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Abstract

Hard disk is a widely used device for digital data storage. It has been studied and
developed for more than thirty years. One of the research branches is the lubrication
problem. In this research report, the overall review of the structure of the hard disk
and the ways of lubrication is introduced. Specifically, the report is focus on the
lubrication between the slider and platter. A new modified Reynolds equation and the
equations of motion are explained in this paper. Based on these equations, a way to
improve the efficiency of lubrication and performance of the hard disk are provide in

the last part of the paper.
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1. Introduction:

Although the SSD (Solid-State Drive) has been developing very well in the past few
years, the HDD (Hard Disk Drive) is still the most important data storage device
because of its great price-performance ratio. The biggest difference between SSD and
HDD is the storage medium. The SSDs use flash memory while HDDs use platters,

which are covered with magnetic materials.
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Figure 1.

Operating principles.

Fig. 1 The read & write head and the platter !
As we see in Figure 1(Rouviere, 2009), inside a single-disk hard drive, we can see 3
components: an arm with a read and write head in front, a platter and a spindle. If we

simplify this hard disk drive to a model, we might describe its working process as this:



The platter rotates around the spindle and the actuator arm is controlled by a voice
coil actuator' (Mueller, 1998). This combination enables the read and write head go
to anywhere on the platter’s surface. While the head slides over the platter, the data,

ones and zeros can be stored into or picked up from the magnetic domains.

Unlike the relationship between the magnetic head and tape in cassette players, the
head and the platter in hard disks cannot be contacted to each other because the
platters spin at speeds up to 15,000 rpm? (Blount, 2007) At this speed, if the head
really touches the platter, the head is very likely to be damaged and so is the platter.
Meanwhile, the distance cannot be too long. If the head and platter is too far from
each other, the data cannot be written or read because of weak magnetic flux.

Therefore, the distance between the head and platter needs to be only 3nm.

When the HDD is powered on, the platter starts to rotate around the spindle with a
high speed. (Joshuamarius, 2006) This research project will study how air works as

the lubricant between the read and write head and the platter.

'ora step motor.
2 Today, hard disk drivers usually work at 4200rpm to 14400rpm.



2. Surface Roughness:

Before talking about the air lubrication between the head and platter, it is necessary to
talk about the construction of the platter and the head, especially the surface

roughness.

2.1 The Platter

Basically, the platter is a circular disk made with nonmagnetic material (aluminum or

glass and ceramic) covered with several layers:

Lubricant Layer: This is the topmost layer of the platters and is made of a substance
similar to Teflon. This layer is used to protect the Magnetic layer.

Carbon: There is a layer of sputtered carbon just below the lubricant layer. This layer
is also used to protect the Magnetic layer.

Magnetic Layer: This is below the layer of carbon. This is the core part of the platter,

it holds all data. (HD Doctor Blog, 2008)
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Fig.2 Layer structure of the platter (Western Digital, 2011)



2.2 The Head

The head is an interface between the magnetic media where the data is stored and
electronic components in the hard disk. The heads convert the information, which is
in the form of bits to magnetic pulses when it is to be stored on the platter and
reverses the process while reading.

The heads are the most sophisticated part of the hard disk. Each platter has two
read/write heads, one mounted on the top and the other one at the bottom. These
heads are mounted on head sliders, which are suspended at the ends of head arms. The
head arms are all fused into a singular structure called actuator, which is responsible

for their movement. (HDD Basic, 2010)
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Fig.3 Structure of the read & write head (PCmag.com,2006)



3. Lubrication

The distance between the platter and the read and write head is called magnetic space.
The air bearing is used in this space to reduce wear and carry partial load of the slider.
To some extent, the analysis of this air film is the important part of the whole research

of hard disk. Here we start the analysis from governing equation first.

3.1 The original Reynolds equation

The equation that governs the generation of pressure in the lubricating film is known

as the Reynolds equation.
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Where X, y are the spatial coordinates

X is in the sliding direction
L: time
1 absolute viscosity of the gas

U. sliding velocity of the moving bearing surface

P the local pressure of the gas

h'- local film thickness

The Reynolds equation is based on the continuum theory of fluid mechanics. If the
mean free path of the molecules is large compared to the film thickness, free

molecular flow occurs. However, if the mean free path of the molecules becomes



comparable to the film thickness, the gas does not behave entirely as a continuous

fluid, so we should use the modified Reynolds equation.

