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Introduction

1.1 Overview of Hard Disk Drive Technology

It has been over fifty years since the introduction of the first magnetic recording
hard disk drive (“Random Access Method for Accounting and Control” or “IBM 305
RAMAC” [1] ), designed and manufactured by IBM in 1956. The IBM 305 RAMAC
contained a disk drive called “350 Disk File”. The 350 Disk File consisted of a stack
of fifty 24 inch disks. The capacity of the entire disk file was 5 million 7-bit characters
(“bytes” were not not yet in use back in 1956). This capacity works out to about 4.4 MB
(Megabytes) in present term. This is about the same capacity as that of the first personal
computer hard drives that appeared in the early 1980’s, but was a huge storage capacity
for 1956. The IBM 305 RAMAC computer system with 350 Disk File storage was

leased at a rate of $3,200 per month, equivalent to a purchase price of about $160,000



Figure 1.1: 0.85 inch form factor hard disk drive compared to a set of dominos (source

Toshiba [7])

in 1957 dollars.

The development of hard disk drive technology since then has been no less than
amazing. Currently, hard disk drives with storage capacity on the order of 500 GB are
available and are used in modern computer systems. Recently (April 2007), Hitachi
Global Storage Technologies [6] shipped a so-called “terabyte drive” [5] with storage
capacity of 1 TB (or 1000 GB). These drives are shipped to retailers at suggested retail
price of $399 per drive. In addition to the enormous increase in the storage capacity
and reduction of the cost per drive, the physical size of the drive itself has scaled down
from a drive that needed a 9 m by 15 m room to a drive (0.85 inch form factor) that is
comparable to the size of a domino dice (see Figure 1.1).

Not only has the overall size of hard disk drives been reduced tremendously, but

also the cost per drive has reduced over the years. The combination of increase in



storage capacity with reduced drive form factors and the availability at a reasonable cost
has maintained an ever-increasing demand for hard disk drives. Every consumer wants
his/her computer to work indefinitely without any hard drive failure. However, a hard
disk drive is a product of various aspects of engineering disciplines such as mechanical,
chemical, thermal, electrical, electronics, servo technology, control theory, computer
science, etc. The smooth operation of a disk drive relies on all these factors considered
in product design as well as environmental factors such as air pressure, temperature,
external shock and vibration, etc.

The mechanics and tribology problems of the head disk interface in current hard disk

drives will be studied in this dissertation.

1.2 Hard Disk Drive Components

A hard disk drive consists of both electrical and mechanical components assembled
and housed in a rectangular enclosure. Figure 1.2 shows the various components of
a typical hard disk drive. The main mechanical components are the disk, the actuator
arm, and the head-suspension assembly. The components are inter-connected to each
other as two separate assemblies. One is the disk-spindle assembly consisting of the
spindle motor and the disk. The other is the “head-stack assembly” consisting of the
actuator arm, suspension, gimbal/flexure, and the slider with the read/write head all

connected to a voice coil motor (VCM). The disk is attached to the spindle motor that
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Figure 1.2: Components of a typical hard disk drive (HDD)

will spin the disk at 4200 rpm to 15000 rpm. The spindle motor in hard disk drives
is either a ball bearing spindle motor or a fluid dynamic bearing (FDB) spindle motor.
The FDB spindle motor is the popular choice in present day hard disk drives. This is
due to the fact that FDB spindles have better non-operational shock performance, lower
power consumption, lower Non Repeatable Run-Out (NRRO), and lower acoustic noise
compared to ball bearing spindle motors. Figure 1.3 shows the schematic of the FDB
spindle motor used in hard disk drives.

In order to increase the storage capacity in a single hard disk drive, several disks and
head stack assemblies are built into a single stack. Read and write heads are attached to
a slider which is in turn attached to a suspension - actuator arm assembly (one for each

side of the disks). The stack of such actuator arms referred to as the " E-block" moves
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Figure 1.3: Fluid Dynamic Bearing (FDB) spindle used in HDD’s

across the disk radially powered by the voice coil motor. The voice coil motor is the
positioning motor that positions the slider with the read/write head over a specific data
track on the disk. The head is the electromagnetic device that writes (records), reads,
and erases data on a magnetic media. It contains a read core and a write core which is
used to produce or receive magnetic flux. The read/write head is the recording element
which writes data to the magnetic media and reads recorded data from the media. The
actuator arm can position the slider with the read/write head accurately over the disk
surface through a feedback from the servo system. The actuator arm is powered by the
rotary voice coil motor. The load/unload ramp is a mechanical component where the
suspension is 'parked’ while the disk drive is not operating. When the drive is powered,
the actuator arm and the head-suspension assembly move off the ramp and can glide

smoothly over the disk surface after the disk attains a suitable rotational speed.
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Figure 1.4: Schematic for the write process in magnetic recording

1.3 Principles of Magnetic Recording

In order to store and retrieve data on the magnetic disk, a read/write head is used.
Modern magnetic recording heads combine elements of the read and write functions
into a single merged head. The information is stored in small domains, called "bits", in
the magnetic disk media. Writing employs a magnetic coil that is activated each time
a bit needs to be written, or magnetized on the rotating disk. The small, concentrated
magnetic field magnetizes a region on the disk. When a current is applied to generate the
magnetic field, the hard disk medium is magnetized with a polarity that corresponds to
the direction of the writing field. Reversing the current reverses the polarity on the bit to
rewrite or erase the information stored in digital format. Figurel.4 shows the process of

writing on magnetic disk medium for longitudinal recording. It is important to note that
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Figure 1.5: Read (with MR/GMR head) and Write process

the change in magnetization direction stores the data and not the magnetization direction
itself.

The reading process is performed using a Magnetoresistive (MR) or Giant Magne-
toresistive (GMR) head. Magnetoresistive material is typically a nickel-iron alloy that
shows an increase in electrical resistance when the current flow is parallel to the mag-
netic orientation than when it is perpendicular. The resistance drops back to the original
value when the magnetic field is removed. The MR head “sees” a vertical magnetic field
(up or down) at each transition. The magnetic field changes the resistance and indicates
the transition. The greater the measure of change in resistivity, the more accurate or sen-
sitive the reading will be. The GMR sensors utilize the quantum nature of electrons that
have two spin states, up and down. Conducting electrons with spin direction parallel to
the sensor film’s magnetic orientation move easily and thus produce a low electrical re-

sistance. However, the movement of electrons of opposite spin direction is impeded by
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Figure 1.6: Typical head disk interface in hard disk drives

frequent collisions with atoms in the film, thereby producing a higher resistance. Figure

1.5 shows the combined read-write process for magnetic storage in hard disk drives.

1.4 The Head Disk Interface

The cross section of a typical head disk interface is shown schematically in Figure
1.6. As can be seen, the slider flies over the spinning disk maintaining a stable ’flying
height’ due to the hydrodynamic air bearing at the interface. This flying height is a
subset of the “magnetic spacing’ which is defined as the spacing between the read/write
head and the magnetic layer on the disk. The magnetic spacing has a substantial effect
on the areal density in hard disk drives. The smaller the magnetic spacing, the larger

is the voltage signal during the read process. Wallace [1951] derived a spacing loss



equation for sine wave recording, given by

e (1.1)

where A is the amplitude of the voltage playback, A, is the amplitude of the voltage
playback at zero spacing, k is the wave number of the recorded sine wave and d is
the magnetic spacing. As shown in Figure 1.6, magnetic spacing is the sum of the
flying height, the carbon overcoat thickness and the thickness of the lubricant. From Eq.
1.1, we see that the maximum amplitude of the voltage playback is achieved when the
magnetic spacing d is zero. However, zero spacing would create tribological problems,
such as friction, stiction and wear at the head disk interface. Hence, a thin (~8 to 10 nm)
layer of air, the air bearing is maintained between the head and the disk.

The disk used in magnetic recording is a flat, circular piece of aluminum or glass
with a magnetic coating upon which the digital information can be recorded. The disk
has a rigid substrate, usually aluminum-magnesium alloy, which is typically 0.4 to 0.8
mm thick. The substrate is coated with several additional layers: an under-layer to
help adhesion (~10 pm nickel phosphide); a layer of chromium (5-10 nm) to control
orientation and grain size of magnetic layer; the magnetic layer 25-150 nm (50 nm PtCo
with various additions of Ta, P, Ni, Cr); a protective carbon overcoat layer (1-10 nm );
and finally a lubricant layer (0.5 to 2 nm) to reduce dynamic friction, stiction and wear of
the head disk interface. A typical lubricant layer consists of a monolayer of long chain

fluorocarbons like perfluorinated polyether (PFPE)). The magnetic layer forms a cellular
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Figure 1.7: Cross section of MR read and inductive write head

structure of Co-rich magnetic cells in a non-magnetic matrix. These cells are similar to
particulate recording media on a very fine scale. The slider also has a protective thin
layer of carbon overcoat to avoid stiction. The pitch angle of the slider is very small, on
the order of about 100 prad, to maintain a constant flying height in the pole tip region

of the write head (Figure 1.7).

1.5 Areal Density and Flying Height Evolution

The development of the MR and GMR heads in the early 1990’s led to an increase
of areal density of approximately 100% per year. Figure 1.8 shows the evolution of

areal density over the past few decades since the first hard disk drive (IBM RAMAC)
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Figure 1.8: Areal density and flying height evolution

was introduced in the year 1956. The areal density has increased from 2 kb/in? for
the RAMAC to about 150 Gb/in? for present hard disk drives. Figure 1.8 also shows
the flying height evolution on the right hand scale. The flying height has been reduced
significantly from about 20 gm in 1956 to about 8 - 10 nm today.

An important goal of the disk drive industry is to further increase the areal storage
density. Another trend in recent years for hard disk drive technology has been the re-
duction in the form factor and to achieve compactness of the disk drive. The form factor
of hard disk drives has decreased from a disk diameter of 600 mm (IBM RAMAC) to
current disk diameters of 95 mm (3.5 in) for desktop computers, 65 mm (2.5 in) for

laptop computers and 25 mm (1 in) or 21 mm (0.85 in) for "microdrives”. The overall
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form factor for the slider has also decreased to "Pico" [dimensions: 1.25 mm(length) x
1 mm(width) x 0.30 mm(thickness)] and "Femto" [dimensions: 0.85 mm(length) X
0.7 mm(width) x 0.23 mm(thickness)] designs. The corresponding air bearing surfaces
have also evolved and are shown in Figure 1.9.

The slider material (Titanium Carbide / Alumina) has not changed since 1987. Fer-
rite sliders were used in hard disk drives manufactured before 1987. The mass of the
slider has reduced over years from 55 mg for the “Mini” slider to 0.6 mg for the current
“Femto” slider. The change in the read/write head technology and assembly has con-
siderably helped in the reduction of the slider form factor and overall mass. The slider
air bearing has also changed from machined two-rail design to etched-rail design and
finally to the current five-pad etched pattern sliders designs.

With the increase in storage density and the reduction in the form factor of the disk
drives, a new pool of wide-range applications have opened markets, no longer limiting
hard disk drive usage only to computers, laptops and servers. Consumer applications
such as MP3 music players, personal digital assistants (PDA’s), digital cameras, cellular
phones, and television digital video recorders utilize hard disk drives for data storage
and playback. Although recent trends indicate that the solid state (flash memory) stor-
age technology has overpowered hard disk technology in small form factor drives, hard
disk drives are the popular and best choice of storage for large volume data storage

applications.
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1.6 New and Prospective Storage Technologies

In recent years, the rate of growth of areal density in hard disk storage has slowed
down due to a physical limit in magnetic recording. The magnetic material on the disk
is composed of small grains. Each bit on a conventional magnetic medium covers ap-
proximately 100 such grains to ensure reliable storage of information. However, there
is a lower limit for the grain size below which the magnetization may switch randomly
due to thermal excitation. This limit is referred to as the “superparamagnetic limit”.

Since the conventional longitudinal recording is approaching this limit, alternative
recording technologies such as perpendicular magnetic recording (PMR) have emerged.
Future technologies such as heat assisted magnetic recording (HAMR), discrete track
recording (DTR), and bit-patterned media (BPM) are being researched extensively in
industry as well as academia. The principle of these new recording technologies will be

described in the next sections.

1.6.1 Perpendicular Magnetic Recording

The principle of perpendicular magnetic recording is shown in Figure 1.10. Distinct
from longitudinal recording, the magnetized bits point up or down in perpendicular
magnetic recording media. The main feature of the perpendicular recording media is
the soft underlayer that conducts the magnetic flux. When the write head is energized,
the magnetic flux concentrates under a small pole-tip and generates a magnetic field in

the short gap between the pole-tip and soft underlayer. The recording layer on which
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Figure 1.10: Schematic for perpendicular magnetic recording (source: Hitachi GST)

the data are stored is placed in this gap where the magnetic field is the highest. The
soft underlayer assists in obtaining stronger readback signals and decreases interference
from adjacent tracks.

At an areal density of 500 Gb/in?, the superparamagnetic limit is likely to be reached
[11]. Perpendicular magnetic recording technology may not be able to overcome the

thermal stability problem beyond areal density of 500 Gb/in?.

1.6.2 Heat Assisted Magnetic Recording

To overcome the thermal stability problem, it is necessary to increase the coercivity
or magnetic anisotropy constant of the media. Present day magnetic heads cannot write
on very high coercivity materials. HAMR solves this problem by heating the magnetic
material above the Curie temperature and writing on it during the cooling process when

the coercivity is still low. After cooling down to room temperature, the magnetization
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Figure 1.11: Perpendicular magnetic recording vs. Heat assisted magnetic recording

(source: Seagate)

of a bit is frozen in.

Figure 1.11 shows a comparison of the principle of PMR and HAMR technologies.
In HAMR technology a laser heats the medium locally to 300 degrees centigrade or
higher befrore writing. HAMR technology is expected to extend the storage density to

beyond 5 Tb/in?.

1.6.3 Patterned Media for Magnetic Recording

Use of patterned media is a new approach of magnetic recording that has the po-
tential of increasing the areal density beyond 1 Th/in?. There are two approaches in
patterned media recording. One is the discrete track recording (DTR) and the other is

bit patterned media (BPM). In DTR, the bits are stored on discrete circumferential tracks
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on the disk (see Figure 1.12(a)). Since the information is stored on discrete tracks, cross
talk between bits in the radial direction on the disk can be eliminated. The width and
depth of the so-called “grooves” between two such tracks are typically on the order of
40 to 100 nm.

In bit patterned media, each bit is stored on a single magnetic domain or “island” as
shown in Figure 1.12(b). Each island on BPM may be composed of one grain or several
exchange coupled grains. Magnetic transitions no longer occur between random grains,
since distinct boundaries between islands are formed both in the circumferential and the
radial directions on the disk. Since each island is a single magnetic domain, BPM is

thermally stable at densities higher than can be achieved with the conventional media.
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Figure 1.12: Schematic for (a) Discrete track recording [source: Komag] and (b) Bit

patterned media [source: Hitachi GST]

1.7 Outline of the Thesis

This thesis covers many topics of mechanics and tribology concerning the hard disk
drive technology. These topics include the effect of shock, vibration, enclosure design,
surface texture and surface pattern on the dynamics of the head disk interface. The de-
tails of the theory involved, experimental and numerical procedures and corresponding

results are organized into several chapters and are outlined as follows.
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Chapter 1 has given an introduction into magnetic recording for storage in hard disk
drives; mechanical components of a typical hard disk drive; storage areal density and
flying height evolution over the years since the production of the first hard disk drive.
Then an overview of the head disk interface, and the recent trends and applications of
the hard disk drives for data storage along with the current outline of this thesis is given.

Chapter 2 provides an overview of the numerical models developed, the simulation
procedure, the theory and the experimental techniques used in this dissertation.

Chapter 3 discusses the detailed finite element simulation of non-operational shock
in a typical load/unload hard disk drive. A finite element model of a hard disk drive
(HDD) was developed to study the effect of non-operational shock on load/unload type
disk drive suspensions. The effect of shock amplitude, pulse width, suspension thick-
ness, and flexure thickness, on the magnitude of lift-tab separation and dimple separation
due to a shock event is studied.

Chapter 4 gives a detailed description of the effect of both non-operational and op-
erational shock on different form factor hard disk drives. This chapter discusses both
experimental and numerical results for shock performance in 3.5 inch form factor disk
drives (used in desktop and server applications) and 2.5 inch form factor disk drives
(used in laptop and MP3 applications).

Chapter 5 discusses shock and vibration applied to 1-inch form factor disk drives
(used in digital cameras, PDA’s, etc.), generally referred to as "microdrives". Chapter 5

also describes the effect of the disk drive enclosure design on the dynamics of the head
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disk interface.

Chapter 6 describes the theory of hydrodynamic lubrication for the head disk inter-
face. This chapter describes the derivation of the governing equation (Reynolds equa-
tion) for hydrodynamic lubrication of pivoted slider bearings. Finite element solutions
of the steady state and the time-dependent Reynolds equation are derived in Chapter 7.

Chapter 8 describes an investigation of surface texture and the potential benefits of
surface texture in improving the tribological performance of the head disk interface.
Surface texture is numerically implemented in high pressure regions of the slider air
bearing. Flying characteristics of textured sliders are compared to that of untextured
sliders.

Chapter 9 describes the numerical simulations of the head disk interface for pat-
terned media. The pattern is transferred onto the slider surface from the disk surface
(as in Bit Patterned Media) and steady state pressure generation is investigated. The
dynamic excitation of the slider due to pattern in the head disk interface is also studied.

The conclusions of this dissertation are given in Chapter 10.
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Numerical Models and Simulation

Procedures

2.1 Shock Simulation in Hard Disk Drives

2.1.1 Introduction to Shock Loads

Shock occurs when a force, a position, a velocity, or an acceleration is abruptly
modified and creates a transient state of vibrations in the system considered [1]. Shock
is defined as a vibratory excitation having a time duration between the natural period of
the excited mechanical system and two times that period [1].

A shock whose signal can be represented exactly in mathematical terms is called a

simple shock. Standards generally specify half-sine, rectangular (impulse), or step type

shock.

22
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Figure 2.1: Typical types of shock input

Typical shock types [1] are shown in Figure 2.1. In the shock investigations in this

dissertation, the half-sine acceleration is used as shock input. It is given by

ii () = Asin (”—t> 0<t<7] 2.1)

T

and

i) =0 [t<O0:;t>r7] (2.2)

The velocity is described by Eq. (2.3) for time interval between 0 and 7, and Eq. 2.4

for time greater than 7 .
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u(t) = % (1 — cos 7;) 0<t<T] (2.3)
i(t) = ZA% it > 7] 2.4)

Similarly, the displacement is described by Eq.2.5 and Eq. 2.6.

— —sin —) 0<t<T] (2.5)

()= A (ﬁ - 1) it > 7] 2.6)

Shock is generally quantified using the shock response spectrum (SRS). Biot [],
proposed a method consisting of applying the shock under consideration to a standard
mechanical system, which does not duplicate the model of the real structure. Instead, it
is composed of a support and of N linear single-degree-of-freedom (SDOF) resonators,
each comprised of a mass m;, a spring of stiffness £;, and a damper ¢;. The dampers are
chosen such that the damping ratio ¢ = ¢; /2v/k;m; is the same for all N resonators.
When the support is subjected to shock, each mass has a specific displacement response
according to its natural frequency and to the chosen damping ratio, while a stress is
induced in the element.

A hard disk drive experiences shock either due to impact with another rigid object or
due to free fall because of gravity. Figure 2.2 shows a single-degree-of-freedom system

subject to a free-fall due to gravity.
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Figure 2.2: Single degree of freedom model subject to free fall due to gravity

In Figure 2.2, m is the mass, k is the spring stiffness, z is the absolute displacement
of the mass (the double dot denotes acceleration), g is the gravitational acceleration. Let
us assume that the object is dropped from rest and that there is no energy dissipation.
Furthermore, we assume that the object remains attached to the floor via the spring after
initial contact and the collision is perfectly elastic. We also assume that the object freely
vibrates at its natural frequency after contact and the system has a linear response.

The initial velocity of the system as it strikes the ground can be found by equating

the change in kinetic energy and the change in potential energy as shown below:

1
5m.a;~2 = mgAh (2.7)

where Ah is the drop height. Thus, the initial velocity when the mass encounters the
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floor is

#(0) = \/29Ah (2.8)

Furthermore, the initial displacement is assumed to be zero.

2(0) =0 (2.9)

Assume a displacement equation with constant coefficients a and b of the form:

x(t) = asinw,t + bcoswyt (2.10)

where w,, is natural frequency of the system and is given by

Wy =\ —
m

The zero displacement initial condition requires b = 0.

Thus, the displacement is

x(t) = asinw,t (2.11)

and the velocity is

i(t) = awy, coswy,t (2.12)

Using Eq. (2.8), we can determine the constant a as follows:
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V29Ah

Wn

(2.13)

a =

Substituting Eq. (2.13) into Eq. (2.11), the displacement, velocity and acceleration

arc:

V2g9Ah

t) = inwyt
x( ) o sin w
2(t) = \/29Ahcoswyt (2.14)

Z(t) = —wp/29Ahsinw,t

The force transmitted through the spring is f(¢f) = kz. Using the definition k& =

wy,?m and the displacement from Eq. (2.14), we can write the force f(t) as:

f(t) = wamy/2gAhsinw,t (2.15)

The total impulse /*over a half-sine period can be obtained by integrating the force

transmitted through the spring over the time interval as:

I = / (0] dt 2.16)

Substituting Eq. (2.15) in Eq. (2.16), we get:

T/ Wn
I = / [wnm QgAhsinwnt} dt (2.17)
0

Integrating with respect to time,
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1
I = —w,my\/29Ah [—} cos Wyt g/w” (2.18)
w

n

I" = 2m+\/2gAh (2.19)

A single degree of freedom model subjected to half-sine base excitation is discussed

in Chapter 3 along with the finite element numerical simulation.

2.1.2 Shock in Hard Disk Drives:

Dropping, hitting, or striking a hard disk drive against a rigid surface can damage
the disk drive. Even if there is no visible evidence of external damage, a hard disk
drive subject to shock may completely fail during the initial use itself, or its reliability
could deteriorate rapidly. There are two possible states of the disk drive when a shock
event can occur. The state when the hard disk drive is not powered is referred to as
the "non-operational” state of the drive. When the disk spindle is powered and the
disk is spinning, the head flies over the disk forming an air bearing. This state of the
disk drive is referred to as the "operational" state of the drive. The shock events in
the non-operational case usually have short durations but high amplitudes. However,
operational shock events typically have longer durations but lower amplitudes. Based
on current technology, there are two types of hard disk drives. One is the “contact-start-
stop" (CSS) drive and the other is the “load/unload" (L/UL) [5] drive. A schematic of

these two technologies is shown in Figure2.3.
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Contact Start/Stop (CSS) Load/Unload Technology (L/UL)

Figure 2.3: Schematic of Contact Start/Stop and Load/Unload Technologies

In CSS drives, the slider rests on a dedicated landing/textured zone when the drive
is turned off. When the drive is turned on and the disk starts spinning, an air bearing
is formed between the slider and the disk and the slider starts to fly over the disk at a
certain disk velocity. In order to reduces stiction of the head disk interface, the CSS
landing zone has a higher surface roughness than the very smooth data zone. Since
the slider is in contact with the disk surface during take-off, wear of the slider and the
disk is a serious tribological problem in CSS disk drives. Another common issue in
non-operational CSS disk drives is the so-called “head-slap" due to mechanical shock.
Head-slap occurs when the shock amplitude is large enough to cause the separation
of the head from the disk surface, then it ’slaps’ onto the disk again, often repeatedly.
The head-slap event can cause the head to damage the disk surface, leaving behind wear
debris in the head/disk interface region. If the debris lands on the data zone of the media,
data errors may occur.

