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Abstract

Hard disk drives function perfectly satisfactorily when used in a stable
environment, but in certain applications they are subjected to shock and vibration.
During the work reported in this thesis it has been found that when typical hard disk
drives are subjected to vibration, data transfer failure is found to be significant at
frequencies between 440Hz and 700Hz, at an extreme, failing at only 1g of sinusoidal
vibration. These failures can largely be attributed to two key components: the
suspension arm and the hard disk. At non-critical frequencies of vibration the typical
hard disk drive can reliably transfer data whilst subjected to as much as 45g.

When transferring data to the drive controller, the drive's operations are
controlled and monitored using BIOS commands. Examining the embedded error
signals proved that the drive predominantly failed due to tracking errors.

Novel piezo-electric sensors have been developed to measure unobtrusively
suspension arm and disk motion, the results from which show the disk to be the most
significant failure mechanism, with its first mode of resonance at around 440Hz. The
suspension arm movement has been found to be greatest at 1kHz.

Extensive modelling of the flexure of the disk, clamped and unclamped, has
been undertaken using finite element analysis. The theoretical modelli.ng strongly
reinforces the empirical results presented in this thesis.

[f suspension arm movement is not directly coupled with disk movement then
a flying height variation is created. This, together with tracking variations, leads to
data transfer corruption. This has been found to occur at 1kHz and 2kHz.

An optical system has been developed and characterised for a novel and

inexpensive flying height measurement system using compact disc player technology.
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Summary

In Chapter 1 of this thesis, the importance of the hard disk drive in personal
computers is highlighted, and the very steep rate of growth in their data storage
capabilities is graphically presented. The operation and construction of the drive is
then detailed, indicating key elements of its design that are fundamental to further
improvements in data storage densities, data transfer speed and reliability.

Chapter 2 delves more deeply into failure mechanisms of the hard disk drive
when operating in a hostile environment of shocks and vibration. Primitive and
known methods of suppressing the drive from failing to transfer data are
acknowledged. An explanation of the non-trivial problem of data miss-interpretation
is given, reinforcing the significance of the mechanical failings of the drive.

An overview of current flying height measurements is given in Chapter 3.
Each method is reviewed for its positive and negative attributes, for consideration as
an embedded, unobtrusive, flying height measuring method.

Piezo-electric sensors have been used as a means of unobtrusively measuring
suspension arm and disk edge deflections. A background explanation of how they
function is given in Chapter 4. The definition of the common notation for defining the
piezo-electric sensor-actuator's performance is given and explained. The chapter then
goes on to explain how to optimise a piezo-electric actuator's operation for the
specific task of flying height variation by actuating the suspension arm.

In Chapter 5 a complete overview of the equipment, tasks and experiments of
the work reported in this thesis i1s given. A thorough description of the physical
vibration test station is given, along with an account of how the system was

optimised. An explanation of the software used 1o aid the gathering of results is given,

XXiv



with LabView for Windows construction of a real-time FFT virtual instrument and the
C++ BIOS commands for data selection on the hard disk drive. The design,
construction and application of the novel piezo-electric sensors for flying height and
disk edge displacement measurement is methodically reported throughout Chapter 5.

Chapter 6 presents the results from all the experiments described throughout
this thesis. These results start by detailing how hard disk drives perform whilst
subjected to vibration, showing their inherent weakness to sinusoidal vibration at
around 440Hz to 700Hz. Subsequent results presented provide insight into how the
disk performs whilst subjected to vibration from different methods of observation.
The results from the novel piezo-electric suspension arm sensor are given over
different frequency ranges.

A novel optical system for measuring flying height variations and the phase
relationship between disk and slider motion using a pair of compact disc reader
optical units has been developed and documented in Chapter 7. Details of the
underlying principles of operation are given, and the sensor's performances are
observed and reported. This chapter also reports the design and construction of the
frame mounting for the dual sensor optical system, allowing independent and
complete freedom in all three planes. Finally, the results from experimentation using
this novel optical system are given and the system is appraised.

Chapter 8 presents finite element analysis modelling work undertaken to
determine the disk's resonant frequencies. This chapter explains the logical model
progressions made and the effects made to the frequency response of disk.

An analysis of the results is given in Chapter 9, along with a thorough

discussion of all the presented results. The modes of resonance for both the disk and

XXv



suspension arm are examined, compared to other research discoveries, and correlated

to reinforce the findings.

Conclusions are drawn in Chapter 10 with all the relevant discoveries and

significant results highlighted.

Chapter 11 is devoted to further work the author would like to direct future

research in this area towards.

xXxvi



Chapter 1. Introduction

1.1 Development of Personal Computers

Personal computers (PC's) operate using digital information, data. All their
processing involves either I's or 0's, and a central processor unit (CPU}
manipulates data for each task that it is required. In order for the CPU to operate it
requires instructions to follow a program, this is stored in memory. This memory
tends to be short term only memory, ie all the memory is lost on power down.
Often random access memory (RAM) has been used, which is very highly
integrated discrete logic based memory. The program, throughout the history of
computing, has been entered into the RAM in numerous ways such as manually
using the keyboard, or loaded in from punched tape. In later years magnetic tapes
were used to load the data into the computers RAM.

Typing a program is obviously very time consuming and possibly
erroneous. Magnetic tape was a huge step forward and is still considered a
favourable method of storing data. Early tape systems though lacked speed and
presented restrictions when trying to store multiple programs and files onto one
tape. Due mainly to speed, reliability, space and cost, hard disk drives have
become the dominant means of storing data.

Computer data is of a binary form. The CPU and memory process this data
in ‘a parallel manner to aid in processing speed and manipulation. When data is
processed serially, one afier another, a single piece of data is called a bit. When
data is processed in a parallel form, the number of parallel bits processed is given

a name to aid representation. 4 bit structures are known as NIBBLES, this is not a



common unit for the storage industry. 8 bit structures are BYTES. This is a
typically used notation for data storage. Therefore 8 bits (or 8b) is the same as 1

byte (or 1B).

1.2 Hard Disk Drives — An Overvicw

A hard disk drive, shown in Figure 1 with its case removed revealing the
internal components, stores data magnetically on a disk, unlike RAM that stores
data electronically in complex matrices of capacitor and transistor cells. The
magnetic 'cells' in hard disk drives retain their data because the magnetic medium
is non-volatile, unlike conventional RAM. Non-volatile RAM is available but at
greater cost. The problem with RAM is that it provides inherently small quantities
of memory. At the time of writing 1GB of RAM represents the same costs as a
20GB hard disk drive. Battery backed non-volatile RAM is even more expensive.
Currently, in environments requiring memory robust enough to withstand shock
and vibration whilst operating, solid state battery backed RAM is used, at great
expense and physical space. Alternatively, hard disk drives are installed in bulky
spring-suspended cages or encapsulated in 'gel' to suppress the vibrations
experienced by the drive. This adds bulk and weight and does not entirely

eliminate the problem of maintaining operation in adverse physical environments.



Fig. 1. Picture of a Western Digital hard disk drive. This drive has had its lid

removed revealing the internal components. This drive has a three disk stack.