3.2 The modified Reynolds equation

Knudsen number,M, = A /h, is the criteria for the boundaries of the regimes between
continuum flow, slip flow, and free-molecular flow.
Continuum flow: M,<0.01
Slip flow: 0.01<M, <3
In 1959, Burgdorfer, derived the modified Reynolds equation in the slip-flow regime
by using modified boundary conditions. Based on his paper, the modified Reynolds

equation becomes:
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The molecular mean free path at ambient conditions 44 , for air is 0.064 um, if

M<0.01 or h, >6.4 um for air films, then we can use the basic Reynolds equation
for continuous fluid. If 0.64 um<h_<0.025 zm for air. Then we should use the
modified Reynolds equation. Based on the experimental data, the modified Reynolds

equation applicable in the slip-flow regime can be used accurately up to an air-film

thickness of about 0.025 «m.. In general, the air film between the head and platter is

an ultrathin spacing that in some cases it can be several nms. As a result, the modified



Reynolds equation should be used in our analysis. (Bhushan,1996)
3.3 The modified Reynolds equation in hard disks

The disk slider is attached to a leaf spring suspension that provides the three degrees
of freedom for excursion (one degree of translation freedom in the direction
perpendicular to the disk surface and two degrees of rotational freedom in the
orthogonal directions-pitch and roll). This is a case of hydrodynamic lubrication and
the elastic deformations of the bearing members are negligible, unlike flexible media.
In general, the slider may be oriented with respect to the disk velocity vector, that is, it
has a skew angel that would result in velocity components, both in the x and y
directions (Ux, Uy). Therefore, an additional term appears in the right-hand side of the
Reynolds equation given by:
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X" is in the sliding direction
L: time
1 absolute viscosity of the gas

U. sliding velocity of the moving bearing surface
P the local pressure of the gas

h. local film thickness

M=4,1/h,

M : Knudsen number at ambient condition



A, : molecular mean free path

h,, : reference film thickness

The free body diagram of the head is as followed:
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Fig.4 the free body diagram of head

The rigid body equations of motion for the slider attached to a flexure that provides

three degrees of freedom is governed by:

2
%+CZ%+ K,z+mg+F =W(t)
d’a da

I, e +C“E+ K,a+M,+(F+ Kzz)(xcg —xp)+ Frxzcg
= (Xcg _X)W (t)

10



d? d
Iﬂ'BTZﬁ+Cﬂd_f+ Kﬂﬂ+ Mﬂ+(F +Kzz)(ycg —yp)+FryzCg

= (ycg _y)w (t)

M head mess
F : the applied force

C, , Ca, s : the flexure damping coefficients

K. K, Kﬂ : the flexure stiffness coefficients

I . ..
a 7 :slider moments of inertia

M, , M 5 static moments

X Z .
o Yoq , 9: center of mass coordinates
& : pitch angle

B roll angle

Where the bearing load is given by

w(t) =

O t—r

(p_ pa)dxdy

The boundary conditions generally used are ambient pressure at the edges of the head
slider. In most of the analyses reported in the literature, flexure effects (stiffness,

damping), static moments, or fluid friction forces are not included. (Bhushan,1996)

Full nonlinear analysis of the slider dynamics requires a simultaneous solution. The

solution can be found by numerical approach.
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3.4 The application of equation of motion and Reynolds

equation

In a design process, in general, a certain height (magnetic spacing) has to be
designated first. Then we substitute the value of height into the Reynolds equation.
From this procedure, the pressure can be obtained. Then according to the equation of
motion, we can get a new height. Then we put this new height into the Reynolds
equation again. We do this whole procedure repeatedly until the difference between
the height we expected and the height we get from the governing equation is really

small.

12



4. The effective way to lower the magnetic spacing
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Fig.5 (a) Schematic of conventional IBM 3370-type two-rail taper-flat slider. (b)
Schematic of IBM 3380 K-type shaped-rail slider. (c) Schematic of zero-load or
self-loading slider. (d) Schematic of transverse pressurized contour (TPC) slider.

