2.5” HDD. The
HDD is secured to a metal base and suspended by rubber O-rings. Figure 6.16 shows the
measured transmissibilities of the system in the x, y and z directions. The natural
frequencies and damping are well within the ranges that are predicted to give satisfactory
vibration isolation. Figure 6.17 shows a typical vibration PSD of the excitation and the
corresponding response of the HDD. It is observed that the HDD passes all the random

vibration tests according to the specified criteria.

Foams
(Stiff isolator)

O-Ring
(Flexible isolator)

Flat plate Metal Base

FIGURE 6.14 COMPONENTS OF VIBRATION ISOLATOR SYSTEM II

FIGURE 6.15 VIBRATION ISOLATOR SYSTEM II
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Figure 6.18 gives the acceleration time history of the base and of the HDD during the
crash hazard test. The input acceleration to the base is to 80 G @ 3.5 ms (slightly higher
than MIL-STD-810E specification given in Table 6.1). The output acceleration
experienced by the HDD is below its critical level (200 G — manufacturer specification).
Design II passes the criteria described in section 6.2 in all the shock tests. Figure 6.19
shows the snapshots of the shock response of the HDD. It can be seen that the stiff

isolator helps reduce the peak to peak displacement.
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FIGURE 6.18 HDD CRASH HAZARD TEST RESULT
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FIGURE 6.19 SNAPSHOTS OF SHOCK RESPONSE OF HDD

A computer simulation model of the HDD vibration isolation system (Figure 6.20) has
been developed using SimMechanics. This model takes input in the form of vibration
time history data generated from the MIL STD 810E PSD profiles and predicts the output
responses. Figure 6.21 shows the measured and predicted RMS acceleration levels of the
suspended HDD for the six random vibration test phases in the vertical (z) direction.
Comparing with the RMS levels of the input excitation, it can be seen that substantial

vibration isolation has been achieved.
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6.5 Chapter Summary

An effective suspension system is necessary to isolate the HDD from the strong vibration
transmitted from the ground, vehicle engine, etc. Procedures for vibration testing,
evaluation criteria, design concept, modeling and simulation for the external vibration
isolation system for the HDD have been presented. Two example designs have been used
as case studies to demonstrate and verify the design concepts. The natural frequencies of
the external vibration isolation system should be between 10 to 20 Hz. The damping
properties of the system is required to be relatively high (> 10%). To reduce the peak-to-
peak displacement during shock event, relatively stiff isolators can be used. Experiments
and simulations have confirmed that effective vibration isolation can indeed be designed

to isolate the operating HDD from severe shock and random vibration.
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CHAPTER 7 CONCLUSION

The utilizations of the hard disk drives (HDD) in mobile applications require them to
have high operational shock and vibration tolerance. The main purpose of this dissertation
is to formulate an efficient theoretical model, which incorporates both HDD structural
and air bearing models, to predict the HDD operational shock tolerance effectively. The
coupled model can be used to investigate the effect of various design parameters on the
HDD shock tolerance so as to facilitate optimization and ongoing improvement on the
HDD components. In addition, design concepts on how to design, simulate, test, and
evaluate the external vibration isolation systems for operating HDD subject to severe

shock and random vibrations are developed.

The theoretical models of HDD structures are formulated in Chapter 3. Flexible multi
body formulation that can simulate relatively large rotational motion is used to model the
dynamic behavior of the structure. A more compact structural model to predict HDD
vertical-shock response is developed using a modified state-space formulation based on
the mode superposition principle. The state-space model developed can simulate the
moving air bearing location due to disk rotation. In the formulation of both theoretical

models, Hertz elastic contact theory is used to handle actuator discontinuities.

In Chapter 4 quasi-static concept of the air bearing is introduced and analyzed for its
application in the HDD shock simulation. An air bearing model is built based on the
quasi-static concept. To investigate the quasi-static concept, a full air bearing model is
developed using a finite volume formulation. The finite volume air bearing model is

validated by using an established air bearing simulator (CMLAir32).
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The quasi static air bearing model is subsequently compared with the full air bearing
model. From the comparison, it is found that although the fundamental frequency of the
air bearing is much higher than the excitation frequencies, equilibrium condition is not
achieved instantaneously due to the squeeze effect dampening the slider shock response.
It is also found that by adding optimized damping elements, the quasi-static air bearing

model can predict almost the same air bearing force response as the finite volume model.