The data is magnetically stored as bits on the disk. A read-write head is
uscd to read, write and re-wrile the data bits. The read-write head, operating close
to the disk, can be simplistically described as having a small electromagnetic coil
to switch or sense the magnetic bit orientation beneath the head on the disk. A
change in magnetic domain orientation beneath the head induces a positive or
negative current spike from the coil. These spikes are very small in magnitude and
require highly sensitive, high gain, integrated circuits, for amplification, signal
processing and error correction. A recent development has been magneto-resistive
(MR) read heads, which IBM pioneered in 1991 to produce the 1GB 3.5- inch
0663-E12 drive [1]. MR heads are sensitive directly to the stray field from the
written bits, rather than the change in this field, the sensing mechanism of the

inductive head.



Further to signal processing, digital processing is conducted to retrieve ‘.lhe
data from the raw head signal. A positive signal spike does not simply mean a
logical 1 bit. Clocking and encoding data is integrated with the raw data. In order
to increase data reliability the data is encoded [2,3]. This reduces dala storage
densities but allows for some quite powerful error correction. The data is also
spliced to allow for a clocking signal to monitor disk rotation speed and servo
information to ensure the head is centrally placed over the track. A result of all
this additional information is that the signal reccived by the hecad bears little
relation to the 'real’ data stored on the disk. To extract the data much digital signal

processing is required.

1.3 Construction and Design of the Storage Media

Hard disk drives are an economical form of mass storage. They are widely
used as secondary memory in virtually all computer systems. Their dominance in
the personal computer market can be attributed to their large storage capacities,
reliability and relatively low cost. Over the years hard disk drives have grown
rapidly in storage capacity and speed of data transfer, Figure 2 shows the progress
in storage densities.

Figure 3 shows a photograph of a drive modified with the intention of
allowing viewing access of the drive. The location of all the key components
within the drive are ciearly labelled. This drive has three disks, six media surfaces

and therefore six data heads.










The disks are gencrally made from an aluminium/magnesium alloy
(AlMg), they used to have a thickness of 1.25mm but now they are typically
0.8mm thick. Today, hard disk drives are typically sold as either 3.5” or 2.5” type
drives with the smaller drive suffering slower data transfer rates and reduced
storage capacity. Smaller drives are better suited in Laptop computers, where size
is a premium. Thicker disks with reduced overall diameter will naturally be stiffer
and less prone to bending, making them more suitable in the Laptop environment
where the computer is liable to suffer physical mishandling. The trade off for their
greater rigidity is greater physical size and reduced storage capacity. Thicker disks
will increase the profile of the drive and hence make it larger. Smaller diameter
disks reduce the area of data stored so subsequently require more disks for a given
storage capacity. Multiple disks enable greater data storage capacities but increase
drive space and power consumption. At the time of writing, commercially
available drives operate with flying heights of around 5nm. The IBM Ultrastar
146Z.10 drive stores 146GB of data with a storage density of 26.3GB per square
inch [5].

The disk is constructed with many layers. The disk itself is a 0.8mm thick
aluminium magnesium substrate because it favourably combines low density,
rigidity and cost. The surface of the disk is required to be extremely smooth to
give a uniform read back signal from.the low flying hecad. However, the
aluminium alloy is quite soft and cannot be polished to the required finish. The
substrate, therefore, must be modified to provide a surface capable of being
polished to a high degree of smoothness and to provide a structural support for the
thin magnetic film that stores the data. A soft disk is not desirable as it can be

damaged should a read-write head 'crash' occur [6]. For this reason the aluminium



alloy is nickel-phosphorus (Ni-P) plated, which provides a surface hardness of
approximately 550 kg/mm?® on the Brinell scale. The Ni-P surface is abrasively
polished and textured to give a 1.0nm root-mean-square (RMS) finish with
circumferential grooves. These grooves both minimise head stiction to the disk
and provide uniform magnetic read-back signals [7,8].

The thin film magnetic layer requires an underlayer to help nucleate and
grow microstructures with appropriate magnetic properties. A chromium
underlayer is ofien used as it provides a good epitaxial match with cobalt-based
magnetic alloys, which are commonly used for the thin film magnetic layer.
Furthermore, chromium reduces the potential for corrosion.

The magnetic layer needs 10 be a ferromagnetic material and coball-béscd
binary and ternary materials are often used because of their high coercivity [9,10].

The thin film magnetic layer can easily be damaged by the head coming
into contact with it. When the drive receives a large shock the read-write head can
hit the disk. This can occur when the drive is in operation or not, with the disk
spinning or stationary. Without any protection the magnetic layer would be
permanently damaged, producing a hard error. To protect the magnetic layer an
amorphous carbon overcoat 10 - 15nm thick is sputtered on to the disk. As disk
development continues, this overcoat is gradually betng reduced in thickness to
allow the heads to fly closer to the magnetic layer.

To prevent the head being damaged by the disk spinning underneath it,
and to reduce friction, the disk's top layer is a lubricating layer. The lubricating
layer is a perfluoropolyether organic polymer of about 1nm thickness [11].

Texturing of the disk surface will create friction between it and the head,

which will cause the head to wear. This creales micro-contamination, which



naturally further damages the head and slider [12,13,14], accelerating the process
of attrition. Friction, which heats the head, will reduce the signal to noise ratio
[15). When the head parks against the disk, when the disk has stopped rotating, a
vacuum can be created between the smooth surface of the disk and the underside
of the slider (stiction) [16]. This reduces the drives reliability, hence some
texturing is required to prevent stiction.

When the drive is in non-operation it is necessary to 'park’ the head, this
requires resting the delicate head in a safe manner that minimises damage. When
the drive is powered down the disk naturally stops spinning, removing the
protective air bearing that the head relies on. The head's flying height is reduced
as the disk slows down, eventually leading to the head making contact with the
disk. This can cause damage. To prevent permanent damage (o the stored data the
suspension arm control system pulls the suspension arm, and head, across the disk
to its inner circumference, which is a dedicated landing zone where no data is
stored. A development of this idea is to have dual texturing. The landing zone has
a deeper texture to reduce stiction and prevent a vacuum formation. This allows
an extremely smooth disk surface throughout the rest of the disk, resulting in the
potential for lower head flying heights. Another means of parking the head is to
locate physical ramps at the inner perimeter of the disk. The ramps are profiled
such that when the suspension arm swings towards the centre of the disk, the ramp
unloads the suspension arm that pretensions the head against the disk. The ramps
also provides a gentle means of placing the head on the rotating disk. By waiting
for the disk to spin at normal operating speed before arcing the arm across, and
gently lowering the head against the disk on its air bearing, the head nced never

make contact with the disk. This reduces, but does not eliminate, particulate




contamination. The suspension arm loading/unloading against the ramp can
generate some contamination [17]. One clear advantage of this method of parking
the head is that the head is not in contact with the disk in non-operation, and is
held in position so that no head or disk damage can occur.

AlMg disks are not the only ones to be used. Glass disks are gaining
popularity as a glass substrate disk offers a far smoother disk surface than its
aluminium alloy counterpart, enabling a lower head flying height without the risk
of the head hitting high spots, or asperities, on the disk surface. As well as
physical damage, such asperities can cause data errors due to their heating offset
on magneto-resistive sensors [12,18,19]. Glass disks also behave to vibration
differently. They resonate at slightly different frequencies, ie they have a different
modal response. This is due to their different mechanical properties such as
Young's modulus.