Currently, most disk drives employ load/unload technology. During non-operation,
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the suspension is parked on a ramp adjacent to the outer diameter of the disk. The
suspension is designed with a small lift-tab that can move along the ramp in the radial
direction of the disk. The slider is lowered onto the disk only when the disk is spinning
at a certain velocity. Loading and unloading can be achieved without the slider and
disk surfaces contacting one another. Wear of the head disk interface due to starting
and stopping (CSS) is minimized using L/UL technology. In the non-operational state,
load/unload drives have better shock performance than CSS drives since the slider is not
in contact with the disk and head-slap does not occur. However, in the L/UL scenario,
the lift-tab on the ramp may break during the non-operating state of the drive due to
shock. Hard disk drives need to be mechanically robust to sustain shock amplitudes to

specified levels for reliable operation.

2.1.3 Simulation Procedure for Non-operational Shock in HDD

A geometric model of the actuator arm, suspension, gimbal, slider, disk, base, ramp
and electrical components was developed using Pro-Engineer Wildfire [7] (commer-
cially available 3-D Computer Aided Design software). The geometry was then saved
as an IGES (Initial Graphics Exchange Specification) file format which stores the geom-
etry as a combination of lines and surfaces in a digital format. This file can be imported
into most finite element software programs. Altair Hypermesh [8] was used in this study.
A finite element mesh was created for the HDD components. The finite element model

of a typical hard disk drive used in this dissertation is shown in Figure 2.4.
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Figure 2.4: Finite element model of typical load/unload HDD

Loads and boundary conditions were applied to the finite element model. The shock
load is defined as an acceleration impulse, and is modeled as a half-sine acceleration
impulse of 0.5 to 2 ms duration. This acceleration impulse is applied at the base of the
disk drive model to simulate shock. The level of shock in terms of G’s (1 G = 9.81
m/s?) is the amplitude of the half-sine input. A typical shock input applied to the hard
disk drive model is shown in Figure 2.5.

Contact surfaces were defined between the suspension, gimbal and slider at the dim-
ple and limiter areas. The finite element model is created with solid and shell elements.
The suspension, gimbal (flexure), disk and electrical leads are modeled using shell ele-
ments. The base, actuator arm, ramp, and slider are modeled using solid elements. The
finite element model of the disk drive and the boundary conditions are saved in a format
appropriate for the finite element solver used in this study (LS-Dyna). LS-Dyna [2] is a
commercially available non-linear finite element solver (see Section 2.4) used to obtain

the transient response of the structural components of the hard disk drive model subject
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Figure 2.5: Schematic of half-sine acceleration load curve for shock

to a shock event. The amplitude and pulse width of the shock loading were varied to

study the effect of shock on the deflection and stress in the head-suspension assembly.

2.2 Operational Shock Simulation of the Head Disk
Interface

Operational shock occurs when the magnetic read/write head is flying over the spin-
ning disk at the design flying height. If the amplitude of shock is large enough to break
the air bearing between the slider and the disk, the slider may crash into the disk surface
which could cause failure of the head disk interface. The highest amplitude of oper-

ational shock that can be sustained by the hard disk drive without causing failure of
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Figure 2.6: Schematic for operational shock simulation and air bearing stress definition

the head disk interface is the "operational shock specification" for that particular disk
drive. The operational shock specification for a hard disk drive is typically lower than

the non-operational shock specification.

2.2.1 Simulation Procedure for Operational Shock in HDD

A finite element model for the operational shock was developed by using the same
components as the non-operational HDD model. In the operational shock model, the
head suspension assembly is positioned over the disk and supported by an air bearing.
The air bearing between the slider and the disk is modeled by using linear springs. The
shock input is applied to the base of the hard disk drive model to simulate linear shock.

Figure 2.6 shows a schematic of the head disk interface and the finite element model

used for operational shock simulation. The spring connecting the center of the slider
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to the disk represents the stiffness of the air bearing in the z-direction. Two springs
connecting centers of the trailing edge and the leading edge of the slider represent the
pitch stiffness of the air bearing. Two springs connecting centers of the inner edge
and the outer edge of the slider represent the roll stiffness of the air bearing. The air
bearing stiffness values are obtained from a finite element solution of the time dependent

Reynolds equation for hydrodynamic lubrication (see Chapters 6 and 7).

2.3 Vibrations in Hard Disk Drives

The motion of a structure due to an oscillating force applied to a mechanical system
is generally referred to as vibrations. Vibrations may be described as deterministic or
random. Deterministic vibrations follows a periodic, established pattern such that the
amplitude of the vibration at any point in time is known from the past time history. If the
vibration is random, then future events cannot be predicted from the past time history.
However, the probability of occurrence of particular magnitudes and frequencies of ran-
dom vibrations can be quantified in statistical terms. Hard disk drives usually encounter

vibrations that are random in nature.

2.3.1 Simulation of Random Vibrations in HDD’s

The simulation procedure for vibration loads applied to hard disk drives is similar to

the procedure for shock simulation. The half sine shock input is replaced by a random
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Figure 2.7: Typical random vibration input applied to the hard disk drive model

vibration input, as shown in Figure 2.7.

The peak-to-peak amplitude and the frequency band of the vibration input can be
controlled. This vibration input can be applied to the disk drive model in z, y and 2
directions to investigate the response of the head disk interface to random vibrations.
Details of the simulation results and the effect of vibrations on the head disk interface is
given in Chapter 5.

Figure 2.8 shows how a vibration input is applied in z, y and z directions.



x-direction
shock input

y-direction

T shock input

z-direction
shock input

Figure 2.8: Schematic to show how x,y and z vibration input is applied
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Figure 2.9: Notation for finite element formulation in the non-linear solver

2.4 Theory of Non-Linear Solver (LS-Dyna) used in Shock

and Vibration Simulations

2.4.1 Governing Equations

The objective is to obtain the time-dependent deformation in which a point in b (see
2.9), initially at X, (o =1,2,3) in a fixed rectangular Cartesian coordinate system, moves
to a point x; (¢=1,2,3) in the same coordinate system. A Lagrangian formulation [1], [2]

is used and the deformation is expressed as follows:

2 =2 (X, t) (2.20)
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with the following initial conditions:

(2.21)
:ti (XOmt = O) - V; (Xa)

where V; defines the initial velocities.
LS-Dyna [2] is a non-linear finite element solver. The derivation of the governing

equations in LS-Dyna starts with the momentum equation given as below:

0ijj + ol = pi; (2.22)

Appendix A describes the detailed derivation [2] and manipulation of the momentum
equation and boundary conditions to obtain a weak form of the equilibrium equations as

follows:

v v v by

Eq. (2.23) is referred to as the principle of virtual work: “the principle stating that
the total virtual work done by all the forces acting on a system in static equilibrium is
zero for a set of infinitesimal virtual displacements from equilibrium”.

A mesh of finite elements that are connected by nodal points (or nodes) is superim-

posed on the reference body and nodal parameters are tracked through time.
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i (Xayt) = 2 (Xa (£,1,€) Z%fné (1) (2.24)

In Eq. (2.24) k£ is the number of nodal points defining the element, z; is the nodal
coordinate of the j** node in the i*" direction, and ¢; are the interpolation or shape
functions of the parametric coordinates (¢, 7, ().

Summing over n finite elements on the body, Eq. (2.23) can be approximated as

follows:

or = Z 5, =0 (2.25)

Eq. (2.25) is then written as:

om=Y {/ i ®™ du +/ o T dv —/ pfi®"dy —/ t@;ﬁds} =0
Um Um, Um oby

m=1
(2.26)

where

(I)z = (¢17 ¢27 ¢37 """"" ¢k);n (227)

Eq. (2.26) can be written in matrix notation as follows:

{ / pNT Nadv + / Bl odv — / pNTbdv — NTtds} =0 (2.28)
Um Um Um ob1

m=1
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where N is the interpolation matrix, B is the strain-displacement matrix, a is the nodal
acceleration vector, b is the body force vector, ¢ is the traction force vector, and o is the
stress vector.

Using the sinulation procedures described in the previous sections of this chapter,
an input file for LS-Dyna is generated in Altair Hypermesh program. The input file
for LS-Dyna solver contains all the finite element model information such as the nodes,
elements, materials, thickness properties. The input file also contains the boundary
conditions such as the displacement constraints, shock or vibration load curves, contact
definitions, etc. LS-Dyna uses the above referenced theory to compute the displacement,
velocity, acceleration for each node in the finite element model of the input file and also
the stress and strain in each element. The values for displacment, velocity, acceleration,
stress and strain are computed for each time step in the simulation and stored in a result

file. This result file can be loaded back in Hypermesh to review the results.

2.4.2 Solid Elements

For a mesh of a 8-noded hexahedron solid elements, Eq. (2.24) becomes

8
T (Xart) = 2 (Xo (6,1,0) 1) = > 65 (&,m,Q) 2 (2) (2.29)

j=1

The shape function ¢; for the 8-node hexahedron is written as

¢ =< (L+&&) (1+nm;) (1+C¢) (2.30)

ool
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Figure 2.10: 8-node solid hexahedron element

where £, 7;, ¢; use unit values of (&1, +1, £1) and a:f is the nodal coordinate of the
4" node in the i** direction (Figure 2.10).
For a solid element, the shape function N is a 3 x 24 rectangular interpolation matrix

given by:

$ 00 0 - 00

NENC =10 ¢10 0 ¢y--- s 0 (2.31)

10 10 0 --- 0 @5

The stress vector is given as:

0= (sza Oyyy Ozzy Oy, Oyz, sz) (232)

B is the 6 x 24 strain-displacement matrix
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2.4.3 Shell Elements

The shell element formulation used by the LS-Dyna non-linear solver is based on
the derivation by Belytschko and Tsay in 1981. The Belytschko-Lin-Tsay shell element
[4] was implemented in LS-Dyna as an alternative to the Hughes-Liu shell element.
This was done since the Belytschko-Lin-Tsay shell element is computationally more
efficient than the Hughes-Liu shell element. For a shell element with five (through
thickness) integration points, the Belytschko-Lin-Tsay shell elements require 725 math-
ematical operations compared to 4066 operations for the under-integrated Hughes-Liu
element. The Belytschko-Lin-Tsay shell element is usually the shell element formula-
tion of choice and also the default shell element formulation in LS-Dyna.

The Belytschko-Lin-Tsay shell element is based on a combined co-rotational and
velocity-strain formulation. The efficiency of the element is obtained from the mathe-

matical simplifications that result from these two kinematic assumptions.
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Non-operational Shock Simulation in a

L.oad/Unload Hard Disk Drive

3.1 Overview

Mechanical shock is an important consideration for the durability and performance
of a hard disk drive. High shock loads are prevalent when the form factor of the drive
is small, or when the disk drive is used in hand-held electronic devices. Such de-
vices may experience shock loads as high as 3000G. Load/unload (L/UL) technology
is prevalent in most hard disk drives currently on the market. The head/disk interface
(HDI) of load/unload drives is less severely stressed than the HDI of contact start/stop
(CSS) drives. In addition, L/UL technology has better shock performance as the head

is "parked" on the ramp and not in contact with the disk during rest. Furthermore, the

44
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capacity of L/UL disk drives has increased because more disk space is available for data
storage. Improved shock performance during the non-operational state of a hard disk
drive is highly desirable. However, even if head/disk interactions are absent, other fail-
ure modes may occur such as lift-tab damage and dimple separation leading to flexure
damage during a non-operational shock.

A number of investigations have been made to study the response of the head disk
interface subject to non-operational shock in disk drives. Most of the published studies
have been for disk drives employing the CSS technology where the head is parked on a
specified location on the disk. Edwards [1] developed a finite element model to study the
effect of non-operational shock and head-slap behavior for a constant drop height and
various impact surfaces. The model was also verified experimentally by laser Doppler
vibrometry (LDV). In another investigation, Aristegui and Geers [2] used an estimate of
impact velocity in their finite element model to simulate linear shock response in hard
drives. In a more recent investigation, Jayson et al [3] studied the head slap behavior
during non-operational shock for both linear and rotary shock inputs. Lee et al [4]
developed a theoretical model to investigate head slap quantitatively and design a shock
resistant suspension by using Hamilton’s principle to formulate the equations of motion.
Haeng-Soo Lee et al [5] studied the effect of the inclusion of a dynamic absorber to
the actuator arm to improve shock resistance. They concluded that the slider lift-off
acceleration level could be increased with the application of a dynamic absorber. All

of these studies focused on non-operational shock response in disk drives using CSS
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technology.

Several papers have been published in the area of L/UL disk drive technology, but
mainly to study the dynamics of the head during the load and unload processes. Zeng
et al [6] developed a three degree of freedom (DOF) L/UL model with three springs and
three dampers to study the L/UL lift-tab and ramp interaction during the unload process.
Zeng and Bogy [7] later improved the three DOF model to a simplified four DOF L/UL
model to numerically compute the pitch changes due to lift-tab movement. The model
was used to calculate the force applied by the ramp during L/UL process. Weissner et
al [8] developed a finite element based suspension model which automatically included
the mass of the system including the suspension mass by using C1 continuous beam
elements. They studied the dynamics of the head during the load unload process. They
also investigated the different states of the suspension during the L/UL process with
the inclusion of displacement limiters. Zeng and Bogy [9] also studied the effect of
suspension limiters on the dynamics L/UL process numerically. They found that the
air bearing design, the unload speed, the limiter gap, the limiter offset and the limiter
stiffness had significant effect on the unload process.

This chapter describes the simulation of non-operational shock for a typical L/UL
type head suspension assembly (HSA) using finite element analysis. The effects of
shock amplitude, shock pulse width and design parameters on shock are studied for
non-operational conditions and the results are compared with the trends obtained from

a single degree of freedom (SDOF) model. In addition, the design of the so-called "sus-



47

pension limiter" is studied and its influence on the maximum von Mises stress predicted

in the suspension-flexure beams due to shock is investigated.

3.2 Numerical Load/Unload Model

A finite element model of the hard disk drive (HDD) was created using Altair Hyper-
works [10] as explained in Chapter 2. The HDD components modeled are the actuator
arm, the suspension, the head gimbal assembly (HGA), the base, the load/unload ramp
and the disk. The finite element model consists of solid elements and shell elements.
The base of the HDD, the slider and the ramp are modeled with constant stress solid
elements (Chapter 2). The disk, the actuator arm, the suspension and the gimbal are
modeled using Belytschko-Lin-Tsay shell (Chapter 2) elements with uniformly reduced
integration [11]. Figure 3.1 shows the finite element model of a typical L/UL HDD with
the suspension on the ramp. Shock inputs were modeled as half-sine accelerations with
various amplitudes and pulse widths. This acceleration was applied to the base of the
hard disk drive to simulate a shock event.

Contact pairs were defined between the suspension and the gimbal (flexure), the
suspension lift-tab and the ramp, and the slider and the gimbal surface. The contact al-
gorithm used is a surface to surface contact with one surface being assigned as "master"
surface and the other surface being a "slave" surface. The elements of the suspension

lift-tab directly above the ramp surface act as slave elements and the elements on the
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Figure 3.1: Finite element model of typical load/unload HDD

top surface of the ramp act as master elements in the contact definition. This algorithm
ensures that the slave elements do not penetrate the master elements by using a penalty
method. The contact force is determined by using the penalty method, which applies
a reaction force proportional to the penetration distance at an interfering node. Energy
is dissipated through the coefficient of friction defined for the interface. A non-linear
finite element solver (LS-Dyna [11]) was used to perform the transient shock analysis
(Chapter 2). The effect of non-operational shock was studied for a typical load/unload

disk drive with the suspension parked on the L/UL ramp.

3.3 Dimple Separation and Lift-Tab Separation

Dimple separation is defined as the maximum distance between the suspension dim-
ple and the head gimbal assembly (HGA) after a shock (Figure 3.2(a)), while lift-tab
separation is defined as the maximum distance between the suspension lift-tab and the

ramp after a shock (Figure 3.2(b)).
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Figure 3.2: (a) Schematic of dimple separation and (b) schematic of lift-tab separation

Figure 3.3 shows different positions of the suspension for a shock load of 800 G and

a pulse width of 1 ms as a function of time during a half-sine non-operational shock.

Figure 3.3(a) shows the initial position when the suspension lift-tab rests on the ramp,

while Figure3.3(b), 3.3(c) and 3.3(d) show the position at time t = 0.690 ms, t = 1.47

ms, and t = 2.20 ms, respectively. From Figure 3.3(b) (time, t = 0.690 ms), we observe

that the head gimbal assembly (HGA) has separated from the suspension dimple and

moves downward. This motion continues until the limiter stops the downward motion.

At this point, the HGA swings back and again contacts the suspension dimple, causing

the suspension to move in the upward direction. The upward momentum of the slider

causes the suspension lift-tab to separate from the ramp as shown in Figure 3.3(c.).
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Time: 0.69 ms

Time: 1.47 ms

Time: 2.20 ms

Figure 3.3: Different stages during non-operational shock simulation in a typical
load/unload type suspension model: (a) initial position, (b) dimple separation, (c) lift-tab

separation, and (d) return to initial position
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Figure 3.4: (a) Suspension lift-tab separation for different shock amplitudes and 1ms

shock pulse width, (b) FFT of lift-tab separation

The time at which the maximum lift-tab separation occurs is 1.470 ms after the initial
shock is applied. Maximum lift-tab separation occurs after the half-sine acceleration
shock impulse is completed. The suspension then moves downward to rest on the ramp
as shown in Figure 3.3(d.). This sequence repeats multiple times but the amplitude of

vibrations dampens out quickly after the end of the half-sine acceleration input.

3.4 Numerical Results

3.4.1 Effectof Shock Amplitude on Lift-Tab and Dimple Separation

Figure 3.4(a) shows the separation of the lift-tab versus time for shock amplitudes

of 800 G, 1500 G, and 2500 G. To study the frequency content of the HGA due to a
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Figure 3.5: (a) Suspension dimple separation for different shock amplitudes and 1ms
shock pulse width, (b) FFT of dimple separation

shock, Fast Fourier Transform (FFT) of the displacement signal was performed. 3.4(b)
shows the corresponding FFT of lift-tab separation. The pulse width of the half-sine
shock input was 1ms in all cases. We observe that the amplitude separation of the lift-
tab from the ramp is proportional to the amplitude of the shock. Figure 3.5(a) shows the
separation of the dimple from the HGA for shock loads of 800 G, 1500 G, and 2500 G,
respectively, and Figure 3.5(b) shows the corresponding FFT of dimple separation. The
displacement in Figure 3.5(a) is shown in a downward direction to indicate the distance
the HGA moves downward and away from the dimple.
Figure 3.4(a) and Figure 3.5(a) show that the maximum lift-tab separation and the
corresponding dimple separation increase with increasing shock amplitudes. Approxi-
mately one millisecond after the shock, the HGA separates from the suspension dimple

although the suspension lift-tab continues to rest on the ramp. The limiter engages with
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Figure 3.6: Maximum lift-tab and maximum dimple separation for different shock pulse

widths of 800G amplitude

the suspension to limit the head separation, causing the HGA to swing back towards the
suspension. The contact of the HGA with the suspension dimple causes the separation
of the lift-tab from the ramp. . The predominant frequency peak was found to be the first
bending mode of the suspension, (3.2 kHz). Thus, the first bending mode of the suspen-
sion determines the separation of the lift-tab in the vertical direction. The amplitude of
the frequency peak at 3.2 kHz increases with increasing shock amplitude as observed in
Figure 3.4(b) and Figure 3.5(b). As can be seen from Figures 3.4 and 3.5, the greater

the dimple separation, the greater is the lift-tab separation from the ramp.
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3.4.2 Effect of Shock Pulse Width on Lift-Tab and Dimple Separa-
tion

To study the effect of shock pulse width on the frequency of excitation, the shock
pulse width was varied while keeping the amplitude of the shock constant. Figure 3.6
shows the suspension lift-tab and dimple separation for shock pulse durations of 1 ms,
2 ms, and 3 ms, respectively. In each of the three cases, the amplitude of the shock was
800 G’s.

We observe that both the lift-tab and the dimple separation decrease as the pulse
width of the half-sine shock input increases. Impact on hard surfaces like concrete
or steel causes high amplitude accelerations with shorter pulse widths, while impact
on soft surfaces like rubber or carpet produces low amplitude acceleration with longer
pulse widths. Figure 3.7 and Figure 3.8 show the maximum lift-tab and maximum
dimple separation for the case when the amplitude of the shock is 1500G and 2500G,
respectively.

In Figure 3.9, the onset of lift-tab separation as a function of the shock amplitude
and the shock pulse width are shown. We observe that the onset of lift-tab separation is
a function of the pulse width of the shock input. The lift-tab begins to separate from the
ramp after the completion of the half-sine shock pulse even if the amplitude of the shock
is kept constant. On the other hand, if the shock amplitude is varied keeping the shock
pulse width constant, we observe that the onset of the lift-tab separation is constant for

all cases.
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3.4.3 Effect of Design Parameters on Lift-Tab Separation and Dim-

ple Separation

To study the effect of design parameters on lift-tab separation and dimple separation,
a sensitivity analysis for the suspension and gimbal was performed by changing the
thickness of the suspension and the gimbal. The shock amplitude was kept constant
at 800 G and the pulse width was 1 ms for all cases. In each case, an increase in the
thickness of the suspension or the gimbal spring resulted in a higher bending stiffness.
An increase in the thickness of the flexure (gimbal) resulted in a reduction of the dimple
separation and also a reduction in the lift-tab separation. Reduced dimple separation
and lift-tab separation were obtained when the thickness of both the suspension and the
gimbal were increased simultaneously.

Figure 3.10 shows the comparison of maximum lift-tab separation and maximum
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dimple separation for the original suspension-gimbal design and three modified sus-
pension and gimbal designs. From Figure 3.10 we observe that the maximum lift-tab
separation and the maximum dimple separation decrease when the thickness of the gim-
bal is increased by 50% over that of the original design. Comparing the various designs,
we see that similar results for maximum lift-tab separation and maximum dimple sepa-
ration can be obtained by increasing either the suspension thickness or by increasing the
gimbal thickness. This can be explained as follows. An increase in the gimbal thickness
causes a reduction in the deflection of the HGA due to the increased bending stiffness.
Therefore, the momentum of the "swing back" to reestablish contact with the suspen-

sion dimple is reduced, resulting in reduced lift-tab separation. Similarly, an increase
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Figure 3.11: Limiter design

in the suspension thickness decreases the suspension deflection due to higher bending

stiffness, thereby reducing the dimple and also the lift-tab separation.

3.4.4 Effect of Suspension Limiters and Stress Induced due to Shock

In many load/unload HDD’s, a so-called "suspension limiter" is used to restrict the
downward movement of the HGA during dimple separation. To investigate the operation
and stress induced when a suspension limiter engages, we have studied the performance
of a typical limiter design (Figure 3.11).

As can be seen from Figure 3.11, the limiter acts like a hook which contacts the
upper surface of the suspension if a large dimple separation occurs. This limits the
allowable value of the dimple separation.

As 1s shown in Figure 3.12, the maximum von Mises stress occurs at the bending

region of the flexure during dimple separation. For a shock amplitude of 800 G and a



Figure 3.12: Region of flexure where the maximum von Mises stress occurs
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shock pulse width of 1 ms, the maximum von Mises stress in the flexure for the limiter
design shown in Figure 3.11 was = 450 N/mm?2.