In general, the development of the hard disk design is tending to reduce the fly height
of the slider. A conventional self-acting air-bearing slider was first introduced in IBM
3370 drives (355-mm disk diameter) and is shown in Fig.5 (a). It is composed of two
rails with a wide ambient pressure success separating the air- bearing pads. Each rail
has a taper-flat configuration. The front taper serves to pressurize the air lubricant,
while some of the lubricant is lost through leakage to the side. In this paper, this
air-bearing design will be referred to as 3370-type.

13



The flying attitude of the air-bearing slider is described by three important parameters:
the trailing-edge (minimum) film thickness, pitch angle, and roll angle. Lower film
thickness used in future products are achieved by changing one or more of the many
slider parameters in a way that reduces the load bearing capacity of the slider.
Reducing the slider rail width is often used to lower the trailing-edge film thickness of
the slider. Reducing the rail width also lowers the pitch angle. Lowering the film
thickness and the pitch angle at the same time the average film thickness is reduced,
which increases the chance of slider to disk contact. If the pitch angle is increased as
the trailing edge film thickness is decreased, the drop in the average film thickness
could be reduced or eliminated. This would minimize the interaction of the slider with
the disk surface. An increased pitch angle design can be achieved today by offsetting
the pivot point toward the trailing edge of the slider. This approach to increasing the

pitch angle is limited.

A novel shaped rail design referred to as the shaped-rail design can attain increased
pitch angles, independent of film thickness, with a central suspension attachment.
Unlike conventional taper flat designs, each side rail has a widened leading edge rail

width that is flared down to a small rail width toward the trailing end.

In recent years, trends have been to go to smaller low mass sliders and to apply only a

small load on the slider in order to minimize disk wear. Unfortunately, with

14



conventional two rail sliders, the air-bearing stiffness is somewhat proportional to the

load. (Bhushan,1996)

Reference

Bhushan, B., Tribology and Mechanics of Magnetic Storage Devices, McGraw-Hill,

15



Second Edition, 1996

Holani, P. and Muftd, S., “An Adaptive Finite Element Startegy for Analysis of Air
Lubrication in the Head-Disk Interface of a Hard Disk Drive”.

Burgdofer, A., “The Influence of Molecular Mean Free Path on the Performance of
Hydrodynamic Gas Lubricated Bearings”, Trans. ASME, Journal of Basic
Engineering, Vol. 81, no. 1, 1959, pp. 94-100.

Fukui, S. and Kaneko, R., “Analysis of Ultra-Thin Gas Film Lubrication Based on
Linearized Boltzmann Equation: First report-Derivation of a Generalized
Lubrication Equation Including Thermal Creep Flow,” Trans. ASME Journal of
Tribology, Vol. 110, pp. 253-261, 1988.

Wu, L., “Modeling and Simulation of the Interaction between Lubricant Droplets on
the Slider Surface and Air Flow Within the Head/Disk Interface of Disk Drives”,
DigitalCommons@University of Nebraska — Lincoln,
http://digitalcommons.unl.edu/mechengfacpub/18, 2006.

Hwang, C. and Fung, R., “A New Modified Reynolds Equation for Ultrathin Film Gas
Lubrication”, Transactions on Magnetics, Vol. 32, no.2, 1996.
Rouviere, K., Retrieved from http://www.kevinrouviere.com/?p=43, 2009.

Mueller, S., Micro House PC Hardware Library Volume I: Hard Drives, Macmillan
Computer Publishing, 1998.

Blount, C., "Why 7200 RPM Mobile Hard Disk Drives?”, Hitachi Global Storage
Technologies, 2007.

Joshuamarius, Retrieved from http://www.youtube.com/watch?v=9eMWG3fwiEUs,
2006.

HD Doctor Blog, Retrieved from http://www.hddoctor.net/platter-scratch-repairing//,
2008.

Western Digital, Retrieved from http://www.wdc.com/en/, 2011.

HDD Basic, “Hard Disk and Hard Drive Physical Components” Retrieved form
http://www.hdd-tool.com/hdd-basic/hard-disk-and-hard-drive-physical-components.ht
m, 2010.

PCmag.com, “Definition of read and write head”, Retrieved from
http://www.pcmag.com/encyclopedia_term/0,2542 t=readwrite+head&i=50247,00.asp,

16



2006.

17