One of the key ways to generate faster data transfer speeds and higher data
storage densities is to reduce the flying height of the head above the disk. When
magnetic data is stored at greater densities on the disk it becomes more difficult
for the head to detect the data bit directly beneath it. This is because the magnétic
bits are smaller, a graph showing storage data densities is shown in Figure 2 with
current data bits being 0.5um by 0.05um [20], and have less accompanying
magnetic field. Part of the solution is to reduce the flying height, and Figure 5
shows the trend for flying height reduction. Heads must maintain a flying height,
within a specified tolerance, and this tolerance reduces with lowered flying
heights. However, when the flying height is reduced it becomes more critical to

maintain the required separation or else head-disk contact can occur. The reduced












2. The Vibration Problem in Hard Disk Drives

2.1 Limitations of Hard Disk Drive

Conventional hard drives are very reliable under normal operating
conditions, but they can suffer from mechanically-induced failure when operated
in hostile conditions. In areas where vibrations exist, hard disk drives can
frequently fail catastrophically and can no longer read or write data. At best the
data transfer rate becomes vastly inferior.

Environments such as military and aerospace are synonymous with large
shocks and vibrations. Ocean going craft can also encounter difficulties with hard
drives as the engine and waves transmit vibrations through the hull. Denmis [24]
evaluated many proposed solutions, mainly employing large vibration isolation
cages and mountings that passively damped the vibrations. However, additional
isolation mountings are not the ideal solution. The extra space and weight needed
precludes this method from many key areas: adding both weight and bulk to a
drive is hardly an improvement. Passive dampers, which are only effective over a
limited bandwidth, are all that is used in current ‘ruggedised’ laptops.

Another approach to passively damp the hard disk drive has been to
develop laminate disks constructed from three sections [25,26,27], two normal
disks with a damping sandwich layer between them. However, passive damping
bandwidth limitations still exist and the disks' thickness increase, again increasing
the drive's physical size.

Hard disk drive manufacturers have invested a vast amount of research in

how and why drives can become damaged in non-operation. This is primarily not



to provide the end user with a more robust, reliable drive but to reduce failure
costs. Drives can experience large shocks during transportation which may cause
severe damage and failure during initial usage [6,28,29,30,31]. This is costly for
the manufacturer as the drive has to be replaced, and inconvenient for the end user

too.

2.2 Susceptible Components within the Hard Disk Drive

It is important to understand precisely what is happening within the drive,
and which systems areas are failing under conditions of shock and vibration.
When mechanical components are vibrated they bend and distort, and this is
further compounded when vibrated at resonant frequencies.

There are two major mechanical components that, when excited at
resonance, can result in data-transfer failure. Firstly, there is the suspension arm
that pre-tensions the head against the disk to counterbalance its aerodynamic lift.
This is designed to control the flying height of the head during normal operating
conditions. If the flying height of the head is such that it is outside of its normal
operating range, either too high or too low, then the signal degrades ultimately
leading to data transfer failure. In severe cases, the head will crash onto the disk,
causing irrecoverable damage to the head. Secondly, there is the hard disk (the
data storage medium) itself. The disk is often minutely buckled and warped from
the way it is clamped to the motor spindle, the clamping area of the disk having a
flatness of 5um or less [32,33]. This is greatly inflated by the very low flying
heights used in current and future drives. Additionally, the windage created by the

spinning disk [34] and rocking of the disk pack spindle [35,36], due to



manufacturing tolerances, accumulate to provide a disk that flutters sufficiently to
cause difficulties during normal operation, a typical Quantum Maverick drive
measured 12pm peak-to-peak run-out. During periods when the disk experiences
additional vibration, the fluttering is greatly exaggerated, causing track mis-
registration and flying height problems. These problems can be compounded by
the fact that if the suspension arm is resonating, the disk maybe driven into
oscillation due to the slider pushing onto the disk and vice-versa [37,38].

Whilst the head maintains its correct flying height it is still possible for
data transfer errors to occur. There arc two forms of data recovery error that
occur, one called jitter, the other track-mis-registration (TMR).

Jitter is where the head reads the wrong data bit whilst still flying on track,
see Figure 9. Instead of the head following the data track, bit by bit in the normal
sequence, the data is shuffled forcing the head to reread what it has just detected
or jump and miss data bits.

The other form of data error is Track Mis-Registration, where the head is
pushed off track, causing loss of signal amplitude, possibly to the point where it is
detecting the adjacent track causing cross talk interference, see Figure 10.

The tracking arm arcs across the disk to allow data to be transferred from
different tracks on the drive, see Figurel 1. Therefore the angle at which the head
intersects the data track will vary slightly. This has minimal effect on how the
head transfers data. However, the angle the suspension arm lays across the disk
also varies, albeit through a minimal angle, but it does change the form of data

error from induced vibration.






Fig. 11. Diagram depicting the approximate angles reached by a typical

suspension arm within a typical hard disk drive.

Hard disk drive manufacturers ensure that the angle variation is minimal
through careful design of the tracking arm and pivot position. When the head is
located over the centre track, the slider and data track beneath the head will be
paratlel. When the tracking arm is arced towards the centre or outside of the disk
the orientation of the head to the track will become non-parallel. However,
because of the careful positioning of the pivot point of the tracking arm this angle
change is minimised.

The angle that the head makes with the data track beneath it dictates
whether vibration causes jitter or TMR. The jitter and TMR will vary, as one
increases the other decreases, depending upon the angle the head makes with the
track.

When the disk bends, the head, coupled through its air bearing and sprung

suspension arm, should remain at its designed flying height. This causes the




suspension arm to bend to allow the head to follow the disk's movement. A typical
sprung suspension arm, shown in Figure 12, is made from 0.2mm thick stainless
sieel that is typically 15 to 20mm long, this is short in comparison to the 35mm
span of the disk. The design includes folded edges throughout most of its length to
increases its torsional rigidity along the section, except for a 3 to 4mm part of the
suspension arm, where most of the deformation occurs, at the base of the
suspension arm. To accommodate the thickness of the slider the suspension arm is

parallel to the disk with a gap of the order of Imm.

duralumin / stainless steel\
[
P L

Fig. 12. Diagram depicting suspension arm construction and design. The

slider

stainless steel arm flexes at its base where it joins the duralumin section.

Figure 13 illustrates the significance of the suspension arm only bending at
its root compared to the disk's bending. When the disk bends away from the head,
down, the suspension arm is bending at a greater radius. This, coupled to the fact
that the arm's bending is constrained predominantly to the root of the arm, means
that the head is pulled back along the disk. When the disk bends upwards, into the
suspension arms radius, although the head would be pulled back along the disk
due to it bending only at its root, the fact that the arm is bending at a tighter radius

than the disk offsets this.
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Neither of these problems exists in isolation. When the tracking arm
moves through its normal arc of operation the suspension arm will cause both
jitter, from the arm's bending being confined to one point, and the head to go off
track. However, depending on the exact track that the head is flying over, and
therefore the angle between the head and the data track, a combination of jitter
and TMR is present.

When the head is located at the outer or innermost tracks the angle
between the head and the data track is at its greatest. When the slider is at a great
angle with the track, as the suspension arm bends and it pulls the head 'back’
across the disk, extra TMR is produced. When the head is located above the centre
track, jitter is potentially maximised, but track mis-regristration from the disk
bending is still present.