The maximum von Mises stress in the flexure is plotted as a function of the shock
amplitude and shock pulse width in Figure 3.13. We observe that the stress in the flexure
increases with increasing shock amplitude. However, an increase in the shock pulse
width reduces the von Mises stress in the flexure. We also observed that for shock
amplitudes greater than 2700 G ( 1 ms half-sine pulse width), plastic yielding occurs at

the bending region of the flexure, i.e., the maximum von Mises stress exceeds the yield
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stress of the material used for the flexure.

3.5 Summary and Discussion

From the numerical results presented, we have observed that dimple and lift-tab
separation increase with increasing shock amplitude. On the other hand, both dimple
and lift-tab separations were found to decrease with increasing shock pulse width or
increasing suspension or gimbal spring thickness. These trends are in agreement with
predictions obtained from a damped single degree of freedom (SDOF) model for the
suspension shown in Figure 3.14.

For this system, the equation of motion is given by
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Z 4 26wt + wiz = —Asin (%t) 0<t<T) (3.1)

where z is the relative displacement given by z = = —y, c is the damping coefficient,
m is the mass, k is the stiffness, while ¢ is the damping ratio given by £ = ¢/2mw,, and
wy, is the natural frequency given by w? = k/m.

For the acceleration profile given by

) = {Asz’n (”—t> 0<t<T)0 (t>T) (3.2)

the displacement is given by

AT? (7t i
5 (?—Sln?) 0<t<T)
y(t) = (3.3)

AT <¥ — 1) (t>1T)

™

Figure 3.15(a) and Figure 3.15(b) show the relative displacement for the single de-
gree of freedom suspension model as a function of the shock amplitude and shock pulse
width, respectively. We observe that an increase in the amplitude of shock increases
the relative displacement while an increase in the pulse width causes a reduction in the
relative displacement. Furthermore, an increase in flexure thickness results in a reduced
relative displacement.

In order to predict the trend of dimple and lift-tab separation on suspension and
gimbal thickness, it is convenient to model the suspension as a beam of rectangular

cross section. For this case, the equation for the fundamental frequency of a uniform
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beam is given by

fo =K W (34)

where I = wt® /12 is the area moment of inertia, (w = width of beam, ¢ = thickness

of beam) and m = pV = p* [ *x w x t ( p is the density, V' is the volume)

Jooct (3.5)

Thus, for a simple beam, the fundamental frequency is directly proportional to the
thickness of the beam. Figure 3.15(c) shows the relative displacement of the single
degree of freedom model as a function of the thickness (a function of the natural fre-
quency). We observe that the trends obtained from the single degree of freedom model
for the suspension agree well with the results obtained from finite element analysis.
We also note that the relative displacement increases with increasing shock amplitude,

decreases with increasing pulse width, and decreases with increasing thickness.

3.6 Conclusions

The following conclusions can be drawn from this study:
Lift-tab and dimple separation increase with increasing shock amplitudes.
Lift-tab separation and dimple separation decrease with increasing shock pulse width.

The pulse width of shock input governs the onset time of lift-tab separation. Shorter
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pulse widths excite higher frequencies and greater amplitudes. A short duration shock
pulse width causes larger lift-tab separation than a longer duration pulse width for the
same shock amplitude.

An increase in the thickness of suspension and gimbal spring causes a reduction in
lift-tab separation as well as dimple separation.

The numerical FEM predictions agree well with the trends obtained from a simpli-
fied single degree of freedom model for the suspension/gimbal structures.

The maximum von Mises stress in a flexure increases with increasing shock am-
plitudes. Plastic deformation occurs first in the flexure when the amplitude of shock

exceeds the HDD’s capability.
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Experimental and Numerical
Investigation of Shock Response in 3.5

and 2.5 inch form factor Hard Disk

Drives

4.1 Overview

Hard disk drives encounter shock and vibrations due to impact loads, both during
manufacturing and during end use. The effect of mechanical shock is one aspect of
the durability of a HDD. Mechanical shock can damage the head disk interface (HDI)

leading to permanent failure. It is therefore important to study the response of a HDD

68
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to shock during operational condition in addition to the non-operational condition. A
number of investigations have been performed in the past to study the effect of shock in
HDD. Allen and Bogy [1] studied the non-operational shock response at the component
level for the disk, the suspension and the slider. Edwards [2] performed finite element
analysis of an HDD model and compared the numerical results with the experimental re-
sults obtained using laser Doppler vibrometry. This study evaluated the shock response
of the HDD as a complete system instead of components. Jayson et. al. [3] studied
the "head slap" behavior during non-operational conditions for linear and rotary shock
inputs. Kouhei et al [4], Ishimaru [5], and Kumar et al [6] have investigated the "head
slap" phenomenon experimentally for non-operational shock. Lee et al [7] developed
a theoretical model to investigate head slap quantitatively and design a shock resistant
suspension by using Hamilton’s principle to formulate the equations of motion. Zeng et
al [8] and Jayson et al [9] implemented finite element analysis to obtain the structural re-
sponse of an HDD during operational conditions to shock loads. Zeng et al [8] computed
the air bearing stiffness values obtained by solving the steady state Reynolds equation
employing a finite difference based numerical scheme. Zeng et al [8] and Jayson et al
[9] used to modify the finite element model to obtain the time dependent normal load
and moments applied on the slider. Then they determined the dynamic air bearing re-
sponse to operational shock by solving the time dependent Reynolds equation. Jayson
et al [9] used a finite element based solution of the time dependent Reynolds equation.

They also studied the effect of air bearing stiffness on a HDD subjected to operational
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shock. In a recent investigation, Bhargava and Bogy [1] proposed a procedure to com-
pute the normal loads and moments applied to the slider and determine the air bearing
response simultaneously by coupling the two simulation routines for fast computation
time. Jayson and Talke [11] also performed slider optimization for operational shock.
The time dependent forces and moments were applied as external loads to get the slider
response to operational shock as in [9]. The genetic algorithm was then used to optimize
the air bearing contour to get optimum results for shock.

In this chapter we investigate the shock response of two form factor hard disk drives.
The first is the 3.5 inch HDD, typically used in desktop computers, and the second, a 2.5
inch HDD, typically used in laptop computers. Shock loads and product specifications
are different for both types of disk drives. The shock response spectrum (SRS) for linear
shock input was obtained during both non-operational and operational states of the drive.
The out of plane (z-axis) displacement of the arm and the suspension was measured
at different positions using a laser Doppler vibrometer (LDV). The experiments were
repeated at least 5 to 10 times at each measurement position to determine the mean
and the standard deviation for the maximum peak-to-peak displacement amplitude. A
numerical finite element model was developed to simulate the shock response of HDD’s.
Finite element mesh and loads are applied using a procedure similar to that described in

Chapter 2 (Altair Hypermesh [9], LS-Dyna [5]).
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Figure 4.1: Linear shock test machine (GHI Systems Inc.)

4.2 Description of the Experiment

A commercially available linear shock test machine (GHI Systems LSM [12]) was
used for the measurement of the shock response in hard disk drives (Figure 4.1 ). The
tester consists of a mounting table (where the HDD is mounted), a seismic mass (to
which the mounting table impacts during test), an adjustable linear travel mechanism for
the mounting table, and a release mechanism (powered by pneumatic pressure springs).

The tester allows application of half-sine accelerations in the range from 1 G to
10,000 G with pulse widths ranging from 0.1 ms to 30 ms. The amplitude of shock
was controlled by varying the distance of travel of the mounting table before impacting
the seismic mass. The pulse width of the half-sine shock load can be varied by using

different dampers (pre-programmed by elastomeric durometers) to impact the seismic
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mass. The hard disk drive was mounted onto a C-shaped bracket to secure the drive. The
bracket was in turn mounted on the mounting table of the shock machine in a vertical
position as shown in Figure 4.2. A rigid block of aluminum was used to minimize the
movement of the drive in the horizontal direction due to a linear shock. The cover of
the hard disk drive was modified by cutting an opening and covering it with an optically
clear glass plate to permit observation of the head suspension assembly (HSA). The
window was large enough to permit observation of the HSA during both operational
conditions and also during non-operational conditions when the head is parked on a
ramp adjacent to the disk.

A Polytec Laser Doppler Vibrometer (1D-LDV) was used to measure the out-of-
plane motion of the actuator arm and the suspension at various locations in the disk
drive using a transparent mirror mounted on the cover of the drive. A dual fiber interfer-
ometer setup was used with the incident beam on the object to be measured and (head or

suspension) and the reference beam on the object’s carrier (drive body or bracket). This
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technique allowed the common mode of the carrier’s movement to be removed since the
reference beam was dynamically subtracted from the incident beam. A PC was used to
control the linear shock machine and another PC was used to control and capture the

LDV signal. Post processing of the raw data was performed using Matlab.

4.3 Experimental Results

During non-operational shock, the actuator was "parked" with the suspension lift-tab
resting on the L/UL ramp. During operational shock, the disk was spinning and the head
was flying over the disk on the outer diameter corresponding to the first data track on

the disk. Results for both states of the hard disk drive are discussed in this section.

4.3.1 Results for 3.5 inch HDD
1) Non-operational Shock Response

Figure 4.3(a.), (b.), and (c.) show the experimental data for the displacement of the
actuator arm and suspension at three positions denoted by P1, P2, and P3. Position P1
is near the voice coil motor (VCM)), position P2 is near the suspension, and position P3
is in the bending region of the suspension hinge, respectively.

In Figure 4.3, a shock amplitude of 250 G (1 G = acceleration of gravity, 9.81 m/s?)
and a half-sine pulse width of 1 ms was applied. The experiments were repeated at

each measurement positions at least ten times. The average of the maximum peak to
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peak amplitude of displacement was 100 m for the actuator arm and 110 m for the
suspension. From the experimental data, we observe that the vibration of the arm and
suspension damp out quickly after the shock input. As can be seen from Figure 4.3, the
displacement of the arm suspension assembly is dampened out almost completely after
45 ms.

A similar trend in the time-dependent displacement profile was observed for the arm
and the suspension. The frequency content of the displacement is shown on the right side
of Figure 4.3(a.), Figure 4.3(b.) and Figure 4.3(c.). The first peak at 400 Hz corresponds
to the bending mode of the actuator arm and the second peak at 1750 Hz corresponds
to the suspension bending mode. No torsional modes of vibration were observed during
the experiment. The 400 Hz frequency is a coupled mode which appears on both the arm
and suspension displacement signals. The reason for this behavior seems to be the fact
that the bending of the suspension includes the effect of bending of the actuator arm.
Hence the frequency content of the arm also appears on the FFT of displacement plot
for the suspension beam (Figure 4.3(c.)). On the other hand, the suspension bending
frequency of 1750 Hz (high frequency vibrations as seen in Figure 4.3(c.)) was not
observed in the FFT of the displacement profile for the arm (Figure 4.3(a.) and Figure
4.3(b.)). The reason for this behavior is the fact that the bending of the actuator arm
is independent of the bending of the suspension beam. The standard deviation after
averaging ten measurements at each position was within 5 % to 10 %.

Figure 4.4 shows the spectrogram of the suspension displacement signal shown in
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Figure 4.4: Time frequency spectrum of the suspension displacement for non-

operational shock in 3.5 inch HDD

Figure 4.3(c.). We observe well defined frequency peaks at 400 Hz and 1750 Hz, re-
spectively, as was observed in Figure 4.3(c). The first band is between 300 Hz to 700
Hz with peak amplitude of 400 Hz corresponding to the arm bending mode. The second
band with peak frequency amplitude of 1750 Hz is the suspension bending mode. The
amplitude of the mode in the 400 Hz range is higher than the mode at 1750 Hz. A portion
of the actuator arm for the 3.5 inch HDD studied was located directly above the outer
diameter of the disk during the non-operational state of the disk drive. We therefore
measured the z-axis displacement of the disk at the outer diameter which corresponds
to a radial position directly below the portion of the actuator arm covering the disk. The

average peak-to-peak displacement of the disk at the outer diameter was measured to be
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40 m. The clearance between the arm and the disk in the z-axis was approximately 200
m. Even if the disk and the arm displacements were out of phase during the shock, there
should be no arm-disk impact due to shock. However, in other disk drives a arm/disk

impact could occur if the initial arm/disk clearance is small (less than 200 m).

2) Operational Shock Response

Figure 4.5 shows the displacement of the actuator arm and the suspension at different
positions during the operational shock input for the 3.5 inch HDD. Arm positionl (AP1)
is the one nearest to the voice coil motor (VCM) and the suspension position2 (SP2) is
the farthest from the VCM towards the free end (see inset). In the operational case, the
vibrations of the suspension due to shock include contributions from the disk run-out.
Since the suspension flies over the spinning disk, any disk run-out caused by the shock
load should result in additional vibrations of the head and the suspension.

In Figure 4.5, a shock of 40 G’s amplitude and a half-sine pulse of 2 ms was used.
The rotational speed of the disk spindle was 15,000 rpm. All measurements in this
study were made with the head flying at the outer diameter of the disk. The average
of the maximum peak to peak amplitude of displacement for the actuator arm and the
suspension was 80 m and 95 m, respectively.

Figure 4.6(a.) shows the out of plane displacement of the suspension for an opera-
tional shock of 40 G’s, 2 ms input for the 3.5 inch HDD and Figure 4.6(b) shows the

spectrogram for the displacement signal. We observe that the frequencies from 300 Hz
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Figure 4.5: Displacement of the actuator arm and the suspension at different positions

for operational shock in 3.5 inch HDD

to 600 Hz are identical to the frequencies found in the spectrum shown in Fig.4 for the
non-operational shock. On the other hand, a frequency band is observed at 2100 Hz
which is slightly higher in amplitude than the one in the non-operational case (1750
Hz). This can also be observed by comparing the FFT signal in Figure 4.6(a.) and Fig-
ure 4.3(c.). The overall displacement signal looks similar for the operational shock and
non-operational shock even though the specifications are 40 G - 2 ms and 250G - 1 ms,
respectively. In the non-operational case, the suspension rests on the ramp and conse-
quently, the disk does not contribute any additional displacement. The non-operational
case is similar to a cantilever type loading. However, in the operational case, the suspen-
sion flies over the disk with the support of the air bearing which acts as a spring/damper

system between the slider and the disk. Thus disk run-out also contributes to the out
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Figure 4.7: Displacement of the top disk at the outer diameter for operational shock in

3.5 inch HDD and corresponding FFT plot

of plane motion of the suspension-arm assembly. The higher frequency for operational
shock can also be attributed to the fact that the suspension is supported at both ends.
Figure 4.7 shows the displacement of the disk at the outer diameter and the FFT of
the displacement signal. The first and the second umbrella mode of the disk are at 275
Hz and 400 Hz which can be seen in Figure 4.7. The peaks at 550 Hz and 800 Hz are the
harmonics of the umbrella modes. The average maximum peak to peak displacement
of the disk at the outer diameter was approximately 7 m, i.e., the contribution of disk

run-out to HSA vibrations is minimal.
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Figure 4.8: Displacement of the top disk at the outer diameter for operational shock in

3.5 inch HDD and corresponding FFT plot

4.4 Numerical Finite Element Model Of The Hard Disk

Drive

A finite element model of the hard disk drive was developed using the procedure
described in Chapter 2. The simulation computed the acceleration, velocity, and the
displacement of each node and also the stress and strain across each element. The dis-
placements of the arm and suspension assembly were computed and compared with
experimental results.

Figure 4.8 shows the numerical finite element model of the 3.5 inch HDD. The actua-
tor arm, the ramp and the slider were modeled using solid elements. The suspension, the
gimbal and the electrical leads were modeled using shell elements. The model consists

of a total of 9904 nodes and 7036 elements. For the non-operational case, the suspen-
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Figure 4.9: Schematic of half-sine acceleration load to simulate shock

sion lift-tab rests on the load/unload ramp. Contact is defined between the suspension
lift-tab elements and the top surface of the ramp.

Figure 4.9 shows the schematic of a half-sine acceleration load applied to simulate
shock numerically. A half-sine shock load of 250 G and 1 ms pulse width was applied
to the HDD model.

Figure 4.10shows the finite element shock simulation results for the 3.5 inch HDD
model. The displacement time response of the arm and the suspension was computed
at locations corresponding to those of the measured data. The maximum peak-to-peak

displacement amplitude predicted by the finite element simulation was within 10% to
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Figure 4.11: (a). FFT of arm and (b) FFT of suspension for non-operational shock
simulation in 3.5 inch HDD FE model
experimental results for both the actuator arm and the suspension. The maximum peak
to peak displacements for the actuator arm and the suspension were 90 m and 120 m
respectively.

Figure 4.11(a.) shows the FFT of the time response for the arm and Figure 4.11(b.)
shows the FFT of the time response for the suspension. There is good agreement of the

numerical simulation results with the experimental results with respect to the predomi-
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Figure 4.12: Acceleration of arm and suspension at different positions for non-

operational shock simulation in 3.5 inch HDD FE model

nant modes of bending.

Figure 4.12shows the acceleration of the actuator arm and suspension at various po-
sitions. The acceleration for the actuator arm in Figure 4.12(a.) and Figure 4.12(b.) is
similar to that of the half-sine acceleration applied at the base of the actuator arm. How-
ever, the stiffness of the suspension is quite different from that of the arm, resulting in
vibrations of higher frequency. Figure 4.12(c.) and Figure 4.12(d.) show that the instan-
taneous acceleration in the suspension could reach values as high as ten times the peak
half-sine acceleration input. The acceleration decreases rapidly after the completion of
the half-sine shock load in the actuator arm (Figure 4.12(a.) and Figure 4.12(b.)), but it

takes longer for the acceleration to dampen out in the suspension (Figure 4.12(c.) and
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Figure 4.12(d.)).

4.5 Discussion of Results and Comparison with 2.5 inch

HDD

For the prescribed shock inputs, the actuator arm and the suspension predominantly
show bending modes of vibrations. Non-operational and operational shock experiments
showed that the actuator arm, the suspension, and the disk experience out of plane
vibrations due to the linear shock. These vibrations tend to increase in peak-to-peak
amplitude from the VCM towards the free end of the suspension. For the specified
non-operational shock conditions, we observed that the combined displacements of the
actuator arm and the disk did not cause any interference. The specifications for the non-
operational and operational shock cases were 250 G, 1 ms and 40 G, 2 ms respectively.
However, the difference in the displacement amplitudes for the two cases was slight,
if any. The actuator arm suspension system showed peak-to peak z-axis displacement
between 80 m and 120m. This means that the HDD can withstand higher amplitude
shock loads during non-operational state than during the operational state without any
damage to the HDI. The operational shock specification in terms of shock amplitude is
15% to 20% of the non-operational specification for both form factors discussed (250 G
for non-operational shock and 40 G for operational shock for 3.5 inch HDD). Hence, the

worst case situation is head disk interface failure during operational condition. On the
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other hand, the disk is much more robust to shock compared to the head stack assem-
bly. HDI failure mostly occurs due to impact of components of the head stack assembly
onto the disk ("head slap" [2], [3]). Components of the head stack assembly in general
fail earlier due to shock than the disk. The simulation results show that the von Mises
stress in the suspension and flexure approaches the yield strength during a shock event.
Suspension design changes and increases in the suspension preload can reduce the head
slap phenomena and thereby increase the operational shock specifications. Slider air
bearing design and optimization to prevent head slap during operational shock [11] can
also improve the shock performance of the HDD. Numerical simulation results for the
non-operational case agreed well with the experimental results with respect to the dis-
placement amplitudes and modes of vibrations. The shock response was also measured
for the 2.5 inch HDD. The specification for non-operational shock load and operational
shock load in the 2.5 inch HDD was 800 G - 1 ms and 100 G - 11 ms respectively.
Typical results of the displacement of the actuator arm and suspension of 2.5 inch
HDD for non-operational shock are shown in Figure 4.13. It is evident from Figure
4.13 that the fundamental frequencies of the arm-suspension assembly are higher in the
2.5 inch HDD than in the 3.5 inch HDD. The implications of these results in terms
of shock response are that the 2.5 inch HDD is capable of withstanding higher shock
loads than the 3.5 inch HDD. This is desirable since the smaller form factor drive is
used in a mobile environment and has greater likelihood of experiencing impact loads

than the 3.5 inch HDD. Fundamentally, the arm structure and design is different for the
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two HDD’s. The larger arm stacking in the 3.5 inch HDD along with the longer beam
length and lower bending stiffness produces lower frequency modes. Alternatively, the
2.5 inch HDD has smaller HSA stacking, a less rigid design and smaller beam length,
which produce higher frequency modes. Higher bending frequencies for the HSA are

desirable for better shock performance.

4.6 Summary and Conclusions

The shock response of a 3.5 inch HDD was experimentally investigated for both the
non-operational and the operational case.

We observed that there is no actuator arm - disk impact for the specified non-
operational shock load conditions.

Operational shock response showed that the disk contribution to out of plane dis-
placements of the HSA is less than 10% for the specified shock load conditions in the
experimental set up.

A numerical finite element model of the 3.5 inch HDD was developed to simulate
the shock response for the non-operational case. The results obtained in the simulation
compared well with the experimental results. The bending modes of the suspension and
arm were also in good agreement with the experimental results.

In comparison, we observed that the vibrations modes of the suspension-arm as-

sembly in the 2.5 inch HDD is higher than the vibration modes of the suspension-arm
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assembly in a 3.5 inch HDD.
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Numerical Investigation of Shock and
Vibration Response in 1-inch Form

Factor Hard Disk Drives

5.1 Dynamic Response of 1-inch form factor disk drives

to Shock Loads

Commercially available microdrives (1-inch form factor disk drives) were tested
using linear shock testing equipment. The shock amplitude for operational and non-
operational shock was gradually increased to determine the maximum shock that a mi-
crodrive could withstand before failure. During a shock event, the displacement and

frequency of the vibrations of the microdrive were examined at various locations on the

93
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arm and suspension. In addition, A scanning laser Doppler vibrometer (LDV) was also
used to determine the amplitude and frequency of the vibrations of the front cover and
to investigate whether these vibrations contribute to failure of the head/disk interface.
A finite element model of the disk drive was also developed to simulate the shock re-
sponse. The maximum amplitude for failure to occur was determined numerically for
operational and non-operational conditions using a pulse width of 2 ms. A comparison

of experimental and numerical results was performed.

5.1.1 Overview

The probability of experiencing external shock and vibration loads are higher for
small form factor disk drives. These drives are used in consumer products such as
music players (iPods), digital cameras, personal digital assistants (PDA’s), and cellular
phones. Therefore, it is important to understand the shock boundary (amplitude of shock
at which the head disk interface fails) and vibration characteristics of small form factor
drives.

Several authors have published work on shock in the head disk interface. Bhargava
and Bogy [1] proposed a procedure to compute the normal loads and moments applied
to the slider and determine the air bearing response simultaneously by coupling the two
simulation routines for fast computation time. Jayson and Talke [2] also performed
slider optimization for operational shock. The time dependent loads and moments were

applied as external loads to predict the slider response to operational shock as in [3].
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The genetic algorithm was then used to optimize the air bearing contour for shock [2].
In the previous chapter [4], the operational and non-operational shock response of 3.5
and 2.5 inch hard disk drives was described. The displacement of the actuator arm,
the suspension, and the disk due to linear shock was studied both experimentally and
numerically.

In this chapter, we investigate the shock and vibration response of small form factor
(1 inch disk diameter) hard disk drives or "microdrives". A number of microdrives were
used to determine the operational and non-operational shock response using the same
shock testing equipment as used in Chapter 4. In this study, three types of microdrives
were tested; Vendor #1 with 4 GB (Gigabytes) and 6 GB drives and Vendor #2 with a
5 GB drive. An analysis and comparison was made between all three types of drives
to determine the maximum shock parameters needed to sustain hard and soft errors.
The response to linear shock input was studied for both non-operational and operational
states of the drive. The out-of-plane (z-axis) displacement of the arm and suspension
was investigated at different positions. In addition to the experimental data collected, a

numerical finite element model was developed to simulate shock in a microdrive.