Chapter 5 presents the coupled models of the structural and the air bearing. In one model,
a flexible multi body dynamics structural model is coupled with a full finite volume
model of the air bearing. In a second model, the quasi-static air bearing model is attached
to the state-space structural model. Efficient coupling methods are developed for each
combined model. Model validation shows that both coupled model can effectively predict
the shock tolerance of the HDD. Comparison studies with two existing HDD shock
models demonstrate that the combination of the state-space structural model and quasi-

static air bearing model is the most time-efficient.

By considering the discontinuities of head actuator assembly in the shock simulation, an
important design parameter that affects HDD shock performance is identified. It is found
that softer contact stiffness between suspension (the dimple) and slider (the flexure) gives
higher shock tolerance. A more rigid HDD base cover is also found to increase the
predicted shock tolerance. Subsequent shock simulation parameter studies also show that
repositioning air bearing location at every simulation time-step (to represent the air
bearing that moves with respect to the disk due to disk spinning motion) does not have
significant effect on the shock simulation results. Hence, for future shock modeling, the

air bearing location can be fixed.
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Lastly, the design and analysis of the external shock and vibration isolation for HDD,
subject to severe shock and vibration according to MIL STD 810E, is presented in
Chapter 6. It is found that the natural frequencies of the external vibration isolation
system should be between 10 to 20 Hz. The damping properties of the isolation system is
required to be relatively high (> 10%). To reduce the peak-to-peak displacement during

shock event, a combination of soft and stiff isolators can be used.

In summary, the new contributions made in this dissertation covers:

1. Shock models of the HDD structures:

a. Flexible multi body dynamics formulation of operating HDD under shock

and considering the nonlinearity of HAA

b. Modes superposition modeling theory for HDD under shock, considering

the disk motion and the nonlinearity of HAA

2. Air bearing shock modeling: introduction, investigation and extension of quasi-
static concept for air bearing shock simulation (the author acknowledges Virmani

and T. L. Geers as one of the first to introduce this quasi-static concept)

3. Coupled structural and fluid models:

a. Flexible multi body dynamics structural model + full air bearing model

b. State-space mode superposition structural model + quasi-static air bearing

model
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4. HDD vibration isolation: theory/concept on how to design, simulate, test and
evaluate the external vibration isolation systems for operating HDD subject to

severe shock and random vibrations based on Mil-Std-810E
5. Parametric studies:
a. Effect of dimple/flexure contact stiffness on HDD shock tolerance

b. Effect of updating air bearing location, which moves due to disk rotation,

in HDD shock simulation
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CHAPTER 8 FURTHER WORK

In this last chapter, the author would like to suggest one research work that most probably
will generate significant the progress in the HDD shock and vibration field. A brief
literature review is first given to explain the needs of this further research work, followed
by the objective and the significance of this work. Lastly, two ideas that may meet the

research objectives are proposed.

8.1 Background

The author realized that the experimental works in operational HDD shock and vibration
problem is still lagging compared to the numerical works; the theoretical models have
been able to predict the operational HDD shock tolerance (including the slider shock
response), but there has not been any experimental technique that is able to
measure/identify accurately how the slider-disk contact actually happens when a
functioning HDD is being shocked severely. This mostly is because the external shock
excitation causes relatively big rigid body motion (at least few centimeters) and a lot of
noise (especially during impact), and the physical gap to be investigated (the air bearing
spacing) is in nanometer scale and most of the times concealed between the suspension

and the disk.

Each existing experimental technique has one or two weaknesses that limit their ability to
measure/identify the slider-disk contact due to external shock. Most of precision
instruments, such as interferometers [170-173] can operate accurately only when the rigid
body motion of the measured object is relatively small. Measurement techniques using
acoustic [174, 175] require quiet environment to detect the occurrence of contacts.