The variation of track mis-registration versus jitter created from track
position is minimal when compared to the total movement of the disk at each
track. At the outside edge of the disk, vibration induced motion is at a maximum,
whereas at the centre, next to the rigid hub, disk movement is negligible.
Therefore both jitter and TMR peak when the head is located above the outer

track of the disk.
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Chapter 3. Flying Height Mcasurement Technigues for Embedded

usc in Hard Disk Drives

When any system is under observation it is necessary to cnsure that the
measuring instrument does not effect the system's perfor.mance in any way. In
practice this can prove to be very difficult. There are several methods currently
used to measure the flying height of the head above the disk, varying from being
highly obtrusive to almost unobtrusive.

This chapter outlines some of the more common methods of flying height

measurement, or hard disk drive observation methods' that can be adapted for

head-disk interface observation:

® Acoustic emission detection of head-disk contact

e Thermal detection of head disk contact

¢ Digital Signal Processing (DSP) measurement of head positioning through
raw signal investigation

e Interferometer detection of head-disk spacing

e Laser Doppler vibrometer measurement of head-disk separation

e Glass disk system for head-disk separation and flying height measurement,

e Measuring the flying height via capacitance gauges

¢ Interrogating the tracking position error signal of the drive 10 observe head

positioning disturbances.



3.1 Acoustic Emissions (AE)

The heads' flying height is extremely small, around Snm at the time of
writing. Stating the head is flying is a slight misnomer, with flying heights this
small it is actually intermittently brushing across the surface of the disk. The
surface of the disk has undulations, albeit very small, typical runout being less
than 8um and surface roughness peaks of less than 20nm [32,33], but when
compared to Snm flying height they are significant. As a head/slider brushes
across the surface of the disk the 'contacts’ cause high frequency vibrations
[39,40]. The localised pressure fluctuations can be detected through a piezo-
electric sensor. These sensors are generally bonded to the tracking arm assembly
as near to the head as is practical. The high frequency vibrations are coupled
through the tracking arm assembly to the sensor.

The AE signal is in the 200-300MHz region and so the key to such a
sensor method is to have a sufficiently high-speed data acquisition system.
Through Nyquist theory [41,42] it is known that the sampling rate should be at
least twice that of the maximum frequency of signal to be detected, hence
requiring data sampling of at least 600M samples/second.

Data acquisition cards are commonly rated at distinct sampling speeds, the
most appropriate would be an acquisition card with a sampling speed of 2 Giga
samples per second.

A limitation of this system is it is impossible to collate direct information
of the flying height should the head not maintain near-contact with the disk. When

deliberately vibrating the drive, should the head be 'launched’ off the disk due 10 a




large impulse, flying height determination would be limited to predictive methods
through timing the contact separation period of the slider from the disk.

The system is completely unobtrusive. The sensor does not need to be
bonded to any mechanically-critical component, and so the slider and air bearing
dynamics are unaffected. The sensor would typically measure Smm square'd.

Results from the acoustic emission reveal how the frequency of emission
varies with time under certain conditions; some results performed by [43] are
shown in Figure 15. The spin-up and spin-down, with contact start-stop head
parking mechanism sequences, typically show great acoustic activity. This
indicates great activity and contact between the head and the disk before the head
takes off and after it lands, as would be expected. It has been proposed that the
condition of the drive is correlated to the magnitude of the frequency spike on
parking [43]. Considerable ongoing research [44] is concerned with relating spin
speed to the frequency of acoustic emissions. [t is obvious that the flying height is
related to spin speed, due to the slider being unable to fly as high with less

windage created by the slower spinning disk [44].
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Fig.15. Results from [43] showing acoustic testing on the same drive before
(top) and after (bottom) the drive suffered from a ‘crashed’ head. The graphs

show average frequency versus time.

3.2 Thermal Detection

In much the same way that the head produces an acoustic emission when
grazing the surface it also generates heat. The heating of the head causes a white
noise level to be superimposed onto the read signal from the head. This is
generally undesirable; hence manufacturers try to ensure close tolerances on
surface roughness to minimise contact, thermal fluctuations and the associated

signal-noise reduction.
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[t is possible to monitor the signal from the head and measure the noise
floor. The principle drawback is that the signal is very small, typically the order of
ImV. Although the drive has onboard amplification circuits, these tend to be
encapsulated within the encoding circuitry, restricting the ability to measure the
raw amplified signal. Therefore the raw signal must be sensed almost straight
from the head. This demands sophisticated measuring equipment, for example
LeCroy oscilloscopes which are designed for this purpose.

The system also has the same non-contact limitations as the AE system.
Furthermore, the system will be subject to ambient temperature variations to a
small extent. Should the room temperature change, then the induced noise in the
read-back signal will change proportionally to that, although this can be accounted

for.

3.3 Readout Signal Analysis

It is known that the head has to be very close to the disk to detect the data
with optimal signal-noise ratio. To expand on this: if the head is vertically too far
from the disk the high frequency signal response and the signal level from the
head diminishes [45], if the head is moved off track, farther from the track centre,
then the signal to noise ratio deteriorates. If the head gets too close to the disk
signal quality is also impaired due to thermal fluctuations from the head skimming
the textured disk.

If the signal from the head is carefully monitored, using real-time Fast

Fourier Transform (FFT) techniques, the drives' performance can be assessed.
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Ideally distinguishing between off track occurrence and flying height variations,
which is a non-trivial feat.

The use of readout signal analysis, from digital signal processing
techniques, to identify flying height variations suffers the same limitations as the
thermal detection method, in respect of the difficulty to detect the raw signal from
the head. One other slight disadvantage is that the FFT transformation requires a
finite processing time and therefore induces a minor delay in calculating the flying
height, and hence a 'near real-time' system is created.

It does have the distinct advantage that should the head leave contact with
the disk, whereas acoustic or thermal emission detection methods are unable 1o
track the heads flying height thereafter, the DSP method can still monitor the

height.

3.4 Interferometry

Interferometry is a very sensitive optical technique to absolutely measure
the flying height of the head. By reflecting two individual laser beams off of the
top side of the slider and the disks' surface it is possible to determine the relative
spacing between the two. A reflective surface must be bonded to the top side of
the slider in order to gain an efficient reflection of the laser beam. The disk is
naturally polished from the manufacturer to the extent that it is sufficiently
reflective.

The associated instrumentation to reveal the flying height is both

sophisticated, and costly, usually requiring phase-sensitive detection.




The system has some major limitations. There cannot be an opaque lid
fitted to the drive, as this would block the optical path, hence the drive is no
longer operating in its natural state. Any vibration induced into the system would
have to be very small as any optical system would have a small linear operating
region. To compound this further, the distance between the object measured and
the lens has to be great as the optical system can be large and bulky and space is
restrictive within the drive. Another problem is that the point on the disk being
measured is not the point directly beneath the head and hence what is measured is
not the true flying height. Also, bonding a very small mirror onto the slider affects
the system's dynamics. A great problem is that the slider is free 10 rock and twist
to allow the head to follow contours of the disk. The central area of the slider is
obscured by part of the suspension arm; hence to measure the slider movement the
optical beam must be focused eccentrically onto the slider. Movement detected,
therefore, is not purely vertical flying height variation but a mixture of rocking,
pitching and flying height movement. For a more accurate measure of flying
height change four optical beams would be required, to observe three points on
the slider, and one off the disk just in front of the slider, shown in Figure 16.
Three points on the slider would enable all the pitching, and rocking as well as the
pure flying height change to be monitored. As a next best two points at the back
of the slider (and one off the disk), either side of the suspension arm would be _

able to give the flying height and the rocking of the slider.
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detected frequency of the sine wave should be identical to the input frequency.
However, should the object to moving towards or away from the sensor then the
frequency will be increased or reduced, the well known Doppler shift [46].