5.1.2 [Experimental Results

Microdrives from two different vendors were first subjected to operational shock
while the heads performed random read/write motion between the inner diameter (ID)

and outer diameter (OD) of the disk. Shock testing under fast access conditions is done
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(a)

+ denotes a “hard” error

(b)

Figure 5.1: (a) Hard errors after 200 G - 2 ms shock during dwell (both surfaces of a
single disk), (b) Hard errors after 200 G - 2 ms shock during fast access (both surfaces

of a single disk)

for the following two reasons: 1) to simulate “real life” events during which the drive
will be subjected to shocks, i.e. running, walking, or jogging; and 2) to study the shock
response of the drive while it is accessing different tracks. During fast access, the flying
height of the head decreases due to roll motion of the head. A shock event can impose
severe stress on the head/disk interface during roll motion since the flying height is
decreased.

A typical shock event during track following (dwell) and fast accessing is shown in
Figure 5.1(a) and Figure 5.1(b), respectively. The shock event during dwell produces

only 1 hard error at the location of the dwell track. The shock event during fast access
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Figure 5.2: Number of Hard Errors vs. G, Vendor #1 (operational shock)

produces over a dozen hard errors between ID and OD, which is more than ten times
worse than the dwell condition. During the time that both heads are accessing across
the surface of the disk, the shock event occurs over a 2 ms time. The heads hit the disk;
bounce many times while the actuator is pulling the heads across the entire surface, from
ID through OD. Multiple hard errors are created across both disk surfaces.

For the operational shock, the shock intensity in the z-direction was monotonically
increased from O to 250 G while monitoring the number of hard/soft errors that incurred
for each shock level. The shock pulse width was 2 ms for all operational shock experi-
ments.

The results of the first linear shock test for Vendor #1 microdrive is shown in Figure
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Figure 5.3: Number of Hard Errors vs. G, Vendor #2 (operational shock)

5.2. The specification for all microdrives tested was 200 G operational in the z-direction.
The microdrive tested passed this specification and went on to log hard errors at 210 G,
which was termed a failure. The microdrive from Vendor #2 was tested in the same
fashion and the results are shown in Figure 5.3. This microdrive passed the 200 G speci-
fication and then failed at 216 G. Both microdrives tested successfully for the operational
shock specification.

For the non-operational shock, the shock amplitude in the z-direction was increased
from 0 to 2800 G while monitoring the readiness of the HDD after each shock level.
The specification for both drives is 2000 G. The shock pulse width was 1 ms for all

non-operational shock experiments. The non-operational shock parameter (increasing
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Figure 5.6: . Finite element model of the microdrive

the amplitude of G) was tested against both microdrives and the results are shown in
Figures 5.4 and 5.5.

The non-operational shock testing of the microdrive for Vendor #1 was shown to be
very robust since it surpassed the specification of 2000 G by 800 G. The experiment
was truncated at 2800 G due to limitations of the shock apparatus. The microdrive for
Vendor #2 also surpassed the 2000 G specification but increasing it to 2500 G caused
the disk to shatter. The disk failure was due to shock failure of other components in the
drive that impacted the disk during the shock event. The second part of the experiment,
involving the measurement of the out-of-plane (z-axis) displacement of the arm and the

suspension, will be discussed as a comparative analysis in the following section.
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5.1.3 Numerical Shock Simulation and Comparison to Experimen-

tal Results

The finite element model of the disk drive is shown in Figure 5.6. The shock specifi-
cations for the microdrive were used in the numerical model for the non-operational and
operational conditions. Shock loads were modeled as half-sine acceleration impulses.
The shock loads were applied to the base of the disk drive for the shock simulation. A
commercially available finite element program [9] was used as pre and post-processor
in the simulation study. Two different finite element models were developed for numer-
ical analysis. One model was for a non-operational shock simulation and the other for
an operational shock simulation. For non-operational shock simulation, the head stack
assembly is parked on a load/unload (L/UL) ramp. For the operational shock simula-
tion, the head stack assembly is supported over the disk by springs that represent an air
bearing as in [3].

The transient analysis of the drive response to a shock was performed using a non-
linear finite element solver (LS-Dyna [5]). Contact is defined between the various com-
ponents such as the suspension, gimbal, ramp, slider and disk to avoid interference.
The simulation computed the acceleration, the velocity, and the displacement of each
node and also the stress and strain for each element. The displacement of the arm and
suspension assembly was computed and compared with experimental results.

Figure 5.7 shows the displacement of the suspension for an operational shock. Fig-

ure 5.7(a) is the measured data and Figure 5.7(b) is the simulation result. In Figure
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5.7 an acceleration of 210 G and a pulse width of 2 ms duration were used for both
the experimental and numerical results. We observe that the maximum peak-to-peak
displacement from the numerical simulation is close to the experimental results.

Figure 5.8(a) shows the Fast Fourier Transform (FFT) of the measured displacement
signal for operational shock shown in Figure 5.7(a). Figure 5.8(b) shows the spec-
trogram of the numerical displacement signal for operational shock shown in Figure
5.7(b). From Figure 5.8, we observe mostly the first bending modes of the arm and the
suspension. From the FFT plot of the measured data, we see that the dominant resonant
frequencies are between 500 Hz to 3800 Hz with the maximum amplitude occurring at
around 950 Hz. This is also seen on the spectrogram (Figure 5.8(b)) of the shock simu-
lation data suggesting good correlation of the experimental and numerical results in the
frequency domain. The displacement time response of the arm and the suspension was
computed at locations similar to those where the data were measured. A comparative
analysis was made for both the non-operational and the operational shock data.

Figure 5.9 shows the maximum peak-to-peak displacement of the arm and suspen-
sion for non-operational shock. The experimental results for the maximum peak-to-peak
displacement of the arm and the suspension are compared with the numerical results.
The amplitude of the displacement for the arm and the suspension is between 30 m and
50 m.

Figure 5.10 shows the maximum peak-to-peak displacement of the arm and suspen-

sion for operational shock. A comparison of experimental and numerical results for
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operational shock is also shown in Figure 5.10. We observe that the displacement of the
actuator arm is lower compared to the suspension. This is expected because the arm is
much stiffer than the suspension. From Figures 5.9 and 5.10, we observe that the max-
imum peak-to-peak amplitudes of displacement for the arm and suspension are similar

even though the specifications of shock loading conditions are significantly different.

5.1.4 Summary of Results for Shock Response of 1-inch HDD’s

Non-operational shock data was obtained for 1-inch hard disk drives when the head
stack assembly was parked on the load/unload ramp. The shock amplitude is about ten
times higher than that of the operational shock event which takes place when the head
is loaded and flying over the disk. The HSA is either in a track-follow mode or in a
random track-seeking mode from inner diameter (ID) through the outer diameter (OD)
of the disk. In the operational state, the head is separated from the disk by an air bearing
with spacing on the order of 8 to 10 nm. For the microdrives tested, shock amplitude of
about 200 G is enough to break the air bearing and allow the head/suspension to move
either in the positive or negative z-direction from the plane of the disk. These shock
events typically cause the head slap signature, i.e., disk dings and scratches, typically
seen in disk drive failures. Alternatively, when the heads are parked on the load/unload
ramp, shock amplitudes on the order of 2000 G or higher (for the microdrives tested)
usually produce failure in other disk drives components, such as the motor bearing, pivot

bearing and arm/suspension, rather than the head itself.
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Figure 5.11: Comparison of the maximum peak-to-peak displacement of the suspension

different form factor HDD’s

Figure 5.11 shows the comparison of suspension displacement for non-operational
and operational shock in three different form factor HDD’s. The data for the 3.5 and 2.5
inch HDD’s were taken from Murthy et al. [4] (discussed in Chapter 4). The data was
measured for the shock specifications of the corresponding disk drives. We note that the
specified amplitude of shock for the 3.5 inch HDD was the least and the amplitude of
shock for the 1-inch HDD (microdrive) was the highest. However, we observe that the
displacement of the suspension is the lowest for the microdrive and the highest for the
3.5-inch HDD. This is due to the fact that the suspension design in small form factor
HDD has smaller beam length and higher resonant frequencies. It is desirable to have a

lower displacement and in turn a better resistance to shock.
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5.1.5 Conclusion for shock in 1-inch HDD’s

A number of different microdrives from two different manufacturing vendors were
investigated with regard to shock robustness of operational and non-operational shock
parameters. From the results, the following conclusions can be made:

The shock response of the drives varied with manufacturing vendors due to differ-
ences in the main mechanical design of the drives. However, all the microdrives tested
successfully met the designed shock specification provided by the vendor.

The hard errors ocurred at approximately 210 G for operational shock due to fail-
ure of the air bearing at the head disk interface. Failure of the microdrive in the non-
operational case occured beyond 2000 G mostly due to failure of mechanical compo-
nents such as the disk, voice coil magnet, etc.

To increase the operational shock specification from 200 G to 300 G the suspension
design should be modified to prevent slap motion of the head/suspension against the
disk. Increasing the gram load of the suspension can lead to reduction of slap shock of
the head against the disk.

The numerical shock simulation compared close to the experimental results for both

non-operational and operational shock.
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5.2 Dynamic Response of 1-inch Form Factor Disk Drives

to Vibration Loads

5.2.1 Overview

In the previous chapters, the effect of shock was investigated for the components
of the head stack assembly, such as the actuator arm, suspension and the gimbal (or
flexure). In this section, the effect of external vibrations on the head disk interface of
I-inch form factor hard disk drives using two different enclosures, the so-called thin
enclosure and the thick enclosure is investigated. First, a modal analysis is performed
for the two enclosures and the corresponding disk drive models. Then, the response of
the head disk interface to applied in-plane and out-of-plane vibrations for both models

is investigated.

5.2.2 Numerical Simulation Results
Modal Analysis

Figure 5.12 shows the top and front views of the two designs of 1-inch disk drive
enclosures investigated in this study. The enclosure on the left is described in this thesis
as the thick enclosure, while the enclosure on the right is described as the thin enclosure.
The thick enclosure has a recessed area to hold the disk/spindle assembly and the actu-

ator base. Modal analysis of the enclosures was performed first for the enclosures alone
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Figure 5.12: Two different 1-inch disk drive enclosures

and then for the assembled disk drives including the head suspension assembly, the spin-
dle motor, and the disk. The enclosure was constrained at the holes that allow fastening
of the disk drive to the system housing. The results of the modal analysis for the two
enclosure designs and the respective disk drive models are shown in Figure 5.13(a) and
Figure 5.13(b). In Figure 5.13(a) the first four fundamental modes are bending, torsion
or combined bending and torsion modes of the enclosures. We observe from Figure
5.13(a) that the resonant frequencies of the thicker enclosure are higher than those of
the thin enclosure, except the fourth fundamental mode.

The results of the modal analysis for the assembled disk drives (Figure 5.13(b)) show
that the resonant frequencies are reduced due to the additional mass from the added
components. The reduction is larger for the disk drive model with the thin enclosure

compared to the model with the thick enclosure. This is due to the fact that the mass
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of the thin enclosure by itself is smaller than the mass of the thick enclosure. Thus, the
additional mass due to the components of the head stack assembly has a larger influence

for the thin enclosure model than the thick enclosure model.

Vibration Analysis

To determine the effect of enclosures on the head disk interface, the in-plane and
out-of-plane vibration response for the two 1-inch disk drive designs was investigated.
The models include the pivot bearing, the head stack assembly , the spindle motor, the
disk and the disk drive enclosures. The air bearing between the disk and the slider was
approximated by five linear springs. A spring located at the center of the slider was
used for the z-direction stiffness (200 N/mm). To approximate the pitch stiffness, two
springs were positioned at the center of the leading edge and the center of the trailing
edge of the slider. The stiffness value used for these springs was 40 N/mm. Similarly,
two springs with stiffness values of 10 N/mm were positioned in the middle of the inner
and the outer rail of the slider to approximate the roll stiffness.

To simulate the vibration response for the two 1-inch hard disk drive models, a ran-
dom displacement between 1 and 10 kHz frequency range was created and applied to
the hard disk enclosure (Figure 5.14). For the in-plane vibration analysis, the displace-
ment was applied along the edge of the enclosure (x or y directions, (Figure 5.12)).
For the out-of-plane vibration analysis, the displacement was applied at the base of the

enclosure (z direction, (Figure 5.12)).
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Figure 5.14: Random vibration applied to the enclosure

Figures 5.15 and 5.16 show the relative on-track and off-track displacement at the
trailing edge center of the slider for externally applied in-plane vibrations. On-track
vibrations are the relative displacements of the slider trailing edge center in the circum-
ferential direction of the disk. Off- track vibrations are the relative displacements of the
slider trailing edge center in the radial direction. Figure 5.15 shows the displacement
time history for the 1-inch HDD model with the thin enclosure and Figure 5.16 shows
the corresponding results for the 1-inch HDD model with the thick enclosure. The first
two graphs in Figures 5.15 and 5.16 show the relative on-track and off-track displace-
ment for vibrations applied in the z-direction. The last two graphs of Figures 5.15 and
5.16 show results for vibrations applied in the y-direction.

Figure 5.18 shows the maximum amplitude of on-track and off track vibrations for
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applied (in-plane) vibrations for the thin enclosure disk drive model
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Figure 5.16: On-track and off-track displacement of the trailing edge center (TEC) for

applied (in-plane) vibrations for the thick enclosure disk drive model
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the two disk drive models. We observe that the relative on-track displacement of the
slider for the thin enclosure model is smaller compared to the relative off-track dis-
placement. The reason for this result is related to the stiffness of the suspension, which
allows bending but restrains the motion of the slider in the tangential direction of the
disk. The suspension vibrates around the pivot axis, which explains the larger radial
displacements. However, for the thick enclosure model we observe that the relative on-
track and off-track displacement amplitudes are nearly the same. The reason for this
result is related to the geometry of the thick enclosure, since all other components of the
model are similar to the components used in the thin enclosure model. In particular, in
the thick enclosure a recess is present where the spindle motor and the pivot bearing are
mounted. The recess provides a less rigid base for the spindle motor than the base of
the thin enclosure, leading to additional displacements between spindle motor and pivot.
This, in turn, results in higher relative displacements between slider and disk in the tan-
gential direction of the disk. From the results for vibrations applied in the y-direction,
we observe that the relative on-track displacement of the slider for both the thin and
the thick enclosure models are smaller than the respective off-track displacements. The
relative displacement amplitudes (both on-track and off-track) are smaller for the thin
enclosure model compared to the thick enclosure model.

In addition to the in-plane vibrations, we have studied the response of the head/disk
interface to vibrations applied normal to the enclosure. In this case the vibration am-

plitude was chosen to be ten times higher than in the previous investigation because of
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Figure 5.19: FFT of on-track relative displacement (in-plane vibration)

the high stiffness of the air bearing in the z-direction. The vibrations were applied at
the bottom surface of the enclosure. For vibrations applied in the z-direction, we ob-
serve that the relative displacement of the slider trailing edge center is similar for both
enclosure models (Figure 5.18). This result indicates that the air bearing dominates the
response of the enclosures in the z-direction. Relative displacement in the z-direction is
defined as the displacement of the trailing edge center node with respect to the enclosure
displacement.

Figure 5.19 shows the Fast Fourier Transform (FFT) for the on-track relative dis-
placements. The solid lines represent the results for the thin enclosure model and the
dotted lines represent the results for the thick enclosure. The results for vibrations ap-
plied in both the x and the y-directions are shown. Since the applied vibrations have a

frequency bandwidth between 1 and 10 kHz, no frequency peaks below 1 kHz are ob-
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served. It can be seen that the FFT for the thin enclosure model has lower amplitudes in
the entire frequency range compared to the thick enclosure model. This result is similar
to the lower amplitudes of the respective relative displacements for in-plane vibrations.
We also observe that all graphs show resonant peaks at the same frequencies. This indi-
cates that all resonant peaks are caused by individual components of the hard disk drive
rather than the enclosure. On the other hand, the different enclosure designs are seen
to influence the relative amplitudes of the frequencies observed in the spectrum. The
dominant peaks are the bending modes of the suspension, the gimbal modes and disk
umbrella modes. Other peaks with higher frequency values are either combined modes
of the head stack assembly or harmonics of the suspension bending mode.

Figure 5.20 shows the FFT for the off-track relative displacement data. We observe

similar resonant peaks for both the thin and the thick enclosure models. In addition, we
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note that the resonant peaks are the same for vibrations applied in the z-direction as well
as the y-direction.

Figure 5.21 shows the FFT of the relative displacement in the z-direction for the thick
and thin enclosure models. We observe that the dominant peaks are the first bending
mode of the suspension (2.9 kHz), the first bending mode of the gimbal (2.6 kHz) and
the umbrella mode of the disk (3.3 kHz). The amplitude of these modes is higher for the

thick enclosure model compared to the thin enclosure model.

5.2.3 Summary for Vibrations in 1-inch HDDs

The dynamic response of the head disk interface was investigated numerically for
two different designs of 1-inch hard disk drive enclosures, the so-called "thin" enclo-

sure and the "thick" enclosure. First, a modal analysis for the two enclosure designs
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was performed numerically. Then the in-plane and out-of-plane vibration response was
determined for the HDD model with the two enclosure designs. From the simulation re-
sults, we observe that the thinner enclosure has better performance than the thick enclo-
sure with respect to forced vibrations in terms of reduced amplitude of slider vibrations.
Thus, we conclude that the design of 1-inch form factor hard disk drive enclosures has

a significant effect on the dynamics of the head disk interface.
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Theory of Hydrodynamic Lubrication
and Application of the Reynolds

Equation for the Head Disk Interface

In order to study the dynamics of the head disk interface during the operational state
of a disk drive, one needs to solve the equation of motion of the disk drive together with
the time-dependent Reynolds equation for the hyrdrodynamic lubrication of the head
disk interface. Hydrodynamic lubrication can be present if two surfaces in relative mo-
tion are separated by a small distance. The governing equation for the flying behavior of
a slider air bearing in a hard disk drive is the compressible Reynolds equation. Osborne
Reynolds [3] was the first to derive a differential equation for imcompressible hydro-

dynamic lubrication by relating pressure, surface velocities, and film thickness. In this

126
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chapter, the Reynolds equation and the slip flow correction due to rarefaction effects in
the head disk interface are derived. The numerical solution of the Reynolds equation is

described in the next chapter.

6.1 Derivation of the Reynolds Equation

The flying behavior of a magnetic recording slider and the formation of a self-acting
airbearing are governed by the Reynolds equation [3] for compressible flow. The follow-

ing assumptions are made in deriving the Reynolds equation for the head disk interface:

1. The head/disk spacing is much smaller than the slider dimensions

\S]

. The air viscosity is constant

3. The flow is laminar

N

. The inertia and body force of the air flow are negligible

5. The fluid is an isothermal gas, i.e., the air temperature is constant

6. The surfaces are smooth

A schematic of a typical slider bearing in a disk drive is shown in Figure 6.1. Here,
B is the length of the slider; L is the width of the slider; U and V' are disk velocities in
the x and y directions, respectively; h is the spacing between the slider and the disk, and

Nomin 1s the minimum spacing at the trailing edge of the slider. The unknown velocity
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Figure 6.1: Schematic of a slider bearing

components are denoted by u(x,y, z) and v(x,y, z) in the z and y directions, respec-
tively. The spacing h between slider and disk is much smaller than the length B of the
slider.
The Reynolds equation is derived from the Navier-Stokes equation and the continu-
ity equation. The Navier Stokes equation for compressible fluids is given by Eq. 6.1
dv

.
p =P — P+ AT + 5 () (6.1)

where p is the density, 7 represents the body force, ¥ is the velocity vector, p is
the pressure, and . is the viscosity of the fluid.
Neglecting the body forces which are mainly due to gravity, once can write Eq. 6.1

in Cartesian coordinates as:

du _@ 8[2 ou 2 <8u ov 8w)}

Pat = "oz Tox | Mor 3"\oxr "oy o2

(6.2)
2L (2 Y] (e 0]
dy a Jdy Ox 92 "\ oz " ox
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dv dp 0 ov 2 (O0u Ov OJw

%:‘a—y%—y{”‘a—y‘é (wa—ywﬂ o)
0 o ow 0 ou v '
5 G )l b (5 30|

dw dp 0 ow 2 [(Ou Ov Ow

p%i‘&*&[%%—é (%*a—gﬁ&)}* o

[ (ow 0w\ O (00 0w
oz "\ oz " 82 dy E dy

Performing an order of magnitude analysis, we obtain:

Hence, the derivatives in the x, y and z-directions have the following orders of mag-

nitude

o [ Oul U
oz |Mar) ™ © (ﬂﬁ) (65)
o [ oul U
)~ () o0

0| o U
2o ()

From Eq. (6.5), (6.6), and (6.7), we observe that the magnitude of the term involving
the derivative in the z-direction is much larger than the magnitude of the terms involving

derivatives in the x and y directions, respectively, since h < B. Thus, we can neglect
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the terms involving derivatives in the x and y directions as compared to terms involving

derivatives in the z-direction, and Eq. 6.2-6.4 can be rewritten as follows

du _ _Op

Pat 8x

i (6.8)
dt 5’y

82’

The terms on the left hand side of Eq. 6.8 represent the inertia force and the terms
on the right hand side represent the pressure and viscous forces. We can write the inertia

forces as

Pat =P\ ot " "or ey T Yoz

(6.9)
dv (3@ ov ov 81})

= FUT— F Vvt w
Pac =P\ar " %ar ey T Yoz
An order-of-magnitude comparison of the ratio of inertia terms to the viscous terms

shows that:

8“ U2 2
du LC UB [ h
aﬂuagu —0 p_g -0 (p_ (—) ) <1 (sinceh < B) (6.10)
5 (132) Hyz wo\B

From Eq. (6.10), we define a modified Reynolds number Re* given by

UB [ h\? R\ 2

Neglecting the inertia terms in Eq. 6.8, we obtain
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V4
op_ 9 (00 (6.12)
oy 0z \' 0z
and
dp
9 0 (6.13)

Eq. (6.12) represents the balance of pressure forces and viscous forces in a hydrody-
namic lubrication film. Since the spacing between the slider and the disk is small, a large
velocity gradient exists that generates shear forces. These shear forces are balanced by
the pressure gradient in the slider bearing. The resulting flow is a combination of Cou-
ette flow (M. F. A. Couette, 1858-1943) and Poiseuille flow (J. Poiseuille, 1799-1869)

Eq. 6.13 implies that the pressure in the slider air bearing is not a function of z, i.e.,
the pressure is constant over the film thickness h. Pressure is only a function of x and .
Hence, the pressure gradients dp,0x and 0p,~ 0y can be treated as a constant when the
two equations of Eq. 6.12 are integrated with respect to z. This results in two equations

for the velocity profiles u and v after integration of Eq. 6.12 as shown below

8u_1@ 1

8z ﬁaxz 14
ov 10p Co
= z

(6.14)