Electrical resistance methods [176, 177] and piezoelectric transducer methods [178]
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require modification of the slider, which cannot be afforded in the modern HDD because
the slider is getting smaller and its profile is getting more complex. High speed camera
has been used also to capture the HDD shock response [161]. But, due to its coarse
resolution (micrometer level), it cannot be used to discern what happens in the nanometer
spacing. Laser Doppler Vibrometer (LDV) has been used widely to measure HDD
vibrations, such as in [179-182]. In [51] the LDV has been successfully used to determine
the slider and the disk response to non-operational shock. It should be possible to extend
the method to operational shock through the use of a transparent HDD cover. In addition,
there must also be a clear line-of-sight between the LDV and the slider. This requires the
modification of the suspension so that the laser light can fall directly onto the slider body.
However, it has been observed that during shock the slider may sway horizontally (in
parallel plane with the disk surface); this causes the laser point to wander from the
intended location. As the result, the measurement may not be correct. Another method is
a drive level measurement technique using signal from the write/read head [183]. The
limitation is that it can only give the flying height modulation of the head but not the
pitch and roll angle, and hence, it is difficult to deduce whether slider-disk contact has

happen.

In the HDD industry itself, there are two methods that have been used to detect the slider-
disk contact. In the first method, the disk is removed from the drive after shock test and
then examined under microscope. Using this method the information on whether a certain
shock level damages the disk surface and potential causes for the damage can be inferred.
However, how exactly the slider touches the disk is not known. Besides, this method is
not practical because it wastes relatively large resources (one drive is required for each

shock level) and time (to disassemble the disk and to scan it) [184]. In the second method
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the read/write head is used to scan the disk for damages. This is the most efficient way so
far, but this method requires additional servo control to enable the read/write head to scan
the disk. When there is a need to shock-test a new design, a proper servo control
algorithm has to be built first considering the dynamic of the new design. As the
consequences, significant amount of time has to be spent on setting up servo control

algorithm before the correct scanning can be done to detect the slider disk contact.

8.2 Objective

Based on the brief review above, the objective of the further research work is to invent a
new technology that can accurately measure/quantify the slider-disk spacing and can

detect the slider-disk contact when operational drives are shocked externally.

The potential challenges come from large rigid body movement and a lot of acoustic &
mechanical noise generated during the impact. The rigid body movement and the noise
are getting bigger as the shock level is getting higher (currently the shock test level is
more than 600 G). Furthermore, the air bearing spacing is in nanometer scale and in most

drives its position is veiled between the suspension and the disk.

8.3 ldeas for Further Work

Three ideas are presented in this sub-section. The first two ideas are the extension from
LDV and triple harmonics method, while the third one is a slightly different idea using

piezoelectric material.
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8.3.1 Extension of LDV method

As mentioned in the brief literature review above, the LDV should be able to measure the
slider flying attitude (including pitch and roll angle). However, there are three things to be

carried out before the LDV can be utilized properly.

a) There must be a clear line-of-sight between the slider and the LDV sensor; the
cover should be made transparent or partly cut to reveal the head disk interface

and then the suspension shape should be modified to reveal the slider to the LDV.

b) The HAA should be constrained from swaying during shock. This is because if the
actuator swings in the plane direction (parallel to disk surface), the laser points
will not stay on the intended position in the slider (note that the slider area is small
(~ Imm?). In addition, the shock test rig must be designed in such a way that the

HDD only moves in vertical plane (plane perpendicular to disk surface).

c) Three laser points are needed simultaneously at slider body to fully capture its

response.

8.3.2 Extension of Triple Harmonic Method

The triple harmonic method has been utilized to measure the flying height. Two spectrum
analyzers are used to measure the read signal output of the first and third harmonics. The
flying height variation was then obtained by calculating the harmonic ratio using the

Wallace spacing loss formula [183].

It may be possible to extend the method to take into account the slider pitch and roll angle

also. It means two additional sensors similar to the read head should be added to the
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slider. By taking measurement from three different points in the slider body the slider

response (flying height, pitch, and roll angle) can be calculated.