The laser Doppler vibrometer output provides an instantaneous velocity
measurement of the disk surface as it rotates under the beam. The signal has very
low noise and provides very accurate and repeatable readings. A single integration
and a single differential of the signal provide vertical runout, disk buckling from
uneven clamping, and acceleration.

This means of measuring disk and slider movement is the most popular
method used in the industry. It can therefore be concluded that LDV measuring is
a very good method. However, it would still pose limitations for building an
integrated measuring system to be embedded with a drive. It is too bulky and
costly for this.

Figure 17 shows the results from research conducted by Truong et al. The
research used a 50% negative pressure head which was loaded and unloaded by
moving a known ramp, which gave an effective vertical velocity of load and
unload of approximately 0.3 m/s. Several Load/Unload cycles are shown in Figure
17 with one load and unload event circled. The “Index” pulses at the bottom of the

graph represent every revolution of the disk, [47).
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not to affect the hub's inherent bearing rock, known to produce dramatic flying

height variations, [35,36].

3.6.1 Dual Beam Interferometer Glass Disk Optical system

This system uses the dual beam interferometer system in a novel manner.
The beams are focused, one on the underside of slider by passing through the
glass disk relatively unaffected, the other reflected off the disks surface. The
second beam that is reflected of the disk's surface to measure the flying height
requires the disk to be reflective. Liu [48,49,50,51,52,53] has developed a system
using a IJmm thick glass disk with surface roughness of less than 2nm rms,
flatness of less than 120nm peak to valley and an anti reflection coating, applied
to only one surface, with a residual reflectance of less than 0.1%. Therefore the
second beam passes fairly unaffected through the first surface, through the glass
substrate, and is then partly reflected off the second surface. This partially
reflected beam is then detected to find the reference point for flying height
determination, see Figure 18.

Other methods [54,55] for flying height detection using a glass disk rely
on using multiple points on the underside of the slider. If two points, one at the
front and one at the rear of the slider, are observed optically then the pitch of the
slider can be found. The true flying height of the head remains difficult to obtain,
as the head position must be predicted from the two, shown in Figure 19, as it is

recessed within the slider due to its more vulnerable nature.
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3.7 Capacitance Gauge

A capacitance gauge is a sensor that measures the separation of an object
through the change in capacitance due to separation variations between itself and
a reference plane. The probe has a shield built around it so that the sensor part of
the probe only detects the field directly beneath it. Due to the nature of a
capacitor, if the dielectric constant and area of capacitor plate remain constant
then the only variable that will effect the capacitance is the distance between the
plates. Hence the probe can be used a means of measuring separation, [57].

These probes will be required to be built into the drive's lid in order to
measure the disk and its motion. The probes also suffer from pressure fluctuations
and instrumentation sensitivity due to temperature changes. Often a Wheatstone
bridge arrangement is used with a reference capacitor to help counteract these

problems.

3.8 Position Error Signal

The tracking error signal or position error signal (PES) can be observed to
detect read/write head disturbances. When either the suspension arm or disk are
vibrating the hecad is going to experience off track motions, as discussed in
Chapter 2. This can be detected by tracking the error signal that is fed back into
the servo control system, which is ordinarily used predictively 1o put the head
back on track. This signal has been observed and frequency sweeps of vibrating

the drive produced to determine areas of activity [25,34]. Certain modes are those
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of the tracking system, rocking on its bearings for example, or the lateral mode of

the suspension.

Method Advantages Disadvantages Hub Rocking
Detection

Acoustic Unobtrusive. Real-time. | High freq sampling. Head No
Emissions must be in contact with disk.
Thermal Unobtrusive. Real-time. | Small signals. Ambient No
Detection Inexpensive. temp changes. Head contact.
Readout Signal | Unobtrusive. Small signals. No
Analysis Inexpensive.
Interferometry Real-time, Commonly | Bulky. Obtrusive. Cannot Yes

used in industry. isolate rocking motion.
Laser Doppler | Commonly used in Bulky. Expensive. Yes
Vibrometry industry.
Glass Disk Complete slider Bulky. Obtrusive. Artificial | Yes
Optical system | orientation knowledge. | conditions.
Capacitance Inexpensive. Real-time. | Temp and pressure Yes
Gauge sensitive.
Position Inexpensive. Very limited direct flying No

Error Signal

height measurement.

Table 1. Table showing the advantages and disadvantages of potential embedded

flying height measuring techniques.
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Chapter 4. Piczo-Electric Sensor and Actuator Overview

4.1 Sensor and Actuator Principles

In order to measure the small movements involved with the suspension
arm bending and disk oscillations, extremely sensitive, light weight, flexible
sensor elements must be used. The sensor is required to monitor vibrations
unobtrusively, not adversely effecting the dynamics and frequency response of the
system being measured.

The piezo-electric sensor-actuator is a very accurate, sensitive form of
measuring and controlling. Piezo-electric materials' physical dimensions increase
when a voltage is applied to them. Expansion of the structure is proportional to
the voltage applied to it [58]. By stretching a piezo-electric material, the voltage
potential across it increases.

Natural materials such as quartz, tourmaline, Rochelle salt etc exhibit the
piezo-electric effect, however, the effect is limited. Polycrystalline ferroelectric
ceramic materials have been developed, such as Lead Zirconate Titanate (PZT),
with improved piezo-clectric properties.

Ceramic materials consist of many crystals, and dipoles, randomly
orientated throughout. Hence, they are naturally isotropic, and yield no piezo-
electric effects. The application of a strong d.c. electric field to the ceramic
material will have the effect of giving the dipoles parallel alignment with the
electric field. This overall alignment gives the material polanisation. When the

electric field is removed the unitary alignment of the dipoles is reduced, but

36



retains enough alignment, whilst below its Curie temperature, 10 give the material

a remnant polarisation and stress, see Figure 20.

isotropic

¥ +ve

¥ +ve

Fig. 20. Diagram indicating dipole orientation in an isotropic material,
anisotropic polarised material from an applied electric field and the

orientation with the electric field removed.

Piezo-electric elements can work both as sensors and actuators. However
different compositions have different sensor-actuator strengths. In general if the
piezo-¢lectric has a high 'd' co-efficient it is a good actuator, and if it has a high 'g'
co-efficient then it is good sensor. Some consideration must be given to how
flexible the element is, and hence its Young's modulus. Any rigid sensing
structure will provide an obtrusive presence to a flexible structure, which is
undesirable.

The 'd' coefficient is the strain developed (m/m) per electric field applied
(V/m), and hence has units of [m/V]. The 'g’ coefficient is the open circuit electric
field developed (V/m) per applied mechanical stress (N/m?) giving it units of

[Vm/N].

37




Piezo-electric notation dictates that if the element is electrically driven (or

sensed) throughout its z plane (3) and its deformation is in its x plane (1) the
element is described as d,, where a in this case is 3 and b is 1, hence dj,. Figure

21 shows a 3-dimensional representation for piezo-electric notation.