0= poy” " p
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where cjand ¢, are constants of integration.
For most fluid films, it can be assumed that viscosity p is constant across the film

thickness. Integrating Eq. 6.14 with respect to z once again gives

10
u:——pzz—l—ﬁz—l—cg
2pdrp (6.15)
1dp 5 c
V=72 +t—2+¢
2u 0y It

The constants of integration in Eq. 6.15 can be determined by considering the bound-
ary conditions of the flow in the bearing. The no-slip condition states that the flow ve-
locity at a surface is equal to the surface velocity, i.e., there exists no slip between the

flow and the surface. The conditions of no-slip in slider bearings are

atz=0,u=U,v=V
(6.16)

atz=h,u=0,v=0

Applying the no-slip boundary conditions shown above, we can determine the con-

stants of integration cy, co, c3, and ¢4, and rewrite Eq. 6.15 as

_ 1 dp 2 _z

U—ﬂ% (Z zh)—i—U(l h> o
_ 1 _Z

Uﬁ?,uay( zh)—i—V(l h)

In Eq.6.17, u and v represent the flow velocity which is a linear superposition of a
Poiseuille flow driven by the pressure gradient Op,/0dx and dp,Jy, and a Couette flow

driven by the disk velocity.
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The above velocity profiles are used in the continuity equation for compressible flow,
shown in Eq. 6.18, to derive the Reynolds equation.
dp

E%—V'(pv)zo (6.13)

We can write Eq. 6.18 in Cartesian coordinates as
Ip

— +

2 0
ot Ox

9]
(pu) + ay (pv) + g (pw) =0 (6.19)

Integrating this equation over the film thickness we obtain

"Top B )
[ |5 5o+ 5 (oo 4 5 G| 4z =0 (620)

Integration and differentiation can be interchanged in Eq. (6.20) according to the

Leibnitz rule:

ha(z) 0 oh 0 ha (@)
/m(x) %[f(w,%z)]dz:—f(x,y,z)%-i-% /hl(z) fz,y,2) | dz  (6.21)

Using the Leibnitz rule of integration given in Eq. 6.21, we can determine the inte-

gral of each term in Eq. 6.20. For the © component, we obtain
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/Oh a% (pu) dz = = (pu).—, ? + a% ( /0 h (pudz)> = a% ( /0 h (pudz))

:aﬁ/ p{i?(z —zh)+U(1—%>]dz
_ 0

— 1 Op 3 20 ) 4 U (5 — 22\1" (€22
or | P 2op ox Z 22 PEA\* " on
0| 1opl 5 U
T oz [Q/J Ox 6ph i hph]
Similarly, we can obtain the v component as
"o oh 0 h 9] h
—(pv)dz = —(pv) _, — + — / vdz):—</ vdz)
[ ==t Gt o ([ i) = 2 ([ oua)
P
:ﬁ/ p —@(2 —zh)+V(1—i> dz
y Jo 21 0y h 6.23)
0 1 dp s 1, 2\1" .
_331{ 2u3y( ’ 2Zh)+pv(z 2h
o [10pl V
= — | ——=ph®+ —ph
dy {2@8@/6 * 2n" }
Finally, we can integrate the w component as
"o dh
| g w)de = (o) = o' oo
0 (6.24)

Ooh oh oh oh

:PE‘FPU_‘Z h T pU 8 | .=

Combining Eq. 6.20 and Eq. 6.22 - Eq.6.24, we obtain

9 (ph®op o (ph’®dp 0 9 9
9 _ L0 |
o ( i ax> "oy < oy ) = Uz () + 6V g (ph) + 12 (ph) - (6:25)

For ideal gas, the density is directly proportional to the pressure and is given by
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p=pRT (6.26)

Substituting Eq.6.26 in Eq. 6.25, we obtain

0 30D 0 30p\ 9, 0 0
5 (ph am) + 3y <ph 89) = 6’UU837 (ph) + 6,uVay (ph) + 12,uat (ph) (6.27)

Eq. 6.27 is the generalized Reynolds equation describing the hydrodynamic lubri-
cation of a slider bearing for compressible flow. The terms on the left hand side of the
Reynolds equation are the diffusive terms derived from the pressure driven Poiseuille
flow. The velocity terms on the right hand side of the Reynolds equation are the con-
vective terms derived from the Couette flow. The time-dependent term on the right hand
side is referred to as the squeeze term and can be neglected for steady state conditions.

We define the following non-dimensional variables

p_P
Pa
(6.28)
" h
= L =tw
B/U

where, p,is the ambient pressure, B and L are the length and width of the slider
bearing, h,,;,is the minimum spacing between the slider and the disk, and w is a repre-

sentative approximation of the angular frequency.
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Introducing non-dimensional variables given in Eq. 6.28, we can write the non-

dimensional Reynolds equation as

) ,OP\ 0 LOP\ . 0 0 )
< (PH 8_X) + 5 (PH a_y> = Ao (PH) + Ay (PH) + 0 2 (PH)
(6.29)

where A, and A, are the bearing numbers in the = and y directions, respectively, and

o is the squeeze number:

A, = 6uU B
pahg@m
6uV L
Ay = p—ah?m-n (6.30)
124w B?
g =
pah?nin

6.2 Slip Flow Corrections for Very Low Spacing at the

Head Disk Interface

The derivation of the Reynolds equation in the previous section is based on the con-
tinuum theory of fluid mechanics, i.e., no-slip boundary conditions are assumed. This
assumption is valid for flows where the molecular mean free path is negligible compared
to the typical dimensions the area of the flow. Also, the effect of molecular mean free
path is negligible only if the fluid adjacent to a wall is in thermodynamic equilibrium,

which is a condition that requires a very high frequency of molecular collisions with
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the wall. For the case of hydrodynamic lubrication of slider bearings for the head disk
interface, the fluid is air, and the spacing is of the same order of magnitude as the mean
free path of the air flow. When the spacing becomes comparable to the mean free path,
slip occurs between the air and the wall. This phenomenon is called “rarefaction effect”.
The ratio of the molecular mean free path to the fluid film thickness is denoted as the
Knudsen number, and is used as a measure for rarefaction effects. The Knudsen number,

Kn is defined as

Kn=—-= (6.31)

where, A is the molecular mean free path, )\, is the mean free path of air at ambient
pressure p,, and h is the fluid film thickness.
The value of the Knudsen number, Kn, determines the degree of rarefaction occur-

ring in a fluid flow. The following regimes are generally defined:

Kn < 0.01 continuum flow

0.01 < Kn < 3 slip flow
(6.32)

K
Kn > 3, R?(:LE) < 10 transition flow

Kn
Re05

> 10 molecular flow

where Re is the Reynolds.
Due to the extremely small spacing of the head disk interface, the standard Reynolds
equation for slider bearings must be corrected to account for the rarefaction effects or

slip at the boundaries.
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If the spacing between the slider and the disk is less than 600nm, the Knudsen num-
ber becomes greater than 0.1. In this case, the flow behavior deviates from a continuum
flow, and the non-slip boundary conditions are no longer satisfied [12]. The boundary
conditions for so-called first order slip were introduced by Burgdorfer [12] and bound-
ary conditions for so-called second order slip were introduced by Hsia and Domoto [13]
1983. The most recent and generally accepted slip model was developed by Fukui and
Kaneko [14]. This correction is based on the linearized Boltzmann equation.

The modified Reynolds equation can be written as (Wahl, 1994 [1])

9 (ph)

V& (Qph3 \V4 p) =6uV -7 (ph) + 12u7 (6.33)

where p is the pressure, h is the spacing, u is the viscosity, V' is the velocity and ()
is the dimensionless flow rate. () is defined as the ratio of the Poiseuille flow rate (), to

the continuum flow rate Q. , i.c.,

Qp
Q= (6.34)
QCOTL
The continuum flow rate, ().,,is given by
D
Qcon = E (635)

where D is the modified inverse Knudsen number, defined in terms of the local
pressure p, the atmospheric pressure p,, the spacing h, and the atmospheric mean free

path A, i.e.,
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D:ﬁKn—lzﬁﬁ:ﬁ ph
2 20 2 pa

(6.36)

The flow rate for the Poiseuille flow depends on the order of slip flow correction.

The Poiseuille flow rate for the first order slip correction is given as

D T
= —+ — 6.37
Qpl 6 + 92 ( )
For second order slip correction, the Poiseuille flow rate is
D m
sz = E + 7 + E (6.38)

If the spacing decreases to about 30 nm, the Knudsen number is approximately 2 and
the "Boltzmann" correction must be used (Fukui and Kaneko, 1990 [15]). The Poiseuille

flow based on the Boltzmann equation is given as

1.0653  2.1354

D
Qpp = o t10162+ T (5< D)
1.5653  0.00969
Qpp = 0.13852D + 1.25087 + 5~ D2 (0.15 < D <5) (6.39)
0.01653  0.0000694
Qpp = —2.22919D + 2.10673 + T (0.01 < D <0.15)

where (), indicates the Boltzmann correction.

Using the non-dimensional variables of Eq. (6.28), we can write the Reynolds equa-

tion with rarefaction effects as:
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8% (Q PH?’S—)];) +aiy (Q PH?’g—i) = A‘”aix (PH)+AyaiY (PH)+08% (PH)

(6.40)
where the rarefaction term () is determined from either Eq. (6.37), (6.38), or (6.39); and
A, A, and o are obtained from Eq. (6.30).

The Reynolds equation is a nonlinear partial differential equation which cannot be
solved in closed form. To determine the pressure in the Reynolds equation, for the gen-
eral case, iterative numerical methods are required. The airbearing simulator used in
this dissertation uses a finite element solution of the Reynolds equation originally devel-

oped by Wahl [1] at the Center for Magnetic Recording Research (CMRR), University

of California San Diego.



141

Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

Albert Burgdorfer, “The Influence of the Molecular Mean Free Path on the Perfor-
mance of Hydrodynamic Gas Lubricated Bearings”, Transactions of the ASME,
Series D, vol. 81, pp. 94-100, 1959

Y. Hsia, G. Domoto, “An Experimental Investigation of Molecular Rarefaction
Effects in Gas Lubricated Bearings at Ultra-Low Clearances”, Transactions of
the ASME, Journal of Lubrication Technology, vol. 105, pp. 120-130, 1983

S. Fukui and R. Kaneko, “Analysis of Ultra-Thin Gas Film Lubrication Based on
Linearized Boltzmann Equation: First Report - Derivation of a Generalized Lu-

brication Equation Including Thermal Creep Flow”, Transactions of the ASME,
Journal of Tribology, Vol. 110, 1988, pp. 253-262

S. Fukui and R. Kaneko, “A Database for Interpolation of Poiseuille Flow Rates
for High Knudsen Number Lubrication Problems”, IEEE Transactions on Mag-
netics, 24 (6), pp. 2751-2753, 1988

S. Fukui and R. Kaneko, “Analysis of Flying Characteristics of Magnetic Heads
with Ultra-Thin Spacings Based on the Boltzmann Equation”, Transactions of the
ASME, Journal of Tribology, Vol. 112, 1990, pp. 78-83

Wahl, M., Lee, P., and Talke, F, “An Efficient Finite Element-Based Air Bearing
Simulator for Pivoted Slider Bearings Using Bi-Conjugate Gradient Algorithms”,
Tribology Transactions, Vol.39 (no. 1): 130-138, 1996



Finite Element Solution of the
Reynolds Equation and its Application

to Slider Design

The finite element method is a good choice for solving partial differential equations
over complex domains, when the domain changes, or when the desired precision varies
over the entire domain. In the finite element method, a continuous domain (such as
the air bearing surface in hydrodynamic lubrication problems) is divided into a finite
number of elements. The change of an unknown dependent variable is approximated
within each discrete element by an interpolation function (“shape function™). This is

given as:

142
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N

=1

where U is the unknown dependent variable, W; is the value of ¥ at node 7, and
N;are the interpolation or shape functions.

The finite-element method originated from the need for solving complex elasticity
and structural analysis problems in civil and aeronautical engineering. The development
of the finite element methods can be traced back to the work by Alexander Hrennikoff
(1941) [1] and Richard Courant (1942) [2]. Although the approaches used by these
pioneers are significantly different, they shared one essential characteristic, i.e., mesh
discretization of a continuous domain into a set of discrete sub-domains called “ele-
ments”. Hrennikoff’s work used an approach that discretizes the domain by using a
lattice analogy [1], while Courant used an approach that divides the domain into finite
triangular subregions for solution of second order elliptic partial differential equations
that arise from the problem of torsion of a cylinder [2]. Courant developed finite el-
ement models and recalculated several earlier results for partial differential equations
developed by Rayleigh, Ritz, and Galerkin. Significant development of the finite ele-
ment method began in the middle to late 1950’s for airframe analysis in the 1960’s for
use in civil engineering structural analysis [7], [8], [9]. The method was provided with
a rigorous mathematical base in 1973 with the publication of Strang and Fix’s book:
“An Analysis of The Finite Element Method” [11], and has since been generalized into

a branch of applied mathematics for numerical modeling of physical systems in a wide
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variety of engineering disciplines.

The development of the finite element method in structural mechanics is often based
on an energy principle, e.g., the virtual work principle or the minimum total potential
energy principle, which provides a general, intuitive and physical basis that has a great
appeal to structural engineers. However, in hydrodynamic lubrication problems, the
weighted residual method based on the Galerkin formulation is more commonly used.
The finite element solution of the Reynolds equation in this dissertation is based on the

Galerkin weighted residual method.

7.1 Finite Element Solution of the Steady State Reynolds
Equation

The simulator used in this dissertation uses a numerical technique based on the
Galerkin weighted residual finite element method (Wahl [1]). The differential equa-
tion forming the residual function is the Reynolds equation developed for pivoted slider
bearings.

Using the Reynolds equation as a residual function in the general equation for the

weighted residual method, one obtains

/ {v - (Qph°Vp) — 6pV'V (ph) + 12;% (ph)} Wd=0 (7.2)

where (2 is the domain and W is a weight function.
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Since Eq. 7.2 contains a 2"¢ order derivative of pressure, the first term on the left

hand side of Eq. 7.2 is expanded using the product rule of differentiation,

(V-A)B=V-(BA)—VB-A (7.3)

where A = Qph®*Vpand B = W.

Eq. (7.2) can then be written as

/ {V - (Qph’Vp) W — (Qph’*Vp) - VW — 61V - V (ph) W
Q

(7.4)
0
+12,u§ (ph) W}dQ2=0
Applying the divergence theorem,
/V-AdQ:}{Anda (7.5)
Q o
we obtain
}{ (Qph*VpW) ndo+
7 5 (7.6)
/ {— (Qph®Np) VW — 6uV'V - (ph) W — 12;@ (ph) W} dQ) =0
Q

where ¢ is the boundary of the domain €2 , and n is the vector pointing outward and
normal to the boundary o.
For the steady state situation, we drop the time dependent term on the left hand side

of Eq. 7.6, resulting in
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7{ (Qph*Vp) ndo — / {(Qph*Vp) VW + 6uVV (ph) W} dQ2 =0 (7.7)
Q

[

The boundary conditions consist of only the essential boundary conditions given

below, i.e.,

p =p, on the boundary o

The weighting functions can be chosen to be identically zero on the boundary since
the pressure is known on the boundary. The line integral of the first term in Eq. (7.7)
becomes zero as long as the pressure is specified on the boundary. Then Eq. (7.7)

reduces to

/ {(Qph*Vp) VW +6uVV (ph) W}dQ2 = 0 (7.8)
Q

Eq. (7.8) is non-linear in the pressure terms. To obtain a solution, the pressure terms
are linearized using a Taylor series expansion. The higher order terms of the series are

eliminated by using the following approximation for pressure:

p = po+dp (7.9)

where pq is the initial guess for the pressure. The approximation of pressure requires
that the change in pressure dp between successive iterations is a small value and that p

is close to py.
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Using a similar Taylor seried expansion, pVp term in Eq. (7.8) is linearized as

follows:

pVp = (po +dp) V (po + dp) = poVpo + poV (dp) + dpVpo + dpV (dp)  (7.10)

The last term in Eq. (7.10) is eliminated since it is negligible compared to the other

terms. Using a similar approach, V(ph) can be written as follows:

V (ph) = V [(po + dp) h] = poVh + hVpo + RV (dp) + dpV h (7.11)

Substiuting Eq. (7.10)-(7.11) in Eq. (7.8), we get:

/ {QR*(dpVpo + poVdp) - VW + 64V - (hVdp + dpVh)W } dQ) =

@ (7.12)

— // {QR’poVpo - VW + 61V - (hVpo + poVh)W } d
Q

Eq. (7.12) is arranged such that the right hand side contains terms that are only
dependent on the initial guess py, which is known from the previous iteration step. The
left hand side contains only linear terms of the unknown quantity dp. Iterative numerical
methods can be used to solve Eq. (7.12). Then, the pressure p can be updated as p =
po + dp and the procedure is repeated till the value of the change in pressure dp between
successive iterations reaches a small value defined for the convergence.

Since the boundary is often irregular, the domain should be discretized into smaller

components or elements over which a simple function may be defined. The integral over
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the entire domain is replaced by a sum of integrations over individual elements in the
domain.
The pressure is interpolated over each element in the domain by using shape func-

tions as shown below:

N
p(r,y) =Y Nilz,y) - p (7.13)

i=1

where p; are the pressure vlaues at the nodes and V; are the shape functions correspond-
ing to node :.
The elements often have distorted shapes and an isoparametric transformation is

used to map these distorted elements as shown in Figure 7.1.

A
s
y A
Xa, 3 1 2
(X3,¥3) (XY
-1 1 r
>
X4
( 4 y4) (X1’y1) q 1
> -1
X
Physical space Isoparametric space

Figure 7.1: Isoparametric transformation

The shape functions are used to interpolate the pressure across the isoparametric
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element as follows

p(r,s) = Z Ni(r,s) - pi (7.14)
Similar interpolation functions are used to transform the physical coordinates to the

isoparametric space
z(r,s) = Z Ni(r,s) - x; (7.15)
y(r,s) =Y Ni(r,s)-y; (7.16)

where x; and y; are the coordinates for node ¢ and the four bilinear shape functions N;

are given as follows:

N1<r,s):}l(1—7~)(1—s>
Ni(rs)= 7 (1+7)(1 )

! (7.17)
Ni(rs) =7 (1+r)(1+s)

1

Nl(r,s)zz(l—r)(l—l—s)

The numerical solution of the Reynolds equation with this type of approximation

needs the derivatives of the interpolation or shape functions. This is given as follows:

ON; ON;Or  ON,;0s
dx  Or 3_x+ ds Ox
ON;  ON;Or  ON; 0s
oy  Or 8_y+ ds (9_y

(7.18)
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The derivatives of the physical coordinates with respect to the isoparametric coordi-
nates are found using the inverse derivatives. Thus, differentiating Eq. (7.15) and Eq.

(7.16) , we get

Or R ON:
or or i
=1
01 = ON;
Js — s
Z_4 (7.19)
Oy o
or — or Yi
Oy _ 5~ ON;
ds p 0s Yi
In matrix form, Eq. (7.19) can be written as
8N
dx Z : s i dr
= = (7.20)
dy Z aN aN ds

where the matrix on the right hand side of Eq. (7.20) is called the Jacobian matrix.

Multiplying this equation by the inverse of the Jacobian matrix, we get

4 4
dr 35 yl Z dz
= = (7.21)
ds — Z % 4 %1} dy

or Yi : or
=1 1

1=

We can also write the differentials in isoparametric space dr and ds as follows:



Comparing Eq. (7.21) and Eq. (7.22), we get

In matrix form, we can write

ON;
ox
ON;
dy

or or
dr _ Oz Oy dx
Js Os
d - d
° Oz Jy Y
or_ 1 0y
Or  detJ ds
or _ 1 Oz
dy  detJ Os
9s _ 1 0y
ox detJ Or
os _ 1 oc
Oy  detJ Or
[ Z‘*:aNky ! ONe,
— Yk — — Yk
p O0s p or
LN, <= ON,
k k
2y Dy

where the determinant of the Jacobian matrix is defined as

4
ON,
detJ = Z—xk><
<k:_1 8T

L ON,

4
E?ﬂc) - (Z
k=1 k=1

oy
0s

> )

)5
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(7.22)

(7.23)
ON;
or

7.24

N, (7.24)
Js

(7.25)

Thus, we have the quadrilateral element formulation. For the isoparametric transfor-

mation used with the residual formulation as shown above, an analytical integration is

not possible and a numerical integration scheme is implemented. Gaussian quadrature
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method wherein the integration over the element is replaced by summing the function

evaluations at the Gauss points is used:

1 1

//f(r, s)drds = i if(rm, S ) Win Wy, (7.26)

15 m=1 n=1

where w are weighting functions that depend on the number of Gauss points used. An
N-point Gaussian quadrature gives exact results for polynomials up to the order 2/N-1.
For bilinear equations, each element equation consists of four unknown nodal quan-

tities. In matrix form, this is written as

B . ( ) ( )
ki1 kyg kys kg dp; T
ka1 koo kog Koy dps Ty
= (7.27)
k31 k3o k33 kaa dps 3
ki kao ka3 kaa \ dp4) \ 7"4)
In general, for each finite element in the domain, we can write:
[K]°-{Ap}* = [R]° (7.28)

where [K° is the “element stiffness matrix” and [R] is the “force vector”.
In Eq. (7.27), the individual quantities of the element stiffness matrix in isoparamet-

ric form can be written as
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1 1

kij = // {QRr*(Vpo - VN;)N; + Qh’poVN; - VN;
—1-1 (7.29)

+6uN; (hV - VN; + N;V - Vh)} detJ drds

The right hand side of Eq. (7.27) can be calculated as follows

11
T == // {poh® (Vpo - VN;) + 6uN;V - (poVh + h¥po) } detJ drds  (7.30)

-1 -1

The element stiffness matrix and the force vector can then be assembled for all the
elements in the domain to obtain the global stiffness matrix and global force vector, as

shown in Eq. (7.31),

[K]-{Ap} = [R] (7.31)

where [K] is the “global stiffness matrix”.

Eq. (7.31) can be solved for the pressure through successive iterations until the value
of dp has reached a value satisfying the convergence criteria.

The mesh of finite elements is created using an automatic mesh generation program
(GiD [24]). A typical mesh for a slider air bearing surface is shown in Figure 7.2(a).
The mesh can contain up to 50,000 nodes and 100,000 elements. The mesh is much
finer or denser near a change in air bearing surface heights. A fine mesh is required to

accurately model the steep pressure gradient in these regions.
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Figure 7.2: (a) Finite element mesh and (b) pressure distribution for a typical slider in

the head disk interface

A typical pressure distribution for a magnetic recording slider is shown in Figure
7.2(b). The largest pressure is at the center trailing edge pad. This region also corre-
sponds to the minimum spacing and is the location of the magnetic read/write element.

The pressure distribution of the air bearing is determined by the geometry of the
slider air bearing surface. The air bearing under the slider acts like a spring and has
a certain stiffness. A perturbation method is used to determine the stiffness of the air
bearing. Applying a small perturbation to the Reynolds equation we obtain an overall

stiffness matrix as follows:
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k’zz kza kzﬁ //%dA //g_sz //g_gdA
_ op, o o,
Far Ko b La-add [ [La-myar [ [ ws)ia
0 0 0
_kﬁz kga kﬁﬂ_ //a—i(y—yp)dfl//a—z(y—yp)dfl //%(y—yp)dfl
- (7.32) )

where £;; represents the air bearing stiffness. The spring stiffness values used in the
structural finite element model of the hard disk drive in the operational shock condition
are the diagonal elements in Eq. (7.32) for the z-direction (2), the pitch («), and the roll

(B) directions.

7.2 Slider Equilibrium Equations

The pressure distribution for a specific spacing can be found by using the finite
element solution of the Reynolds equation as shown in the previous section. However,
the spacing between the slider and the disk is generally unknown and is a function of
many parameters such as the disk velocity, the slider air bearing design and the radial

position of the slider.