The main challenge may come from the complexity in installing two additional read
sensors in the small slider; the additional read sensors means that the air bearing profile
may need modification. Besides that, their effect on the head-disk-interface shock

performance is not yet known.

8.3.3 Using Piezoelectric Sensor

This idea is basically combination of two measurement methods: First, the LDV is
utilized to measure the suspension motion. Then, at the same time several piezoelectric
sensors, which are installed in the flexure, are used to determine the slider position with
respect to the suspension (see Figure 8.1). The LDV measurement on the suspension is
much easier to be carried out than on the slider because of its relatively big size and its
more accessible position. The main challenge is on deciding the configuration of the
piezoelectric sensor that enables accurate measurement of relative position of slider with
respect to the suspension. An extra advantage of this concept is that the piezoelectric

sensor can later be used as actuator also to help control the slider motion.

3LDV
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FIGURE 8.1 PIEZOELECTRIC SENSOR
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8.4 Significance

The research topic of this proposed further work is good because it is focused, it
addresses an important problem, and it will create impacts. There are two main impacts
that may be created if such technology can be invented. First, many numerical HDD
shock models can be verified at a more detailed level. A lot of researchers will use the
technology to verify their numerical model. Second, the HDD industries will be very
interested with it because they can test the effect of design changes to the HDD shock

response more efficiently.
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APPENDIX A: ADDITIONAL DETAILS ON FLEXIBLE
MULTI-BODY DYNAMICS FORMULATION

In order to enhance the flexible multi-body dynamics formulations presented in Chapter 3,
the detail formulas of the transformation matrix, the mass matrix, and the quadratic velocity

vector are described in this appendix.

The appendix is divided into three main parts. The first part covers the development of the
transformation matrix based on a successive rotations method, called Euler Angles. The last

two parts contain the details on mass matrix and quadratic velocity vector formulations.

A.1 Transformation Matrix

A set of reference frames is defined in. The inertial frame XYZ has point O as the origin

and has unit vectors of I, J, and K. The rotation sequence of Euler angles 6., ¢, and 6.

are selected as (1) @, about X axis followed by intermediate coordinates xyz; (2) 0,

!

about y axis followed by intermediate coordinates x'y'z" which is non-spinning and also

called rocking frame; (3) 6. about z' axis followed by coordinates x"y"z” which is

body-fixed to the flexible body. It has point D, as the origin and has unit vectors of i”,j"

and k".
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FIGURE A.1 DEFINITION OF FRAMES OF REFERENCE
(1) 0.aboutx > xyz (2) 6, aboutyaxis> x'y'z'(3) 6, about z'axis=>x"y"z
The rocking coordinates ')z’ and the coordinates ;" body-fixed are related to the

inertial coordinates yyyz through the following transformation matrices,

x' X
V= Aumpy ¥ (A.1)
z' Z
14 X
Y'r=AY (A.2)
14 Z
with
cos@, sinf sinf, —cosd sind,
Aep=| O cosd, sin@, (A.3)
sind, —sind cosf, cosd cosb,
cos@, cosf,  sind sind cosd, +cosf sin@, —cosd sind, cosd, +sind, sinb,
A =|—-cosf sinf, -—sind, sinf sind, +cosb cosd. cosd sind sinf. +sinb coso,
sind, —sin@, cosd, cos@, cosd,
(A4)

A-2
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A.2 Mass Matrix Formulations

A time- and space-dependent matrix L' in (3.7) and the partial derivatives B in (3.19) are

first formulated below.
L'=[1 B A'S] (A.5)
B =—AU'G’ (A.6)

where S’ is space-dependent shape matrix, u’ is local position of arbitrary point P

expressed in local body coordinate x"y"z" (as described in Figure A.2).