S

y (2)

x (1}

Fig. 21. Diagrammatic representation of piezo-electric structure and

orientation of planes.

Piezo-electric elements for sensing and actuating are available in many
physical and geometric forms, but only those of 'plate’ form are considered here
for the use in hard disk drives. Typical dimensions would be | - 2mm square. The
thickness would be < 0.2mm, depending upon the material itself, ie whether it is
ceramic or polymer.

A plate piezo-electric sensor-actuator is extremely thin and therefore not
as obtrusive as the other forms of piezo-electric sensors and actuators. It makes
for an efficient sensor, being greatly thinner in the z plane (3) than its x (1} or y
(1) planes. This provides the piezo-electric with good (3,1) and (3,2)
characteristics. Hence, if the piezo-electric element is being used as a sensor then

deformation throughout its width or length, ie when it is bent, will yield a high
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output voltage on its (3) surface, through the sensor measuring the average
induced strain. This is perfect for sensing cantilever bending, as the cantilever is
deformed the structure will be bent throughout its x or y axis providing a
measurable voltage variation. Normally, providing the plate is geometrically
symmetrical in form, the plate will have equal 3, and 3; properties. Therefore
orientation of the sensor is not critical, but it must be parallel to the cantilever and
located at the point of maximum strain.

Tubes and cylinders are tuneable in length. The cylinder is extended, by
virtue of the electrodes being mounted on the cylinder's circumference. In essence
the cylinders' z extension is related to the voltage applied radially. This makes
tubes better as actuators then sensors.

Stacks are in essence multilayer structures created from the overlaying of
plates together. This creates a 'thicker' structure than a plate. The form of the
stacked piezo-electric device is cuboid, to varying extents of 'squareness’. The
stack is created from layers of plates to achieve a thicker z dimension. This allows
for much superior actuation by virtue of the multiple plates being coupled to
multiply their actuation properties. For this reason it is possible to use a stack with
a far lower supply voltage then that of a single actuator, of identical proportions,
for a given level of actuation. The stack has good dj; and dj; properties but poor
sensing properties compared to the plate, due to the obtrusive nature of the
increased stiffness from multiple layers. Actuating the piezo-electric layers proves
difficult in practise due to the conductive layers being obscured by the

overlapping layer.
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Poly vinylidene flouride PVDF' was chosen for the task of sensing
suspension arm and disk movement because of its excellent induced voltage to
deformation properties, g3, and g3 which are in excess of twenty times greater
than that of ceramic elements and because of its low Young's modulus. The plate
configuration, being the optimal sensing structure for cantilever deformation

bending, was hence chosen for this task.

4.2 Piezo-Elcetric Actuation of Suspension Arm

A lead zirconate titanate, PZT, plate was chosen for actuating the
suspension arm. PZT plates make good actuators having good di and dj;
properties. The PZT plate actuator has a higher Young's modulus than the PVDF
plate.

When a voltage is applied to a piezo-electric actuator it deforms in a
known way. This can be used to actively distort the suspension arm so as to alter
and control the flying height of the read/write head for a hard disk drive. If the
suspension arm is vibrating, ideally the actuator can be driven 180° out of phase
with the suspension arm motion to suppress the effects of vibration, a form of

active damping [59,60]

4.2.1 Actuator Location for Optimal Control

Where the piezo-electric actuator is bonded to the cantilever to be

controlled is critical. It has been found by Crawley and Luis [61] that the most

* ATOFINA Chemicals Inc.'s KYNAR® PVDF, hitp://www.atofinachemicals.com/kynarglobal/
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To put all of this into a practical context, the suspension arms fitted as
standard to most hard disk drives, and used in this resecarch, are constructed to be
rigid throughout their entire length except the first quarter. This is near to perfect
in the respect for applying a piezo-electric actuator to it. The suspension arm used
was constructed from O.lmm thick sprung stainless steel. Stainless stecl
cantilevers have been found to work best, with single sided piczo-electric
actuators, when the actuator's thickness is 80% of the cantilever's. This dictates
that an optimal actuator would be 0.08mm thick. In practise, [63], it has been
found that having an actuator with grealer cross sectional area is far more efficient
than one too thin. Hence an actuator 0.08mm or greater will be uscable. Figure 20
shows a diagram of a typical suspension and tracking arms. It can be seen that the
ﬂexib.le root of the suspension arm is 0.1mm thick, 2.35mm long and about 4mm
wide. The rigid part of the suspension arm is a further 13.7mm long with a 0.4mm
lip at either edge. This creates a cantilever with a total length of about | 5mm with
the first 2.35mm being flexible. This means that the piezo-electric actuator must
be mounted on the first 2.35mm. This is not quite at the quarter of the cantilever's

length, but is a good approximation.
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Chapter 5. Vibration Testing Equipment

5.1 The Electrodynamic Shaker

A test facility has been constructed by previous students to allow the hard
disk drive to be vibrated over a 10kHz bandwidth at accelerations of up to 50g
(where g is the unit for acceleration due to gravity, 9.81ms'2) [65,66,67], this is
depicted in Figure 24. The hard disk drive is rigidly clamped to an aluminium
plate and is vibrated by an electro-dynamic shaker, Environmental Equipments
Ltd type 1501. The axis of vibration is arranged to be through the spindle of the
drive so as to resemble, closely, a drive mounted in a desktop PC experiencing
vibration, and to exaggerate the suspension arm's and disk's fundamental modes of
resonance. A piezo-electric accelerometer sensor mounted to the plate, see Figure
25, monitors vibrations experienced by the drive, and also provides a feedback
signal, which is amplified. It is therefore critical to ensure that the disk drive is
solidly mounted to the plate, and in turn the plate to the shaker. It is also
extremely important for meaningful results that vibrations detected by the
accelerometer match closely with those experienced by the drive. For this reason
an improved design of plate and mountings were constructed, since it was
suspected that the previous design was not optimum in this respect.

The shaker drives the plate from the centre with the accelerometer
mounted at one of the edges and the drive in the centre. With the nitial design of
plate and mounting, the signal from the accelerometer proved difficult to recover
due to the large amount of noise. The noise was reduced somewhat by damping

the plate with an adhesive visco-elastic damping sheet and a low pressure gas
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5.2 Shaker Control System

A block diagram of the system used to test hard disk drives under
vibration is shown in Figure 24. The whole apparatus is located in a laminar air
flow bench, a Laminar flow systems Ltd Lamarflo, that provides a positive
pressure, filtered air source. This ensures that the local environment is free of
contaminates that could potentially damage any drive operating without its lid. A
personal computer (PC) is used to control the sweeps of vibration and acceleration
that the drive receives.

Whilst the drive is vibrated, the control PC is able to transfer data with it,
whilst simultaneously monitoring the time taken for the data to be correctly
transferred. Software, developed by Jepson [67], enables the control PC to transfer
a file comprising solely of '1's, '0's or a pseudo random file to the drive under test.
Another facet of the software is its ability to allow selection of the data transfer
direction. The performance of the drive can be accessed whilst data is either read
directly from the drive, or written to the drive. In the case of the latter, the data
must then read back to confirm that the dala was correctly written. As will be
detailed later, the transfer rate of a drive is found to be dependent on the
frequency and acceleration at which it is being vibrated. As the magnitude of
vibration increases the drive’s transfer rate slows down, eventually leading to total
data transfer failure. This is the result of the error-correction system being
progressively defeated, and calling for increasingly more track re-reads.