156

Side View Back View

disk

Figure 7.3: Schematic for a pivoted slider bearing

Figure 7.3 shows a schematic of the slider attached to the suspension-gimbal assem-
bly at the pivot point. The three degrees of freedom are in the z-direction, pitch (@)
and roll () directions. The gimbal or the flexure that carries the slider is attached to
the suspension arm. Once the slider achieves its steady flying height over the rotating
disk, an equilibrium exists between the suspension preload (F?"¢/°2?) and the integrated
pressure (p (z,y)) over the slider air bearing surface. From Figure 7.3, the equations of

motion for slider equilibrium in the vertical, pitch and roll directions are as follows:

//[p (x, y) — pa] dA — Fpreload = k.dz
A

/ / [ (z,y) — pa) (z — 2p) dA — M5 = koda (7.33)

A

// [p (l’,y) _pa] (y - yp) dA - MEH = kﬁdﬁ

A
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where, FPreloadig the suspension preload in the z-direction, M*! is the external pitch
moment applied by the suspension, and M, 5“” is the external roll moment applied by the
suspension. The pressure is denoted by p (z, y)and p, is the ambient pressure. The pivot
point coordinates are denoted by x,, and y,. The suspension stiffness in the 2, pitch and
roll directions are represented by k., k,, and kg respectively. In addition, dz, da, and
d3 are the vertical and angular differential displacements from the equilibrium position
in the z, pitch and roll directions, respectively.

In matrix notation, Eq. (7.33) can be written as follows:

( 3\
/ / [p (2,y) = po] dA — Frretoed | o 10
A k, 00 dz
[ [ -pd@-wpaa-zt ooy oLt a3
A
exr k d
//[p(w,y)—pa](y—yp)dA—M@t | 00 ks) (4]
\ A J

7.3 Slider Air Bearing Design

7.3.1 Slider Form Factors

The evolution of slider form factors was shown in Chapter 1.5. Since the mid 1990’s,
so-called “sub-ambient” pressure sliders are commonly used in disk drives. Sub-ambient
pressure sliders are designed with a “cavity” in the center of the slider body where the

air bearing pressure decreases below sub-ambient pressure due to a sudden increase in



158

spacing. This cavity acts as a reverse Rayleigh step bearing (see Figure 7.4).

slider

i

Figure 7.4: Schematic of reverse Rayleigh step bearing

The sub-ambient pressure in the cavity is partially balanced by the positive pressure
(above ambient pressure) that is generated on the intermediate and the top surface of the
air bearing (see Figure 7.5). Current hard disk drives use the “pico” or “femto” slider

form factors. Figure 7.5(a) and (b) show the pico and femto slider designs, respectively.

bottom surface
intermediate step

Figure 7.5: Slider form factors: (a) pico and (b) femto
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7.3.2 Slider Design and Finite Element Mesh Generation

Slider geometry can be modeled using any computer aided design (CAD) programs.
Some of the commercially available CAD programs are ProEngineer, Solidworks, Au-
toCAD, Solid Edge, etc. In this thesis, ProEngineer and Solidworks were used to create
the 3-D geometry of the slider. By convention, the air bearing surface of the slider is
in the x-y plane and the air bearing steps are in the z-direction. The origin of the slider
design is chosen such that any vertex of the slider body in the x, y or the z-direction
have positive coordinates.

Figure 7.5(a) shows the air bearing surface for a pico slider design. For this slider, the
intermediate surface is extruded in the direction that is out of plane of the paper from the
cavity region by a distance of 2.5 pm. The top surface is extruded from the intermediate
air bearing surface by a distance of 260 nm. The transition between one air bearing step
to the next air bearing step is critical in air bearing design. These transition walls are not
vertical in reality since the slider is manufactured by etching techniques. Etched sliders
usually have curved or angled transition walls between air bearing steps. In the slider
model, “spline”, “round”, or “chamfer” design tools are used in ProEngineer to simulate
the etched transition shape.

The next step in the air bearing simulation is the mesh generation. The quality of the
mesh in a finite element analysis determines the accuracy of the solution. The air bearing

simulator uses bilinear quadrilateral and triangular shell elements in the finite element

analysis. Quadrilateral elements are used in the areas of the air bearing surface where
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the geometry is smooth and not complicated. However, in areas such as the air bearing

steps and complicated geometry, triangular elements are used in order to conform to

the true geometric shape of the slider bearing. The mesh generation is achieved using

a mesh generation program (GiD). The mesh generated using GiD for the slider air

bearing shown in Figure 7.5(a) is shown in Figure 7.6. The mesh contains 31398 nodes

and 62442 elements for the air bearing surface. From Figure 7.6 we observe that the

model contains a fine mesh on the center trailing pad and the air bearing step regions.

Since the slider has a pitch, the center trailing pad is the region of closest proximity to

the disk and also the region of the highest air bearing pressure.
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Figure 7.6: Finite element mesh for pico slider design

Finite element analysis of the steady state Reynolds equation is used to calculate

the equillibrium position and the air bearing pressure distribution. Figure 7.7 shows the
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pressure distribution for the slider shown in Figure 7.5(a)

Figure 7.7: Pressure distribution for the pico slider design

Figure 7.8 shows the flying height as a function of the disk speed for pico slider
design shown in Figure 7.5(a). This slider is designed to fly at 4 nm over the middle
diameter of a 2.5 inch (63 mm) diameter disk at a rotational speed of 7200 rpm. Figure
7.8 shows that the minimum spacing is a weak function of disk velocity. ID, MD and

OD represent the inner, middle and outer diameter of the disk, respectively.



Preload = 0.015N
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Lot MD: 30mm
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Figure 7.8: Flying height as a function of disk speed for pico slider design
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Figure 7.9 shows the flying height as a function of the disk radius for the femto slider

design shown in Figure 7.5(b). This slider is designed to fly over a 1 inch (25 mm)

diameter disk at a rotational speed of 3600 rpm. Figure 7.9 shows that the minimum

spacing is lower at the inner diameter of the disk compared to the outer diameter of the

disk.
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5L 3600 rpm

Minimum Spacing [nm]

Radius [mm]

Figure 7.9: Flying height as a function of disk radius for femto slider design

7.4 Finite Element Solution of the Time Dependent

Reynolds Equation

In addition to the space domain, the time domain must also be taken into account
in seeking a finite element solution of the time-dependent Reynolds equation. Using a
similar procedure as before, we now have to discretize the pressure in the x, y space as

well as in the time domain.

N

p(z,y,t) = Z N (x,y) - p; () (7.35)

=1

In this formulation we note that the pressure at the nodes is a function of time and the
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shape function are functions of x and y. An equation of this form can be solved using
the separation of variables approach. In the solution of the time-dependent Reynolds

equation, it is convenient to introduce a new variable as follows:

O = ph (7.36)

In areas where the spacing is small, the pressure is high and in areas where the
spacing is large, the pressure is low. Therefore, introducing the new variable as in Eq.
(7.36) causes a “smoothing” effect and allows for better convergence. The dimensional

time-dependent Reynolds equation can be written as:

%—? : / 12uW NdS) + / {VW - [Q(©) (heVO — ©°Vh)] — 6puVOW } d2 =0
Q Q

(7.37)

Similar to the steady state Reynolds equation, the Galerkin weighted residual fi-

nite element method is used for the solution of the time-dependent Reynolds equation.

Weissner et al. developed the “dynamic load/unload simualtor” for slider air bearings at

the Center for Magnetic Recording Research (CMRR) based on the Galerkin weighted

residual formualtion. The details of the numerical methods used in this approach is
given in Appendix B.

The finite element solution for the time-dependent Reynolds equation obtained in

Appendix B was used to study the dynamic response of sliders to a disk step response

and also to external shock loads.
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7.4.1 Slider Response to Step on the Disk

The transient flying behavior of a slider was simulated by a numerically generated
step on the disk. A cosine shaped disk bump with a profile given by Eq. (7.38) was

aligned with the center line of the slider along the slider length.

A d
Nstep = 3 (1 + cos %) (7.38)

In Eq. (7.38), A is the height of the disk step (4-6 nm), d is the diameter of the disk
step (0.1-0.25 mm), and A is the wavelength of the disk step (0.4-0.5 mm).

A typical result for the disk step response is shown in Figure 7.10. Figure 7.10
shows the minimum sapcing, pitch and roll for the pico slider as a function of time.
From Figure 7.10(a) we observe that the slider with a design flying height of 4 nm flies
over a disk step and the flying height drops down to about 1.9 nm. The slider regains
the nominal flying height as it crosses the disk step and the slider vibration dampens out
within a few milliseconds. From Figure 7.10(b) and 7.10(c) we observe a similar change
in the pitch and roll motion of the slider, respectively.

The details of the slider flying characteristics and the difference between textured

and untextured sliders will be explained in the next chapter.
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Figure 7.10: (a) Minimum spacing, (b) pitch and (c) roll motion of the slider flying over

a disk step

7.4.2 Slider Response to Operational Shock

As explained in Chapter 2, a finite element structural model of a hard disk drive was
developed to simulate operational shock response. To get the air bearing response to
operational shock, we decouple the equation as follows. The stiffness of the air bearing
used in the structural model was obtained from the finite element solution of the steady
state Reynolds equation. The steady state solution was used to determine the slider equi-
librium position. The stiffness matrix as given in Eq. (7.32) is used in the finite element
structural model of the head gimbal assembly. The primary stiffness values used in the
finite element structural model are the diagonal elements of Eq. (7.32). These diagonal

elements represent the z-direction, pitch and roll direction stifness values, respectively.
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The structural model was used to determine the structural response of the hard disk
drive for the operational state. The time dependent values of the normal force, pitch
and roll moments on the slider are determined from the numerical solution of the finite
element structural model. The external force and moments for the shock load that are
time dependent quantities, must be computed and taken into account in the solution of
the Reynolds equation. This creates an additional load due to shock that results in a
change in the air bearing load. This change in air bearing load results in a change in the
slider flying height, pitch and roll characteristics.

In the next step, a finite element solution of the time-dependent Reynolds equation
was used to determine the slider response to an external shock load. At each time step,
the shock load is applied to the slider by adding the external force and moments to the
air bearing load obtained form the finite element analysis of the structure.

Figure 7.11 shows typical results for the change in slider minimum spacing, pitch
and roll for an operational shock simulation of 50 G for 2 ms. From Figure 7.11 we
observe that the slider attains a steady nominal flying height of 11 nm and an external
shock of 50 G amplitude and 2 ms pulse width is applied. The minimum spacing of the
slider reduces to about 6 nm due to the shock event and the slider vibration dampens out
in time. If the shock amplitude is large, there is a possibility of the air bearing to break
and the slider contact or slap onto the disk creating unstable head disk interface due to

shock.
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Figure 7.11: Minimum spacing, pitch and roll of femto slider subjected to operational

shock of 50G - 2 ms

The slider response to a disk step and an external shock is used in the next chapter

to determine the effect of texture on the slider flying characteristics.
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Analysis of Surface Textured Air
Bearing Sliders with Rarefaction

Effects

8.1 Overview

To improve the tribological performance of a sliding interface, surface texturing has
been used in a number of applications such as mechanical seals, piston rings, thrust
bearings and the head/disk interface in hard disk drives. Etsion et al. [1] studied the
effect of texture on mechanical seal surfaces. They found that texturing improved the
friction and wear properties of the seal interface and increased the load carrying capac-

ity. Kligerman et al. [2] investigated the effect of texture design parameters on piston

171
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rings. They determined optimum values of texture depth and density for which a min-
imum in the friction force occurred. Brizmer et al. [3] performed a similar analysis
for parallel thrust bearings and compared the performance of textured parallel thrust
bearings with that of inclined slider bearings and stepped slider bearings. The authors
concluded that loads comparable to those of inclined and stepped slider bearings can be
generated in parallel thrust bearings using micro-texturing. Kligerman and Etsion [4]
studied the pressure generation of textured gas seals using a finite element solution of
the compressible Reynolds equation. In all of the above investigations, laser surface tex-
turing was used to create uniformly distributed indentations, i.e., texture features with
spherical shape. Laser texturing has also been used in hard disk drives to reduce stiction.
Knigge et al. [5] and Khurshudov et al. [6] investigated the effect of texturing the disk
surface to reduce stiction during contact start stop (CSS). Hu and Bogy [7] investigated
the effect of laser texturing on the effect of pressure generation of sub-ambient pressure
sliders. Zhou et al. [8] and Su et al. [9] studied the effect of slider texturing by ion beam
etching on stiction and friction during contact start stop. Gui et al. [10] and L. -J. Fu et
al. [11] studied the effect of "padded" sliders. They found that the stiction and friction
behavior improved for padded sliders on smooth disks. In this study, we investigate nu-
merically the effect of texture on the flying characteristics of magnetic recording sliders.
The objective in this study is to determine the effect of texture design on the pressure
generation in the regions of the slider where the flying height is smallest. To generate

detailed pressure curves as a function of the texture design dimensions and optimize the
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flying characteristics of a typical magnetic recording slider (Figure 1(a)), a large numer-
ical effort is required. In order to start the analysis with texture design parameters that
are likely to be near the optimum texture design, we first investigate a simplified model
consisting of an infinitely wide plane slider with one row of texture features. In this part
of the study, we use an approach similar to Kligerman et al. [4] but include the Boltz-
mann slip correction (Fukui and Kaneko, [12]) for rarefied gas flow. We numerically
study the effect of texture starting with a single row of uniformly distributed spherical
indentations and evaluate the effect of texture diameter, depth, and density (ratio of the
textured area to the total area) on the average pressure. The study of the fundamental
case of one row of texture gives insight into the effect of pressure generation and allows
us to find the most desirable texture geometry. In the second part of the study, we inves-
tigate the effect of pitch on the "single-row-of-texture" model and compare the results
to a plane inclined untextured slider bearing. In the last part of the study, we use the
optimum texture parameters (diameter, depth, density) obtained from the "single-row-
of-texture" model and investigate the steady state and transient flying characteristics of
a textured actual air bearing slider. The simulation results show that textured sliders
exhibit reduced flying height modulation and better damping characteristics compared

to untextured sliders.
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Figure 8.1: (a) Air bearing surface of slider with texture, (b) one row of texture with

boundary conditions and definition of single texture cell

Figure 8.1(a) shows a typical magnetic recording slider with texture applied at the
center trailing pad of the slider. Figure 8.1(b) indicates a single row of spherical inden-
tations from the trailing pad of the slider shown in Figure 8.1(a). In Figure8.1(b), each
of the indentations is defined over a square cell of side length a’. The radius of each
spherical indentation is denoted by 7, and the indentation is centered in the imaginary
square cell. The density .S, of the texture is defined as the ratio of the area covered by
the indentation to the area of the indentation cell, i.e. .

In Figure 8.1(b) the pressure is ambient at the beginning and the end of a row of
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indentations, i.€.,

px=0,y)=pE=1Ly)=pa (8.1)

If we assume that the bearing is infinitely wide in the y-direction, the pressure is
periodic from row to row. In this case, periodicity conditions can be applied between

adjacent rows, i.e.,

P ({E, z%) =p (x, z%) (8.2)

where: =1,2,3, ...... n is the row number.
For very small spacing, the steady state compressible Reynolds equation with rar-
efaction effect is given by:

0 R O\ _ g 70 0h)
5 (Quen ) o L (Quempt ) = s

where x and y are the coordinates in the length and width directions, respectively;
p is the pressure; h is the spacing; 7 is the velocity of the moving surface; p is the
viscosity, and (K n) is the rarefaction term for slip flow correction. The term Q(Kn)
is based on the ratio of the flow rate for Poiseuille flow to the continuum flow rate (Fukui
and Kaneko, [(12)], see Chapter 6).

In Figure 8.2, a cross section through a row of indentations is shown for the case that

the slider is parallel to the moving disk surface. In Figure8.2, the clearance is denoted
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Figure 8.2: Schematic for film thickness and geometry of indentations

by c. In addition, h ()A( , ?) is the local film thickness, and h,, is the depth of an in-
dividual spherical indentation. For a single indentation, the following non-dimensional
definitions are introduced:

% h <)? Y )

vy Luxy -t (8:4)

X =—;
Tp Tp c

Using Eq. 8.4, it was shown by Kligerman and Etsion, [4] that the local non-

dimensional film thickness is given by:

( € 1\? —2  —2\ 1 1 15
1*\/(%%—5) - (V) - (8—5—%)

H (7’ ?) - for (72 + 72 < 1) (8.5)

=2 52
1 for (X +Y > 1)
\
where ¢ is the aspect ratio of the indentation and ¢ is the non-dimensional clearance.

For a row of indentations, the film thickness (Eq. 8.5) is repeated for each individual

indentation cell and the non-dimensional parameters for the entire row are as follows:
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@y p_ P (8.6)

¢ Pa

X="V=2 H(X,Y)=

L.
l’

~|<

Using the non-dimensional quantities given by Eq. 8.6, we obtain the non-dimensional

Reynolds equation for a row of indentations as:

0 oP 0 ory\ A O(PH)
X (Q (Kn)ga_X> + oy (Q (Kn) PHga_Y> T 52 90X (8.7

where \ = S,M_/)l / 2r§pa is the non-dimensional bearing parameter, = ¢, 2ris the
non-dimensional clearance, and A = )\ /2 is the bearing number. Eq. (8.7) was solved
numerically using a staggered grid approach (Lacey and Talke [13]) for the pressure P

and film thickness H.

8.2 Numerical Results for One Row of Texture

Figure 8.3(a) shows the pressure distribution for a single indentation. We observe
that the pressure decreases at the diverging region (A) of the indentation and then in-
creases gradually towards the converging region (B) of the indentation in the direc-
tion of flow with the maximum pressure at the converging edge of the indentation (B).
The average pressure for a single cell with one indentation was found to be 6 to 8 %
above ambient pressure. The pressure profile at the sides of an indentation cell (i.e., at
(z,y = £ a,2)) is identical due to the assumption of periodic boundary conditions.

To study the effect of texture size, density, and position of texture, we have per-
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Figure 8.3: Pressure distribution for one indentation
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formed a parametric analysis for one row of indentations. The non-dimensional texture
parameters used in the study are a) S,= texture area density (ratio of area of textured
surface to total area of surface), b) € = texture aspect ratio (ratio of the depth of the in-
dentation to the diameter of the indentation), and c) v = ratio of the length of the textured
portion of a row to the total length of the row (Figure 8.3(b) ). As is shown in Figure
8.3(b), the texture portion parameter v = b/B. For full texture, v = 1.

In this study, the texture density S, was chosen to lie between 0.1 and 0.6, € was
chosen to be between 0.0025 and 0.025, and  was chosen between 0.0002 and 0.004.
The values of the parameter A were chosen to be less than 0.035 based on the actual val-
ues of the viscosity, the disk velocity and the ambient pressure for air bearings, resulting
in a bearing number A between 1000 and 67500. The parameter v was chosen between

0.1 and 1.
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Figure 8.4: Non-dimensional average pressure vs. texture aspect ratio (¢) for full surface

texturing

Figure 8.4 shows the non-dimensional average pressure as a function of the non-
dimensional aspect ratio (¢) for texture densities .S, of 0.2, 0.3, and 0.6, respectively.
For the data shown in Figure 4, v = 1, corresponding to one indentation in each cell.
We observe that the average pressure increases initially with ¢, reaches a maximum
value, and then decreases gradually as the aspect ratio € increases. The aspect ratio
at which the average pressure reaches a maximum is a function of the texture density
(Sp). We note that the aspect ratio, at which the average pressure reaches its maximum,
shifts to the left for increasing texture density. We also observe from Figure 8.4 that the

maximum value of the non-dimensional average pressure varies only slightly if the area
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density ratio .S, is changed from 0.2 to 0.6.
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Figure 8.5: Non-dimensional average pressure vs. texture area density (5,) and full

surface texture

Figure 8.5 shows the non-dimensional average pressure as a function of the texture
area density for an aspect ratio € = 0.01 and a texture portion parameter 7 = 1. We
observe that the curve is nearly flat in the range from 0.2<S,<0.6. For an area den-
sity S, >0.6, the indentation geometry of one cell overlaps the neighboring indentation
geometry. Therefore, only texture densities .S, < 0.6 are evaluated.

In the next part of the investigation, we studied the effect of partial texturing. Figure
8.6(a) shows the non-dimensional average pressure as a function of the texture portion

parameter 7. A texture aspect ratio € = 0.01 and texture area densities .S, = 0.3 and
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Figure 8.6: Non-dimensional average pressure vs. (a) texture portion parameter (7y) for

two S, values, and (b) vs. texture area density (5,) for v =0.6
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0.6, respectively, were selected for the data shown in Figure 8.6(a). From Figure 8.6(a),
we observe that an optimum exists for the non-dimensional average pressure near v =
0.6. The optimum non-dimensional average pressure for full surface texture (y = 1) was
observed for a texture area density of Sp = 0.3 (Figure 8.5). If the average pressure is
plotted as a function of texture density .S, for partial surface texture, we observe that the
texture density S, does not have an optimum, i.e., the non-dimensional average pressure
increases with increasing texture density. This is shown in Figure 8.6(b) where the non-
dimensional average pressure is plotted against the texture density .S, for the optimum
texture portion parameter v = 0.6 and an aspect ratio € = 0.01.

In order to determine the effect of texture aspect ratio (¢) for partial surface texture,
we have studied the non-dimensional average pressure for varying aspect ratios. Figure
8.7 shows the non-dimensional average pressure as a function of the texture aspect ratio
€, with the optimum texture portion parameter, v = 0.6. Figure 8.7 shows that the opti-
mum aspect ratios are indeed similar to full texture as indicated in Figure 8.4, i.e., for
an area density, .S, = 0.3, the optimum aspect ratio is € = 0.01 and for an area density,
Sp = 0.6, the optimum aspect ratio is € = 0.0075. From the numerical results shown
above we note that the optimum texture parameters for full texturing are approximately
as follows: area density .S, = 0.3; aspect ratio ¢ = 0.01. In the case of partial texturing,
the optimum texture parameters are: area density S, = 0.6 (or highest possible); aspect
ratio € = 0.0075, and texture portion parameter v = 0.6.

Figure 8.8 shows the non-dimensional pressure for optimum full surface texture pa-
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rameters (S, = 0.3, ¢ = 0.01, and v = 1) along the centerline of a single row of in-
dentations in the z-direction. Figure 8.8 also shows the non-dimensional pressure for
optimum partial surface texture parameters (.S, = 0.6, ¢ = 0.0075, and y = 0.6) along the
centerline of the row of indentations in the x-direction. From Figure 8.8 (full surface
texture), we observe that the pressure profile for full surface texture is periodic for each
indentation in the x-direction and that the local pressure of an indentation is not affected
by the neighboring indentations. However, the pressure profile for partial surface texture
increases gradually from the first indentation to the last indentation and the maximum
pressure occurs along the last indentation corresponding to v = 0.6. This non-uniform
pressure profile is due to the influence of each indentation on its neighboring indenta-
tion. The net effect is that the amplitude of the average pressure increases for partial

texturing compared to the case of full texturing.
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Figure 8.9: Non-dimensional average pressure as a function of the non-dimensional

clearance (§) for optimum full surface texture and partial texture parameters

Figure 8.9 shows the non-dimensional average pressure as a function of the non-
dimensional clearance (0 = ¢/2r,) for optimum full surface texture and partial texture
parameters. The actual clearance values used in the numerical calculation are in the
range from 1 nm to 20 nm. From Figure 8.9, we observe that the non-dimensional aver-
age pressure increases as the clearance decreases for both full surface texture and partial
surface texture. For 6>0.003, we observe that the non-dimensional average pressure is
nearly constant, only slightly above ambient pressure. However, for ¢ values less than

0.003, we observe that the effect of 6 on the non-dimensional average pressure is sig-
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nificant and that the slope of the curve, representing the air film stiffness, is fairly steep.
This shows that the stiffness of the bearing increases as the clearance decreases when
surface texture is added.