FIGURE A.2 DISPLACEMENT VECTOR OF ARBITRARY POINT P ON ONE FLEXIBLE BODY IN THE HDD

The skew symmetric matrix @' is defined by

0 —ui u
i=lu 0 -y (A.7)
-y, u 0

T | i Lie o
uy,uy,u; are the components of vector u'. G' 1is given by
cos® cosf. sinf. 0

G' =|-cosf, sinf. cosh. 0 (A.8)
sin@, 0 1

A-3
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The mass matrix M formulation is as follows
Mi:J' piLiTLidVi
Vi

I I B’ A'S (A.9)
_ J'pi BiT [I Bi AiSi:IdVi i BiTBi BiTAiSi dVi
v (A'SH symmetric S7S’

Il
N —
iST

In symbolic form

i i i
MRR MRH MRf

M'= M,, M, (A.10)
symmetric M,
where
m 0 0
M,.= 0 m 0 (A.11)
0 0 m
3x3
M., =-A'SG’ (A.12)
in which
0 -si s,

Si=] puar'=| s 0 | si=[ puldr’ k=123 (A13)

or in vector form
S = IV, pudy = IV, P, +8'q), |V’ (A.14)
where u’ is the position of point P in the undeformed state in the body reference and qj,.

is vector of time-dependent elastic generalized coordinates known as modal coordinates.
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To obtain §; , the following inertia shape integrals needs to be evaluated:
S :J.VideV (A.15)

S’ is also needed when calculate the matrix My, .

M), =A'[ p'S'dV'=A'S (A.16)
M,, =G" |:J.V puudy } G'= GiTTaiaG[ (A.17)

where T, is called the inertia tensor of the deformable body i and is defined as:

i2 i2 i i
u, +u, —U,l, —Usu,
— i . b o - ,
I, = IV puu'dr = .[V P u”tuy; -, |dV (A.18)
! " . i, 2
symmetric u” +u,

u’ +u,> and uju, fork,[=1,2,3 can be expressed as follows.

w? +u)” =y, +S,q,)° + (), +8,q)?

i

=upo +2u,, S +S.q, S, d’, +uy +2uySiq’ +S,4,S)q, (A.19)

i

= (g +1410) +2(Sy +18)q, +q; ('S, +8/"S))q,
gty = (o +S,q )y +S,q'))
= ”/ico“lio + uliosjqi’ + uliOSjcq;" + qu;sﬁqff (A.20)

= ulicoulio + (uliosj +ull'0sll'c )qlf +qf'/TS;'€TS§qi,
where S; and S; is the K™ row and I™ row of the body shape function S', respectively
(S is the body shape function in x"- axis, S, is the body shape function in y"- axis,
and S} is the body shape function in z"- axis). u,,u,,, and uj, are the components of

vector uj.

In the evaluation of the inertia tensor, the following inertia shape integrals can be defined.

Iy = plujeudv’ (A21)

A-5
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T =[ pu,Sdv (A.22)
Sy =| p'Sisr (A.23)

The (A.21), (A.22), and (A.23) are also used in evaluating M}, Iz

=G'"l,, (A.24)
in which
uyS; —u3S) iT(gi _5122) T21'3_T3i2
L, =], 0 uSi-uS, |av' =] q7 (8, -8 |+| T, - T, (A.25)
wS; —u38, 4 (S,-SD) | [T L,
M} , 18 a constant matrix and defined by

M, = IV,. p'STSdV =S +8. +Si, (A.26)
A.3 Quadratic Velocity Vector Formulation

Quadric velocity vector is defined as

Q =[Q, @, Q,] (A.27)
where

Ql, =-A'[®"S]+20'S'q, +8/G'0 | (A.28)

Q, = 26,0 -2G6T,{, -G T,0' ~-G'T,,G'0 (A.29)

Q,=- jn- PST[(@) ' + 200w, |dV' -T,,"G'o (A.30)
in which



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Additional Details on Flexible Multi-Body Dynamics Formulation Appendix A

—sin @, cos Hﬁy —cosd, sin 0.0. cos6.6. 0

G =| sin 0,sin0.0, —cos@, cos0.6. —sind 0 (A.31)
cos 9y9y 0 0
60=[6, 6, 6.] (A.32)

o' =[a)1 @, a)s]T =G
H)f cos @, cosb, + 6’.y sin 4. (A.33)
=|—0.cosb, sinb. +6, cosb.
éx sind, + (92

o=lo 0 -0 (A.34)
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