The Environmental Equipments Ltd 1531 power oscillator is used as a
final stage amplifier that is capable of providing a driving source for the shaker of

frequencies of up to 10kHz and sinusoidal accelerations of up to 50g. The power
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amplifier can accept an external input or provide sinusoidal waveforms. It has
been discovered, [68], that sinusoidal waveform sweeps for testing are:

e Time consuming

e Prone to over-stress mechanical components due to resonance

¢ Not an accurate reproduction of vibration conditions

A white noise generator, Marconi Instruments LTD TF2091B, with a
bandwidth far in excess of that of the shaker, was used as an external input for the
power amplifier that drove the shaker. This allowed for quick testing of the hard
disk drive, and reproduced the more random nature of vibration that the drive
would experience in its normal operating environment.

Software, written using the basic input/output system (BIOS) commands,
controls which sector, track and head is used to read or write data. The software
was written using C and created a powerful analysis tool. It enabled the drive to
be tested with the head positioned at different circumferential points on the disk.
Without the ability to do this, data would be simply transferred to the disk at
indeterminate places, reducing the validity of any results.

The software makes use of the PC's interrupt routines, in this case the 13H
disk commands, see Table 2. These commands allow direct control of the drive
such as reading or writing to a given sector and track on the disk. This method of
drive control is known as cylinder-head-sector, CHS, newer systems use the
logical block address, LBA, system. A cylinder is a given track on each side of the
disk, and for every disk in the drive. Once the head has been chosen, a given,
individual, track on the drive can be observed.

To test the drive's operation under vibration, a chosen track and sector was

written to with a known pattern of data. That track and sector was read back
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00H | No error ODH | Invalid no. of sectors on format (H)
O0lH [ Invalid command OEH | Cont. data address mark detected (H)
02H | Address mark not found | OFH DMA arbitration level out of range
03H | Disk write-protected (F) | 10H | Uncorrectable CRC' or ECC” error
04H | Sector not found 11H ECC corrected data error (H)

05H | Reset failed (H) 20H Controller failure

06H | Floppy drive removed 40H Seek failed

07H | Bad parameter table (H) | 80H Disk timedout (failed to respond)
08H | DMA overrun (F) AAH | Drive not ready (H)

09H | DMA exceeded 64KB BBH | Undefined error (H)

0AH | Bad sector flag (H) CCH | Write fault (H)

0BH | Bad track flag (H) EOH | Status register error (H)

O0CH | Media type not found (F) | FFH | Sense operation failed (H)

! Cyclic Redundancy Check code

2 Error Checking and Correcting code

Table 3. Drive status return codes from disk control interrupt routine

commands. (H) Hard disk drive, (F) Floppy disk drive.

5.3.1 Measuring Suspension Arm Movement using a PVDF Strain Gauge

All systems, when subjected to vibration, can go into resonance and hard

disk drives are no exception. Therefore it is necessary to characterise fully data-

transfer failure mechanisms. In order to do this, sensors have been incorporated

within the hard drive housing to try to gain a more complete understanding of

mechanical movements. However, it is important that the sensor system utilised is
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unobtrusive. Hard disk drives are hermetically sealed to prevent dust
contamination damage and this dictates that the working environment must be
retained when applying sensors. Measuring the drive's internal components with
the cover removed effects the drive’s performance, [69]. With the cover secured
an air cushion is created changing the natural frequencies of the components being
measured, through damping. With the cover removed this damping is lost.

To measure the bending of the suspension arm a thin (110 um) sheet of
Poly Vinylidene Fluoride, PVDF, piezo-electric polymer sensor was bonded to the
suspension arm to measure the average induced strain. The PVDF polymer
membrane used was supplied by Precision Acoustics Lid" with gold electrodes
deposited on both sides. The sensor was cut from the sheet in the required shape,
Figure 27, using a sharp scalpel. To ensure that a sort circuit between the two gold
electrodes was not produced from the incisions, the electrical resistance between
the electrodes was measured using an ohmmeter, and checked to maintain a
resistance in excess of 20MQ. The sensor was bonded to the suspension arm using
a layer of Electrolube's silver conductive paint type number SCP0O3B, with a
surface resistivity of 0.03Q/square. This electrically connected the negative
electrode of the sensor to the suspension arm and provided a flexible, thin and
strong bond. After bonding the electrical resistance was checked to ensure that a
short circuit was not present. If the silver conductive paint was found to have
bridged the sensor's two gold electrodes then the electrical bridge was removed
using a sharp scalpel. Finally the positive clectrode of the sensor was connected to
a signal wire connected to the data acquisition card. Co-axial wire, RS single core

screened wire (part number 367-202) was used throughout for the hard disk

* Precision Acoustics Ltd, Poundbury House, Dorchester, Dorset, England. DT1 2PG
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drive's novel internal sensors to minimise induced noise transmitted from the
drive's control electronics. The co-axial wire has a conducter comprising 7 strands
of 0.1 mm plain copper, it is poly vinyl chloride (PVC) insulated, lap screened
and sheathed overall with PVC. It has a core to screen capacitance of 80 pF/m and
a core 1o core capacitance of 83 pF/m. Where the signal wire connects to the
sensor the wire was stripped 10mm of its outer sheath. The co-axial wires were
twisted and bonded to the relevant sensor or ground point. The inner sheath was
stripped 6mm and the multi-strand signal wire was cut to leave just one strand of
wire. This wire was then bonded to the sensor, again using silver conductive paint.
Using just one copper wire, of 0.Imm diameter, incurred a minimum obtrusion to
the sensor and sensed structure, due to its minimal rigidity. To aid noise
cancellation, an extra signal wire was carefully routed into the drive to replicate
the signal wires connected to the sensors. The extra wire is subjected to the same
noise environment as the signal wires, allowing for noise reduction through
differentially measuring this and the signal wire.

. 2.5mm

|

3.0mm

2.0mm

¢ »
i 5.0mm

Fig. 27. Diagram showing the shape and dimensions of the

PVDF suspension arm deformation sensor.
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In order to mount both a sensor, and for future work an actuator, to the
suspension it was necessary to bond the sensor and actuator to the bottom and top
side respectively of the suspension arm. Bonding to the bottom side of the
suspension arm proved to be impossible with the physical restrictions of the disk
obscuring the underside. Therefore it was necessary to remove the suspension arm
pack to allow unhindered access. When handling the suspension arm pack every
care was taken to ensure that no contamination of the heads or arms is
encountered through dust particles in the air. The laminar air flow bench was the
source of contaminate-free air for working on the drive.

Another problem involved with removing the suspension arm assembly is
created by the suspension arm's spring nature and the thickness of the disk. To
remove the assembly it must be twisted to allow the heads to approach the edge of
the disks. If the heads are pushed off the edge of the disk then the spring pressure
from the suspension arm is great enough to force the heads together violently in a
destructive manner. To prevent any damage a special tool was fabricated, see
Figure 28. It was made from fibreglass, which is soft enough not to abrade the
suspension arm and create micro-contamination. The tool is specially shaped such
that it slots onto the disk and when the heads are pushed off the edge of the disk,
uses the suspension arm to ramp the heads gently off the disk.