Figure 8.10 shows the non-dimensional average pressure as a function of the non-
dimensional bearing parameter () for optimum full surface texture and partial texture
parameters. From Figure 8.10, we observe that the non-dimensional average pressure
increases as the bearing parameter increases. Since the bearing parameter A is a func-

tion of the velocity, it is apparent that the average hydrodynamic pressure increases with
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Figure 8.11: Non-dimensional average pressure as a function of the bearing number (A)

for different aspect ratios (¢) and full surface texture

increasing velocity. We observe a similar trend for both partial and full texturing. The
conventional definition of the bearing number, A given by A = )\/6?, is that it is in-
versely proportional to the square of the air bearing clearance. Thus, in Figure 8.9, low
clearance values imply high bearing numbers and vice versa.

Figure 8.11 shows the non-dimensional average pressure as a function of the bearing
number A for optimum full surface texture and partial texture parameters. We observe
that the average pressure increases with increasing bearing number for both full and

partial surface texturing. This is expected since the clearance decreases for increasing
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bearing numbers. We observe from Figure 8.11, that the change in the average pressure

generated is very small in the range of bearing numbers between 10,000 and 70,000.

8.3 Effect of Pitch Angle and Comparison to Plane In-

clined Slider Air Bearing Surface

An actual magnetic recording slider flies over the rotating disk with a positive pitch
angle, i.e., only a small portion of the trailing edge region of the air bearing is close to
the disk surface. The flying height in this region is referred to as the minimum spacing
which is on the order of 10 nm in commercially available present day disk drives. To
investigate the effect of pitch angle on the pressure generation, we have studied the
single-row-of-texture model for the case of an inclined slider bearing. The plane inclined
slider bearing and the single-row-of-texture model (with pitch) are shown schematically
in Figure 8.12.

Figure 8.13 shows the non-dimensional average pressure as a function of the non-
dimensional aspect ratio (¢) for texture density S, = 0.3 and a pitch angle of 50 frad.
Figure 8.14 shows the non-dimensional average pressure as a function of the texture
density .S, for an aspect ratio € = 0.01. The value of the pitch angle chosen is on the
same order as that of actual air bearing slider used in this study (50 prad). From Figures
8.13 and 8.14, we observe that the trend of the non-dimensional average pressure is

similar to the one observed for a single-row-of-texture with parallel surfaces. We also
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Figure 8.12: Schematic of (a) plane inclined slider bearing and (b) single-row-of-texture

model with pitch (a.,)

observe that the amplitude of the non-dimensional pressure is higher than that for the
parallel surface texture model. This effect is due to the inclination of the slider model
which creates a net average pressure, even in the absence of texture.

In Figure 8.15 we compare the results for the textured slider with pitch to that for
a plane inclined slider bearing of the same size without texture. From Figure 8.15, we
observe that the non-dimensional average pressure increases with increasing pitch angle
for both the textured model and the inclined slider bearing with no texture. We note
that above a pitch angle of 150 urad, the non-dimensional average pressure for the plane
inclined slider bearing is higher than that for the corresponding textured case. Thus,

above a critical value o, of the pitch angle, the effect of texture on the average pres-
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sure generation changes from increasing the average pressure to decreasing the average
pressure, i.e., above the critical pitch anglea..,., texture reduces the load carrying capac-
ity while for pitch angles below the critical value, texture increases the load carrying
capacity. This phenomenon is also observed in numerical simulations of actual slider,
as will be shown later in this chapter. From Figure 8.15, we observe that the difference
in the average pressure for textured parallel slider with zero pitch and the textures slider
with 50 prad pitch is less than 2 %. We also note that the optimum texture aspect ratio
and texture density are similar for both the parallel slider with surface texture and the
textured slider with 50 prad pitch. Thus, the optimum design parameters of surface tex-
ture that were obtained from the single row of texture model with the slider parallel to
the disk surface can be used for the analysis of the actual slider even with the aspect of

pitch included.
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Figure 8.15: Non-dimensional average pressure as a function of pitch angle for single

row textured model and for the inclined slider bearing with no texture

8.4 Steady State Flying Characteristics of Textured

Sliders

In this section, we use the texture parameters found in the previous study and investi-
gate the effect of texturing on the steady state flying characteristics of a typical magnetic
recording slider. A comparison of the steady state flying characteristics were performed
for textured and untextured magnetic recording sliders. The center trailing pads (high
pressure region of the air bearing surface) of the pico and femto slider designs (Figure

8.16) were textured “numerically”. Figure 8.17 shows the inclusion of surface texture



195

bottom surface
termediate step
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Figure 8.16: Slider air bearing design Pico (left), Femto (right)

on the center trailing pad of the slider air bearing surface.

Figure 8.18 shows the air bearing pressure distribution for both the untextured and
the textured sliders (femto slider design). From Figure 8.18, we observe that texturing
on the center trailing pad results in local high pressure peaks in the converging regions
of each indentation. We also observe that the steady state flying height decreases for the
textured slider compared to the untextured slider.

Figure 8.19 shows the non-dimensional average pressure for the untextured and tex-
tured slider (femto ABS design) as a function of the pitch angle. From Figure 8.19, we
observe that the critical pitch angle «.,. is much smaller (about 14 prad) for the actual

slider than for the single-row-of-texture model.



Figure 8.17: Surface texture on center trailing pad
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Figure 8.18: Pressure distribution on the center trailing pad for (a) untextured and (b)

textured slider (Femto design)
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Figure 8.19: Non-dimensional average pressure as a function of pitch angle for untex-

tured and textured magnetic recording slider (Femto design)
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8.5 Dynamic Flying Characteristics of Textured Sliders

For the time dependent case, the Reynolds equation (see derivation in Chapter 6) is

given by:

d (ph)
ot

V- (Qph*Vp) = 6/1‘—/>V (ph) + 12 (8.8)

where p is the pressure, h is the spacing, is the disk velocity, y is the viscosity, () is
the rarefaction term denoting the ratio of the Poiseuille flow rate to the continuum flow
rate, and ¢ is time. The rarefaction effects are considered by using the Boltzmann slip
correction (Fukui and Kaneko, [(12)]).

To study the transient response of textured sliders, we have used the finite element
formulation described in Chapter 6. A dynamic disturbance was simulated by numer-
ically creating a step on the disk and studying the response of the slider to this distur-
bance. Both, untextured and textured sliders were used in our investigation. Figure 8.20
shows the response of the pico slider design shown in Figure 8.16 to a step in the disk.
The flying height change is shown in Figure 8.20(a) for both an untextured and a tex-
tured slider, respectively, while Figures 8.20(b) and 8.20(c) show the pitch and roll for
both types of sliders. From Figure 8.20(a), we observe that the steady state flying height
of the textured slider is slightly lower than that of the untextured slider. We also observe
that the maximum perturbation of the textured slider from the nominal flying height is
less than that of the untextured slider. Furthermore, the minimum flying height, the

minimum pitch and the minimum roll of the textured slider are slightly higher than the
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Figure 8.20: (a) Flying height modulation, (b) pitch, and (c) roll behavior for untextured

and textured slider due to interaction with disk bump (Pico design)

corresponding values of the untextured slider. This seems to indicate a small increase in
stiffness of the air bearing due to surface texture.

Figure 8.21 shows the flying height modulation for the femto slider design of Figure
8.16. We observe that the transient behavior of the minimum spacing is similar to the
flying behavior of the pico slider design. We also observe from Figure 8.21(b) that the
transient response of the slider displacement due to the disk bump dampens out faster for
the textured slider than for the untextured slider. The minimum flying height observed
for the textured slider is approximately 3.8 nm, whereas the minimum flying height for

the untextured slider is about 1 nm. A larger minimum flying height in response to
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a transient disk bump interaction implies that the likelihood of head disk contacts is
reduced. Thus, the probability of impacts with the disk surface is reduced for textured

sliders compared to the case of untextured sliders.
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Figure 8.21: (a) Flying height modulation, (b) zoom in on the free response of slider
displacement for untextured and textured slider after interaction with disk bump (femto

design)
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8.6 Operational Shock for Textured Sliders

To study the shock response during rotation of the disk (operational shock), the air
bearing was modeled as a spring-mass system with springs in the z-direction as well
as the pitch and roll directions. The force and moments on the slider were computed
from the structural model and used subsequently in the solution of the time dependent
Reynolds equation to determine the dynamic response of the air bearing to an applied
external shock. The same procedure was used for both textured and untextured sliders.
In a previous investigation by Zhou et al. [(8)] it was shown that texturing of sliders im-
proves their tribological performance. To investigate the potential benefits of texturing
on the shock response of sliders, we have numerically created a uniform texture pattern
on the high pressure areas of the air bearing surface (Figure 8.17).

Figure 8.22 shows the flying height modulation for an untextured and a textured
slider, respectively, for the same shock load, while Figure 8.23 shows the pitch and
roll response. From Figure 8.22, we observe that the steady state flying height of the
textured slider is slightly lower than that of the untextured slider. We also observe
that the perturbation from the nominal flying height due to the shock is smaller for the
textured slider than for the untextured slider. This indicates that damping of the air
bearing is improved as a consequence of texturing. We also observe a similar effect in
the pitch and roll response for textured sliders. The air bearing response to operational
shock was similar to the results obtained for the disk step response in terms of lower

amplitude of perturbation and better damping for the textured slider compared to that of
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Figure 8.22: Flying height modulation of untextured and textured slider due to external

shock (Pico design) (100G - 2ms half sine shock input)
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Figure 8.23: Pitch and roll for untextured and textured slider due to external shock (Pico

design) (100G - 2ms half sine shock input)
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the untextured slider.
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Figure 8.24: Flying height modulation of untextured and textured slider due to external

shock (femto design) (100G - 2ms half sine shock input)

Figure 8.24 shows the dynamic flying height for the textured and untextured femto
slider design used in this study. We observe that the textured slider shows lower dis-
placement amplitudes in the positive and negative z-direction from the nominal flying
height compared to the untextured slider. The peak-to-peak amplitude of the flying
height modulation for the textured slider is approximately 10 nm as compared to 13 nm
for the untextured slider. Thus, texturing the high pressure area of the air bearing surface
reduces the likelihood of the slider impacting the disk surface. Sliders for 1-inch form

factor drives are designed for rotational speeds between 3600 rpm and 4200 rpm, i.e.,
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for linear velocities less than 3 m/s. The air bearing design plays an important role in
maintaining a stable flying height and prevent head disk contact causing failure of the
interface under shock and vibration loads. The simulation results show that texturing of
the air bearing surface improves the dynamic characteristics of sliders to external shock

loads.

8.7 Summary for Textured Sliders

The single-row-of-texture model for the parallel slider case showed an increase in
the average pressure as a consequence of surface texture. An increase in average pres-
sure generated was observed for both full surface texture and partial surface texture. The
magnitude of the increase in the average pressure was higher for partial surface texture
than for full surface texture. From the study of the inclined slider with a single-row-of-
texture, we found that a critical value of the pitch angle exists above which the effect of
texture changes from increasing the average pressure to decreasing the average pressure
compared to an untextured slider. This phenomenon was found for an actual magnetic
recording slider as well. Thus, in the design of textured air bearing sliders for magnetic
recording applications, the pitch angle of the slider at steady state and transient posi-
tions is an important parameter which determines the effect of texturing. If the pitch
angle is less than the critical pitch angle, surface texture will result in increased average

pressure and hence increased load carrying capacity compared to an untextured slider.
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If the equilibrium pitch angle is larger than the critical value of the pitch angle, textur-
ing will have the opposite effect. For example, at steady state equilibrium, the value
of the pitch angle for a typical “femto” slider was found to be approximately 55 prad.
Calculating the average pressure as a function of the pitch angle (5 prad to 20 urad),
we found that the critical value of the pitch angle was approximately 15 prad for the
textured magnetic recording slider. Since the equilibrium value of the pitch angle of the
textured slider under consideration is 55 prad, it is apparent that texturing of the slider
causes a decrease in the minimum flying height for steady state conditions compared
to an untextured slider. Thus, a reduction in the load carrying capacity of the textured
slider compared to the untextured slider is observed. An additional effect of texturing
was found by Zhang et al. [16] with respect to intermolecular forces. In their work on
textured sliders, Zhang et al. [16] have shown that surface texture is effective in reduc-
ing the effect of intermolecular forces. This can be explained as follows: the area of the
surface in close proximity to the disk surface is reduced due to texturing and hence the
area over which intermolecular forces act. Thus, texturing has an additional important
effect on the flying characteristics of very low flying sliders. From our dynamic simu-
lation results, we observe that the perturbation in the flying height of a very low flying
slider from its nominal flying height is smaller for a textured slider than for an untex-
tured slider. This indicates that surface texturing improves the stiffness of the bearing
in the z-direction resulting in smaller amplitudes of perturbation for a textured slider

than that for an untextured slider subjected to similar dynamic excitation. The lower
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the perturbation, the smaller is the possibility of the slider coming into close proximity
or into contact with the disk surface. The effect of intermolecular forces increases as
the spacing between the slider and the disk decreases below 3 nm. From our simulation
results, we observe that the free response of a slider after a dynamic excitation shows
an improvement in damping characteristics of textured sliders compared to untextured
sliders. The advantage of the single-row-of-texture model is that the texture design pa-
rameters could be parametrically analyzed to determine the optimum texture properties
based on the desired effect for load carrying capacity or the flying height of the slider
bearing. The trends observed in our single-row-texture-model were useful in analyzing

the effect of texture on complicated air bearing surfaces of magnetic recording sliders.

8.8 Conclusion

Parallel slider bearings with surface texture generate a net load carrying capacity
while untextured parallel sliders do not.

Surface texture reduces the load carrying capacity of an inclined slider above a crit-
ical pitch angle (with respect to the untextured slider), but increases the load carrying
capacity below the critical pitch angle.

The dynamic flying characteristics of textured magnetic recording sliders show im-
proved performance in terms of flying height modulation, stiffness and damping.

Texturing of air bearing sliders improves the dynamic performance of the head disk
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interface.
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Numerical Simulation of the Head/Disk

Interface for Patterned Media

9.1 Overview

The use of patterned media is a new approach proposed to extend the recording
densities of hard disk drives beyond 1 Th/in?. Bit patterned media (BPM) overcome
the thermal stability problems of conventional media by using single-domain islands
for each bit of recorded information, thereby eliminating the magnetic transition noise
[1]. Considering steady state conditions, we have transferred the pattern from the disk
surface onto the slider surface and have investigated the pressure generation due to the
bit pattern. To reduce the numerical complexity, we have generated the bit pattern only

in the areas of the slider near the trailing edge, where the spacing is small. Cylindrical

211
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protrusions were modeled using very small mesh size on the order of nanometers to
obtain the flying characteristics for the entire slider air bearing surface (ABS) using the
“CMRR” finite element Reynolds equation simulator [18, 10]. The effect of pattern
height, pattern diameter, slider skew angle, and slider pitch angle on flying height of a

typical slider is investigated.

9.2 Introduction to Patterned Media

Patterned media for hard disk drives can be used in the form of discrete tracks or
discrete bits. In discrete track recording, the bits are stored on discrete circumferential
tracks on the disk. In bit patterned media, each bit is stored on a single magnetic do-
main or “island”. Magnetic transitions no longer occur between random grains as in
conventional media, since distinct boundaries between islands are formed both in the
circumferential and the radial directions on the disk. Several investigations have been
published that discuss the head disk interface for patterned media. Wachenschwanz et
al. [2] reported an increase in the signal to noise ratio (SNR) and a better write effi-
ciency for discrete track type of patterned media. Head/disk interfaces for patterned
media are complicated to manufacture and pose challenging problems from a tribolog-
ical viewpoint. The air bearing domain in bit patterned media is highly influenced by
the existence of surface features on the disk. Island-like cylindrical structures on the

disk surface in the radial and circumferential directions change the air bearing pressure



213

contours of the head/disk interface compared to a conventional head/disk interface with
a “smooth” disk. Duwensee et al. [3] studied the influence of discrete track pattern on
pressure generation in slider bearings. They reported that very high and localized air
bearing pressure peaks occur in discrete track head/disk interfaces, and that the slider
pitch angle was independent of the DTR parameters.

Gui et al. [4] and Fua et al. [5] studied padded sliders and reported that padded slid-
ers have benefits in terms of reducing head/disk interactions and friction during contact
start stop. W.-L. Li et al. [6] studied the pressure of pattern on two-rail slider bearings
and found that patterned sliders showed better stiction properties than unpatterned slid-
ers. They also found that an increase in the pattern pitch and pattern height decreases the
flying height. Tagawa et al. [7] investigated the effect of longitudinally grooved slider
surfaces on the flying behavior of a two rail slider flying over a smooth disk surface.
Tagawa and Mori [8], [9] extended the work reported in [7] to head disk interface for
patterned media. They considered surface pattern that were on the order of 5 yum to 20
pm in width and length direction and 10 nm to 40 nm for the pattern height, respec-
tively. They determined the pressure distribution for a two rail, positive pressure slider
and observed an increase in the flying height due to surface pattern. In a more recent
investigation, Duwensee et al. [10] have numerically studied the head disk interface
for discrete track recording. They investigated the effect of groove depth on the flying
height and flying attitude for a constant ratio of groove width to groove pitch. They pro-

posed an empirical expression for the flying height loss as a function of groove depth,
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groove pitch and groove width. Their calculation used a very fine mesh descretization
in the region of the slider air bearing surface that is closest to the disk. A typical model
consisted of 2.7 x 10° finite elements, 1.3 x 10° nodes, and required large computer
memory.

Alternative techniques such as homogenization and Direct Simulation Monte Carlo
(DSMC) methods have also been implemented to study the influence of surface pattern
on the slider or disk surface. Buscaglia and Jai [12], applied homogenization techniques
to the Reynolds equation to take fine but periodic surface structures into consideration.
They presented the spacing between slider and disk as the sum of a high frequency
contribution which is known and a low frequency contribution that is unknown. The
high frequency part represents the periodic spacing variations due to surface features
on the disk or on the slider. The unknown part must be computed during the numer-
ical solution of the Reynolds equation. Homogenization techniques allow a coarser
domain discretization than direct simulation methods. However, the local resolution of
the pressure distribution of the air bearing is reduced due to homogenization. If details
of the pressure distribution on the order of the surface features are of importance, the
homogenization technique is not suitable. Alexander et al. [13] and Huang et al. [14,
15] applied the DSMC method to check the validity of the modified Reynolds equation
for high Knudsen number flow in “smooth” head/disk interfaces in two and three di-
mensions, respectively. They reported that the DSMC method compared close to the

simualtion results obtained by solving the Reynolds equation. Duwensee et al. [16]
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have used the DSMC method to study the pressure generation in a nano slider covering
one groove and land region for DTR type disk.

In this chapter, we present a direct numerical simulation that investigates the head/disk
interface for patterned media by considering the entire slider air bearing surface. A
finite-element-based solution of the Reynolds equation is used to obtain the steady state
flying characteristics of the patterned head disk interface. In areas of high pressure and
low spacing, a very fine mesh is selected to investigate the effect of the ultra small fea-
tures and determine the influence of pattern on the air bearing pressure. In areas of
higher spacing, a coarser finite element mesh was chosen, since the influence of surface
features is decreasing with increasing spacing. The numerical approach is similar to that
used by Duwensee et. al [10] in the study of the head disk interface for discrete track

media.

9.3 Simulation Model for Patterned Slider

Figure 9.1 shows the transfer of the bit pattern from the disk surface to the slider air
bearing surface (ABS). As can be seen, the pattern is present on the center trailing pad
of the slider and is modeled as cylindrical protrusions of diameter d, height h, and pitch
p- The protrusions are uniformly distributed representing the pattern from the disk in
the radial and circumferential directions.

Figure 9.2 shows the definition of the patterned slider parameters. In Figure 9.2, 'p’
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Figure 9.1: Schematic of pattern transfer from disk to trailing pad of slider air bearing

Figure 9.2: Definition of pattern pitch (p), pattern diameter (d), and pattern height (h)
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denotes the pattern pitch, ’d’ denotes the pattern diameter, and ’h’ denotes the pattern
height. The same pitch p is used both in the length and the width directions of the
slider. The nearest distance between two pattern features in both the length and the
width directions of the slider is ’(p-d)’.

The air bearing pressure distribution and equillibrium position are obtained by a

finite element solution of the steady state Reynolds equation [18, 3] as explained in
IL

Figure 9.3: Femto form factor slider air bearing designs 1, 2, 3 and 4 (labeled a,b,c and

chapters 6 and 7.

[ ]

|_ d)

d respectively) [10]

Four “femto” form factor slider designs with different steady state flying character-

istics were investigated as a function of pattern design parameters (Figure 9.3). These
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slider designs were previously investigated by Duwensee et al. [10] for discrete track
media. The four femto sliders shown in Figure 9.3 have steady state flying heights of
30 nm, 14 nm, 15 nm, and 19 nm, respectively, on a conventional smooth disk. The
four femto sliders are design modifications of the femto slider shown in Figure 9.3(a).
The steady state pitch angles of the four femto designs on a smooth disk surface are 250
prad, 170 prad, 166 urad, and 154 prad, respectively.

In the initial calculation, a fairly large pattern diameter of 3 pum was used for the
slider shown in Figure 9.1 to obtain the pressure generation around the pattern features.
Large diameter pattern features were chosen for visualizing the effect of pattern on air
bearing pressure.

For the four femto designs shown in Figure 9.3, pattern heights between zero and
40 nm (0 < d < 40 nm) were investigated. A pattern diameter between 200 nm and 800
nm was used with a constant pattern pitch of 1000 nm. In addition, the influence of
skew angle (ranging from zero to 20 deg), the effect of slider pitch angle, and the effect
of pattern diameter were investigated. Due to the small pattern features on the trailing
edge center pad, a very fine mesh discretization was required. A uniform mesh density
over the complete air bearing surface would result in numerical models with several tens
of millions of nodes. To reduce the model size, a non-uniform mesh was used for the
simulation. Very small elements were used in the area where the pattern features are
present and increasingly larger sized elements elsewhere. In particular, between 30 to

50 elements were created for each individual pattern . The number of pattern features
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on the trailing edge center pad of the femto slider designs were on the order of 5 to 8
thousand. For example, slider design 3 (9.3(c)) had a center trailing pad area of about
140 pm x 40 pm resulting in 5600 pattern features. The total number of nodes and

elements for this slider model was on the order of 0.7 x 10° and 1.4 x 10, respectively.

9.4 Numerical Simulation Results
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Figure 9.4: Steady state pressure distribution for: (a) patterned air bearing slider, (b)
zoom in plot for pressure on the center trailing pad with pattern, (c) side view along the

slider centerline

Figure 9.4 shows the steady state pressure distribution for the femto air bearing de-

sign shown in Figure 9.1. In Figure 9.4, a large pattern diameter of about 3 ym was
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chosen to elucidate the pressure generated around individual pattern features. Figure
9.4(b) shows the pressure for the pattern features on the center trailing pad. We observe
that large pressure changes occur locally at each pattern feature. Figure 9.4(c) shows the
side view of the pressure along the slider centerline. We observe that the pressure in-
creases locally around the converging portions of each pattern feature. In the diverging
spacing region of the pattern feature, the pressure decreases. A single pattern feature
is similar to a Rayleigh step bearing with converging and diverging sections. We also
observe from Figure 9.4(c) that the maximum pressure occurs on the pattern features

closest to the trailing edge of the slider due to the pitch angle of the slider.



221

Z-Aub_Pressurp 2

 1.5e+06
1.3446e+06
1.1891e+06

- 1.0337e+06
8.7822e+05
7.2277e+05
5.6732e+05
4.1188e+05
2.5643e+05
1.01e+05

Z-Ail’o‘l’re;umpj
: 2.9771e+06
2.6575e+06
2.3379e+06
- 2.0184e+06
1.6988e+06
1.3792e+06
1.0587e+06
7.401e+05
4.2054e+05
1.01e+05

g' 9 v
el L2
:{ Ol J& JC RC
L O e e
L § 00 @@
8. ol I JC K
* DP9 @@
o Q9@ @
@R IR RC

(b)

Figure 9.5: Steady state pressure distribution for (a) an non-patterned ABS and (b) a

patterned ABS

Figure 9.5 shows the comparison of the pressure distribution for an non-patterned
slider and a patterned slider. The diameter and height of the pattern used in Figure 9.5(b)
are 3 um and 20 nm, respectively. From Figure 9.5(b) we observe that the pressure
distribution on the center trailing pad, where the pattern is present, is quite different
from Figure 9.5(a). The maximum pressure generated for a patterned slider is larger
than the maximum pressure for a non-patterned slider.

In Figure 9.6, we have plotted the pressure profile along the width of the slider.
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We observe that high pressure peaks occur at each pattern feature, superimposed on a
smooth background pressure. These pressure peaks are present over each pattern feature
in both the length and width directions of the slider. The top surface of each pattern
feature is the area in closest proximity to the disk surface. These areas represent the
minimum spacing. The recessed regions of the patterned features and the other regions
of the air bearing surface are farther away from the disk surface. Hence, an increase of
local air bearing pressure in areas close to the disk surface is to be expected. The high

pressure spikes are likely to cause lubricant migration or lubricant depletion.

Figure 9.6: Pressure peaks due to pattern on ABS

To investigate the effect of pattern height, pattern diameter, slider skew and pitch
angles on flying height, a parametric study was performed.

Figure 9.7 shows the trailing edge center spacing as a function of the pattern height
for the femto slider designs shown in Figure 9.3. For this calculation, the ratio of diame-

ter to pitch of the pattern features was kept constant at 0.5. From Figure 9.7, we observe



223

that the trailing edge center spacing decreases with increasing pattern height. We also
observe that the slope of the flying height versus pattern height curve is similar for all

four slider air bearing designs.

300 . ,
1| —&— slider1
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L | —&— slider3 []
i| —e— slider4

Trailing Edge Center Spacing [nm]

5 ) 10
Pattern height [nm]

Figure 9.7: Trailing edge center spacing as a function of pattern height for slider designs

1, 2, 3 and 4 keeping d/p constant at 0.5

The flying height loss of the four femto sliders as a function of pattern height h is
plotted in Figure 9.8 for a ratio of d/p = 0.5. We observe that the flying height decreases
linearly as a function of the pattern height. That trend is similar for all four slider
designs.

The steady state flying height of a patterned slider disk interface with a constant
ratio of d/p = 0.5 can be estimated by subtracting AF H from the flying height on a

conventional smooth head disk interface. The dotted line in Figure 9.8 was obtained
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using the following equation:
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Figure 9.8: Change in Flying Height as a function of pattern height for femto slider

designs (d/p =0.5)
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Figure 9.9: Change in flying height as a function of the ratio d/p for femto slider design

1

Figure 9.9 shows the change in flying height as a function of the pattern diameter.
The change in flying height is plotted as a function of the ratio d/p. The dashed horizon-
tal line in Figure 9.9 corresponds to the non-patterned case. In Figure 9.9, the pattern
diameter was varied between 200 nm and 800 nm keeping the pattern pitch constant at
1000 nm. From Figure 9.9 we observe that the change in flying height is non-linear
as a function of the pattern diameter. The solid, dotted, and dashed lines in Figure 9.9

represent a quadratic fit for a pattern height of 5 nm, 10 nm, and 15 nm, respectively.
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Figure 9.10: Trailing edge center spacing as a function of slider skew angle for femto

slider design 1

Figure 9.10 shows the trailing edge center spacing of femto slider design 1 as a
function of the pattern height for skew angles of zero, five, ten, and twenty degrees (0,
5, 10, 20 deg), respectively. The ratio of the pattern diameter to the pattern pitch was
chosen to be one half (d/p = 0.5). A linear decrease in the trailing edge center spacing
is observed with increasing pattern height, indicating that Eq. (9.1) applies also for

non-zero skew cases.
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(slider design 3)

The effect of the slider pitch angle on pattern height is shown in Figure 9.11. From

the simulation results, we observe that the change in the slider pitch angle is almost
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independent of slider air bearing design, pattern height, the ratio d/p, and the slider
skew angle. From Figure 9.11, we conclude that the presence of pattern with diameter

on the order of several nanometers does not effect the pitch angle of the slider body.
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Figure 9.12: Trailing edge spacing versus pattern height (slider 1)

To determine the general relationship between flying height and pattern height, the
trailing edge center spacing was computed by increasing the pattern height for slider
design 1 until the flying height reaches zero, i.e., until contact between slider and disk
occurs (Figure 9.12). In the claculation for Figure 9.12, the pattern diameter and pitch
were 500 nm and 1000 nm, respectively. From the linear extrapolation of the flying

height using Eq. (9.1) for slider design 1, we observe that contact occurs for a pattern
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height of 30 nm. However, from the numerical simualtion using the finite element so-
lution of the Reynolds equation, we observe that the numerical results for flying height
deviate from the predicted values for pattern heights larger than 20 nm for slider de-
sign 1. Thus it is apparent that the linear approximation for flying height loss is valid
for only small pattern heights. Beyond a critical value of pattern height, the change in
flying height is non-linear and a full air bearing simualtion is necessary to compute the

change in flying height correctly.

9.5 Discussion and Summary

From our simulation results we observe that the flying height decreases as a function
of pattern height and the ratio of pattern diameter to pattern pitch. Our calculations
show that the redcution in flying height is a linear function of the pattern height for
small values of pattern height. Beyond a certain value for the pattern height, the change
in flying height becomes non-linear. For the patterned slider simulations shown in this
chapter, Eq. (9.1) can be used to predict the change in flying height for small pattern
heights and for a ratio of pattern diameter to pattern pitch equal to one half.

Duwensee et al. [10] obtained an empirical equation that predicts the change in
flying height for discrete track reording (DTR) media as follows:

groove width

AFH = groove depth X (Duwensee et al. [10])

groove pitch
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Comparing this equation to our simualtion results for a bit-patterned slider disk inter-
face, we observe that the groove depth of discrete track disks is analogous to the pattern
height of a bit patterned disk, and that the groove width is analogous to the area re-
cessed around a pattern feature. In addition, the groove pitch is similar to the pattern
pitch. For a DTR interface, the flying height loss is linearly proportional to the groove
depth and the ratio of groove width to groove pitch for any value of groove depth and
groove width for a constant groove pitch [10]. This is due to the fact that the length of
the groove and the land regions of the discrete track are the same and that the groove
pattern is uni-directional.

A non-linear change in flying height was observed for a bit patterned slider disk
interface when the pattern diameter was varied. The change in flying height was found
to be a quadratic function of the pattern diameter. This result is to be expected since a
change in the pattern diameter not only changes the pattern profile along the width of the
slider, but also along the length of the slider. For the DTR interface, a change in width
changes the pattern profile only along the width of the slider. For a range of different
pattern diameters and pitch ratios, a functional relationship would have to be written as
AFH = f(h) x f(d/p). The value of f(d/p) is different for various ratios of pattern
diameter to pattern pitch.

For a DTR interface, an area ratio representing the ratio of recessed area due to

groove width to the area due to groove pitch can be written as w/p. For the patterned
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To compare the two types of patterned media, we plotted in Figure 9.13 the change
in flying height as a function of the area ratio as defined in Eq. (9.2). In Figure 9.13, the
pattern height was 10 nm and the groove depth was 10 nm for DTR media. The results
are shown for slider design 1. The data for the DTR media was obtained using the
empirical equation obtained by Duwensee et al. [10]. From Figure 9.13, we observe that

the flying height loss increases as the area ratio increases for both DTR and bit patterned

slider disk interface. However, the change in flying height for the bit patterned interface
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is higher as the area ratio increases compared to the DTR interface. This latter result is
to be expected since side flow is more prevalent in the discrete bit patterned case than the
discrete track case. In Figure 9.13, an area ratios less than 0.5 would represent pattern
diameter values that are close to the pattern pitch values. Area ratios greater than 0.9
would represent small pattern diameters on the order of tens of nanometers. For smaller
pattern diameters, the change in flying height increases by a larger amplitude for the bit

patterned interface compared to the DTR interface, as the recessed area ratio increases.

9.6 Conclusions

1. High pressure peaks occur locally over each pattern feature. These high pressure

areas are likely to cause lubricant loss over the bit areas.

2. From the parametric analysis of several femto slider designs, it was found that the
slider flying height decreases linearly with increasing pattern height. The flying

height decreases quadratically with the ratio of d/p.

3. The flying height loss of a discrete bit patterned media is a linear function for

small values of pattern height keeping pattern diameter and pattern pitch constant.

4. The slider pitch angle was found to be independent of pattern height, slider design

and skew angle.

5. The flying height loss is larger for a bit patterned slider disk interface compared
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to a discrete track interface for the same recessed area of pattern.
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Summary and Conclusions

10.1 Summary

Hard disk drive technology has made an amazing progress to date since the intro-
duction of the first hard disk drive more than fifty years ago. The storage capacity has
increased from 4.4 MB in 1956 to 1 Tb now for a single drive. The areal density has
increased substantially from 2 Kb/in? to 150 Gb/in? now. At the same time, the flying
height of the head disk interface has decreased from 20 pm to 8 nm in current hard
disk drives. Various components of a typical hard disk drive and its head disk interface
were described in Chapter 1. The research presented in this dissertation focussed on the
investigation of the effect of shock, vibration, surface texture and surface pattern on the
dynamics of the head disk interface.

The Galerkin weighted residual finite element method was used to develop a solution

236
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of the continuum mechanics equations. For the analysis of shock events, the momentum
equation is written in the form of a weighted residual and then integrated which leads
to the weak form of the momentum equation. The domain is discretized into small sub-
regions or elements to seek an approximate solution of the problem. For the non-linear
dynamic solver, a Lagrangian formulation is implemented to find the time dependent
deformation of the components in a hard disk drive model. A contact algorithm is uti-
lized to model the interface between various components of the hard disk drive such as
the slider, suspension, gimbal (or flexure), and disk.

The first structural model studied was the non-operational model for a load/unload
type hard disk drive. In this model the disk is not spinning and the slider is parked away
from the disk on a load/unload ramp through the suspension lift-tab. The hard disk
drive geometry, mesh, boundary conditions, loads, and materials are also defined using
a commercially available finite element program (Altair Hypermesh). The transient
analysis is computed using a non-linear dynamic solver (LS-Dyna). The effect of shock
amplitude, shock pulse width, and design parameters such as the suspension and gimbal
thickness on the suspension lift-tab and dimple separation was studied. Stress analysis
was performed for high stress regions in the head/disk interface, such as the bending
region of the gimbal and suspension.

The second structural model studied was the operational model for a typical hard
disk drive. In the operational model the air bearing was modeled between the slider and

the disk. The air bearing was approximated using five linear springs. The stiffness of
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these springs represents the air bearing stiffness in the z-direction, as well as pitch and
roll direction.

The response of the head disk interface to shock was studied experimentally and
numerically in three form factor hard disk drives. The different hard disk drives ana-
lyzed were 3.5 inch, 2.5 inch, and 1 inch form factors. The displacement of the actuator
arm, the suspension and the slider due to shock was measured using a laser Doppler
vibrometer for both non-operational and operational states of the disk drive. A detailed
comparison of experimental and numerical results for the three form factor disk drives
was conducted. In addition, structural models including two different hard disk drive
enclosures for 1 inch form factor were developed. The response of the head disk in-
terface to external vibrations applied in the x, y, and z directions were analyzed and a
comparison of the two enclosure designs was conducted.

The Reynolds equation governing the head disk interface in hard disk drives was
derived. Since the head disk spacing is on the order of 8 nm in current disk drives, slip
flow corrections or “rarefaction” effects must be considered. The Reynolds equation
with Boltzmann slip flow correction developed by Fukui and Kaneko was derived for
the head disk interface with small clearance. A finite element solution of the steady state
and time dependent Reynolds equation was described in Chapter 6.

An numerical model was later developed to study the effect of texture on the dy-
namics of the head disk interface for high Knudsen number flow. Optimum texture

parameters, such as the texture density, texture aspect ratio, and texture portion were
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determined for partial and full surface texture of slider air bearings. These optimum
texture parameters were used to analyze the effect of texture on actual magnetic record-
ing sliders. Numerical results showed that surface texture improves the dynamics of the
head disk interface with respect to improved stiffness and damping characteristics.

In the last part of this thesis, steady state pressure generation for bit patterned media
was studied. A numerical model with bit pattern transferred onto the slider air bearign
surface was developed to investigate the steady state pressure distribution due to bit
pattern in the head disk interface. The effect of pattern height, pattern diameter, slider
skew angle, and slider pitch angle on flying height of a typical slider was investigated. It
was found that the flying height decreases as a function of pattern height and the ratio of
pattern diameter to pattern pitch. Simulation results showed that the redcution in flying
height is a linear function of the pattern height for small values of pattern height and a

quadratic function of the ratio of pattern diameter to pattern pitch.

10.2 Conclusions

In this dissertation, numerical and experimental techniques were used to investigate
the dynamics of the head disk interface. First, the effect of shock and vibration on three
different form factor (3.5 inch, 2.5 inch, and 1 inch) hard disk drives was studied both
experimentally and numerically. In addition, the effect of surface texture and surface

pattern on the slider flying characteristics was studied numerically by using a finite
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element formulation of the Reynolds equation with rarefaction effects.

Based on the above investigations, the following conclusions can be drawn:

Non-operational shock in load/unload hard disk drives

From the simulation results, we found that lift-tab and dimple separation increases
with increasing shock amplitudes.

We observed that lift-tab separation and dimple separation decrease with increasing
shock pulse width.

The pulse width of shock input governs the onset time of lift-tab separation during a
non-operational shock event.

Shorter pulse widths of shock excite higher frequencies and greater amplitudes. A
short duration shock pulse width causes larger lift-tab separation than a longer duration
pulse width for the same shock amplitude.

An increase in the thickness of suspension and gimbal spring causes a reduction in
lift-tab separation as well as dimple separation.

The maximum von Mises stress in a flexure increases with increasing shock am-
plitudes. Plastic deformation in the flexure can occur when the amplitude of shock is

extremely high.
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Experimental and numerical Investigation of shock in 3.5 inch and

2.5 inch HDD’s

Based on the experimental and numerical results from this study, we can draw the
following conclusions:

We observed that there is no actuator arm - disk impact for the specified non-
operational shock load conditions in both form factor HDD’s.

Operational shock response showed that the disk contribution to out-of-plane dis-
placements of the head suspension assembly is less than 10% for the specified shock
load conditions in our experimental set up.

A Numerical finite element model of the 3.5 inch HDD was developed to simulate
the shock response for the non-operational case. The results obtained in the simulation
compared well with the experimental results. The bending modes of the suspension and
actuator arm were also in good agreement with the experimental results.

In comparison, we observed that the vibrations modes of the suspension-arm assem-
bly in the 2.5 inch HDD was higher than the vibration modes of the suspension-arm

assembly in the 3.5 inch HDD.

Shock and vibration investigation in 1 inch HDD’s

Microdrives from two different hard disk drive manufacturing vendors were sub-

jected to shock and vibration experimentally. From this study, we can draw the follow-
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ing conclusions:

The shock response of the drives varied with manufacturing vendors due to differ-
ences in the main mechanical design of the drives. In particular, an adhesive wrapping
around the microdrive was found to be critical to give a more robust device and allow
more structural rigidity to the top cover. The thickness of the cover plate was found to
be important as far as shock absorption is concerned, i.e., the thicker the cover plate; the
better is the shock response.

To increase the operational shock specification from 200 G to 300G the suspension
design should be modified to prevent slap motion of the head/suspension against the
disk. Increasing the gram load of the suspension could be a solution to reduce head slap
due to shock.

Voice coil magnets can be a cause of shock failure due to bonding weakness of the
magnets to the base plate.

The numerical shock simulation compared close to the experimental results for both
non-operational and operational shock.

The dynamic response of the head disk interface was investigated numerically for
two different designs of 1-inch hard disk drive enclosures, the so-called "thin" enclo-
sure and the "thick" enclosure. First, a modal analysis for the two enclosure designs
was performed numerically. Then the in-plane and out-of-plane vibration response was
determined for the HDD model with the two enclosure designs. From the simulation

results, we observe that the thinner enclosure has better performance with respect to



243

forced vibrations in terms of reduced amplitude of slider vibrations.
We conclude that the design of 1-inch form factor hard disk drive enclosures has a

significant effect on the dynamics of the head disk interface.

Effect of surface texture on flying characteristics of air bearing slid-
ers

Based on the simulations of textured slider, we draw the following conclusions:

Parallel slider bearings with surface texture generate a net load carrying capacity
while the untextured parallel sliders do not generate a load carrying capacity.

Surface texture reduces the load carrying capacity of an inclined slider above a crit-
ical pitch angle (with respect to the untextured slider), but it increases the load carrying
capacity below the critical pitch angle.

The dynamic flying characteristics of textured magnetic recording sliders show im-
proved performance in terms of flying height modulation, stiffness and damping.

Texturing of air bearing sliders improves the dynamic performance of the head disk

interface.

Numerical simualtion of the head disk interface for patterned media

High pressure peaks occur locally over each pattern feature. These high pressure
areas are likely to cause lubricant loss over the bit areas.

From the parametric analysis of several femto slider designs, it was found that the
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slider flying height decreases linearly with increasing pattern height. The flying height
decreases quadratically with the ratio of d/p.

The flying height loss of a discrete bit patterned media is a linear function for small
values of pattern height keeping pattern diameter and pattern pitch constant.

The slider pitch angle was found to be independent of pattern height, slider design
and skew angle.

The flying height loss is larger for a bit patterned slider disk interface compared to a

discrete track interface for the same recessed area of pattern.
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Appendix for Chapter 2

A.1 Derivation of The Principle of Virtual Work in LS-

Dyna Solver

In Chapter 2.4, the momentum equation was given as follows:

oijj + pfi = pT; (A.1)

We seek a solution to Eq. (A.1) satisfying the traction boundary conditions on

boundary 9b; (Eq. (A.2)),

Oijly = Ti(t) (A.2)

the displacement boundary conditions on boundary 0by(Eq. (A.3)),

245
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ZT; (Xa, t) = Dz (t) (A3)

and the contact discontinuity (Eq. (A.4)) along the interior boundary 0b; when xj= x; .

(0 — 053) mi = 0 (A4)

In the equations shown above, o;; is the Cauchy stress, p is the density, fis the body

force density, 7 is the acceleration, the comma in 0;; ; denotes co-variant differentiation,
and n;; is a unit normal to a boundary element of 0b.

Conservation of mass is given by:

PV = po (A.5)

where p is the density, and V' is the relative volume. The determinant of the deformation

gradient matrix, [;, is given as:

al’i
F,; = A6
=% (A.6)
The energy equation can be written as follows:

Eq. (A.7) is integrated with respect to time and is used for the equation of state

evaluations and a global energy balance.
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In Eq. (A.7), s;; represents the deviatoric stress given as

sij = 045+ (p+q) 9y (A.8)

and p represents the pressure given as follows

1 1

In Eq. (A.8) g is the bulk viscosity, J;; is the Kronecker delta (i.e., §;; = 1 if i = j;
else 0;; = 0), and €;; is the strain rate tensor.

We then write:

/(pl’z — 0455 — pf) (5:17sz +/ (Uijnj — tl) (Sl’lds
v o (A.10)

—|-/ (0’$ — O';) nj&cl-ds =0
Obs

where dz; satisfies all the boundary conditions on 0b,. Application of the divergence

theorem yields

/(aijéxi)’j dv = /ab oijnioxds + / (0;; — ai;) n;oz;ds (A.11)

0bs

and

(Uijé%‘),j 0ij,;0%; = 00T (A.12)

This leads to the weak form of the equilibrium equations as follows:
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om = /p:i:'iéxidv—l—/aijéxiﬁjdv—/pf,-é:z;l-dv—/ t;0x;ds (A.13)
v v v ob1
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Appendix B

Appendix for Chapter 6

B.1 Finite element solution for the time dependent Reynolds

equation

The dimensional time-dependent Reynolds equation can be written as (Eq. (B.1),

Chapter 7):

2. / 120V NdQ + / (VW - [Q(6) (hoVe — &Vh)] — 6uVew} da =0
Q Q

(B.1)
Applying the Galerkin weighted residual finite element method, we introduce the

following variables:
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] = / 127 NdQ

@ (B.2)

F] = / (YW [Q(©) (hOV6 — 6°Vh)] — 6uVew} do

Using the variables above, we can re-write Eq. (B.1) in symbolic matrix notation as:

00
[I’]W—i—{F} =0 (B.3)

where [ is a constant matrix of known terms and F' is a non-linear function of ©. A
number of explicit and implicit time stepping techniques are available for the solution
of this type of equation. An explicit forward difference or forward Euler method for

approximating the derivative is as follows:

ot At At B4)
Substituting Eq. (B.4) in Eq. (B.3), we get:
T{A0} = —{F}" At (B.5)

The forward Euler method can be easily applied to a non-linear system and is first
order accurate. Hence, the error is directly proportional to the time step used in the
numerical method, i.e., the time step has to be very small. To avoid very small time steps,

an implicit method such as the backward Euler method can be used in combination with
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the forward Euler method. In the backward Euler method, the derivative is computed at

the end of the time step. Eq. (B.5) is rewritten as follows:

(AT + K} {A0} = —{F}" — {AF} (B.6)

where the tangent matrix Kris the derivative of the vector F' with respect to the
variable ©. Eq. (B.5) and Eq. (B.6) can be combined by introducing a parameter Y as

follows:

(AT + YK {AO} = —{F}" — Y{AF} (B.7)

where Ycan vary between 0 and 1. If the parameter T is equal to zero, then we have
the explicit forward Euler method. If the parameter Y is equal to one, then we have
the implicit backward Euler method. Such a combined numerical method allows better
control over the time step and stability of the solution.

The time dependent Reynolds equation is solved simultaneously with a finite ele-
ment model for the suspension and gimbal. The suspension and gimbal are modeled
using simple beam elements. The roll motion of the slider is added as an additional
degree of freedom in the suspension and gimbal model. The equations of motion for the

beam model can be written as follows:

[M] {d} A {d} + K] {d} = {?} (B.8)

where d is the generalized displacement vector for the z direction, the pitch direction,
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and the roll direction and F is the right hand side force vector containing the air bearing
forces and moments. The Newmark method, given by Eq. (B.9) is used to integrate this

equation.

n+1

(" = [d)" + At {d}" + ATtQ (1—28) {d}n RWNY {d’}

{d}"ﬂ ={d}" + ar - {d" + an {d’}”“

where 3 and ~y are the Newmark parameters that define the accuracy and stability of

(B.9)

the solution. In this thesis, the values assigned for § and ~ are 0.25 and 0.50 respectively.
The Newmark method is used to solve the suspension and gimbal model in conjunction
with the implicit backward Euler method for the solution of the air bearing forces and

moments.
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