The coaxial wire, which was connected to the sensor, was bonded to the
suspension arm allowing it to pivot at the same point as the arm pivots, as
depicted in Figure 29. This prevents the problem of the voice coil motor not
having enough torque to allow the suspension arm 1o track correctly across the

disk.
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5.3.2 Measuring Disk Movement Unobtrusively using PVDF Cantilevers

Measuring the disk movement is somewhat difficult as the rotating disk
has many modes of resonance, both radial and circumferential.

It is necessary to measure the disk displacement and its spectral content to
isolate disk and suspension arm movement. This will further the understanding of
data-transfer failure mechanisms. The sensor located on the suspension arm will
identify when it is moving, however movement due to tracking the disk resonance
will need to be determined. Therefore a sensor need only mecasure the
displacement of the disk in the region where the head is positioned above the disk.
Using software that utilises BIOS commands it is possible for the head and
suspension arm to read data from any chosen track on the disk. The BIOS
commands enable the data to be transferred from the drive at a chosen cylinder,
head and sector. Therefore, the head was placed at the outer edge of the disk to be
positioned at the position most sensitive to disk fluctuations.

A further PVDF sensor was created, from the same¢ material as the sensor
discussed in 5.3.1, and used to measure the edge displacement of the disk due to
flutter. This time the sensor used was in a cantilever configuration, with one end
rigidly bonded to the drive chassis in a manner that pre-tensioned the cantilever
against the disk, as shown in Figure 31. Any movement of the disk would change
the strain induced in the cantilever. By pre-tensioning the cantilever a constant
strain is induced, yielding a static dc offset. As the disk moves up or down then
this voltage changes synchronously, enabling direction and displacement to be

determined.
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connect, significantly, the sensor to the drive and hence does not earth the
negative electrode of the sensor. This demands two wires to be connected to the
sensor, one to the negative electrode and one to the positive electrode, in the same
way as for the suspension arm sensor. The other end of the cantilever is in
constant contact with the disk, but is not bonded in any way. The disk's surface is
lubricated and finely finished to allow rotational freedom for the disk motor to
spin the disks. The wear on the sensor proved insignificant throughout the tests
undertaken. The negative electrode is therefore left in contact, both physically and
electrically, with the disk. The resistance between the disk and earth was found to
be approximately 3kQ, due to the disk coatings and electrical resistance through
the disk pack motor and spindle. Therefore the gold thin film negative electrode of
the sensor was removed in the region of contact with the disk, and checked to give

a total resistance in excess of 20MQ.

5.4 Small Signal Measurement

A virtual instrument has been designed and implemented using National
Instruments LabView for Windows software [70]. LabView for Windows is an
industry standard software environment designed to allow virtual instrument to be
graphically built using its G language [71]. The softwarc has been designed 1o
monitor one channel, using a differential input to reduce noise, and display it in
the time domain. The software also enables a simultancous real-time Fast Fourier
Transform (FFT) sweep to display the spectral response in the frequency domain.
Figures 32 and 33 shows the front-end virtual instrument created and the software

behind it, a full size diagram of the front-end and code are included in the
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The sampling rate of the signal can be chosen (3). This dictates the
maximum frequency of observed FFT signal, Nyquist theory stating that the
required sampling frequency must be at least twice that of the highest frequency
of interest. Shown in this example, Figure 32, the sampling rate is 6000Hz and the
highest displayed FFT frequency is 2976.9Hz. The greater the frequency the less
the accuracy for a given number of samples. The number of samples taken (4) can
be adjusted to gain accuracy, at the expense of computational time. A number of
FFT sweeps can be averaged for a more accurate review of the system's frequency
sweep (5). The negative aspect of this is increased computational time and
reduced refresh. This detracts from the system's real-time capabilities.

The FFT sweep graph can be filtered in a number of ways (6), including
Hamming and Hann windows [42]. The y axis of the FFT graph (7) can also be
scaled accordingly, such options are: Vrms, Vmean, Vrms?, Vmean®. Vrms® was
used extensively as it exaggerated any resonant peaks allowing easier
determination from the noise floor. The y axis of the graph can also be scaled (8)
either linear, dB or dBm. Linear was used in general, as this further enhanced the
resonant peaks.

The input can be configured to accept either single signal output sensors,
differential output sensors and earthed connectors. The correct input configuration
(9) was chosen depending on the sensor used. The signal level can be defined
(10). The DAQ has an internal signal amplifier, the level of amplification depends
on the signal range entered, +/-10V, +/-5V, +/-500mV and +/-50mV. The signals

detected were in the 50mV range and limited the system to a resolution of

24.41pV.
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position, [72]. In order to help minimise the noise the data acquisition card was
mounted in the PC in a slot at least one slot away from any adjacent boards. As a
matter of course the card was mounted in all the motherboard slots to confirm that
the chosen one minimised measured noise. The change in noise level associated in
motherboard slot position was not found to be greatly significant. The lead trailing
from the back of the data acquisition card to the connector board was also
shielded. A fine mesh shield was used to wrap the lead along its entire length
from the back of the PC to the break out board. The mesh used was Warth
International Ltd's Zemrex shielding strip . The earth point on the break out board
was then used as the central earth location and all earth connections were routed
in a star configuration from this point. Hence, the shield along the lead was
connected to earth at the break out board's earth point. This was found to
minimise noise.

There are two PCs in this system, one controlling the hard disk drive under
test, the other used to monitor the drive, as shown in Figure 34. Both of these
contribute to noise generation. The PC controlling the drive powers the drive via
+12V, +5V and earth. Therefore, the drive under test is connected Lo the clectrical
earth via a different source than from the monitoring PC. The drive chassis is
directly connected to the electrical earth of the control PC, as are the embedded
sensors. The DAQ card is electrically connected to earth via the monitoring PC. It
was empirically found that the variation in voltage between the sensors' and DAQ
card contributed to noise and was minimised through connecting the drive and
shaker plate to the electrical earth point on the break-out board, adding to the star

network at the break-out board. Care was taken to minimise the earth loop, with

* Warth International Ltd, Birches Industrial Estate, East Grinstead, West Sussex. RHI9 1XH
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throughout these tests. For the next test, the disk was mounted to the shaker, with
a clamp of similar dimensions to that used in a real hard disk drive, and driven
with a white noise signal to obtain the disk's frequency response. The tests were
carried out with two disks of identical manufacture to discover if manufacturing
tolerances are significant. The disks were mounted as they would be in a real hard
disk drive. A clamp was constructed with identical dimensions to the one used
inside the drive.

To check the validity of the results obtained from using the accelerometer,
an optical system developed by Katsikis, [73], was adopted to measure the disk's
natural frequencies, see Figure 35. An optical sensor as previously used for a
microphone was adapted for the task. The optical microphone comprises two
optical fibres mounted at a critical angle and separation. A laser diode generates a
beam that is transmitted through one of the fibres. This beam reflects off the
surface of the microphone membrane, in this case the disk surface, back into the
other optical fibre, which is monitored by a photo diode. If the disk’s surface is
placed at the optimum separation from the sensor nearly all of the optical power is
coupled into the receiving fibre; however, if the separation changes the coupled
optical power reduces. The static displacement between the disk under
observation and the optical sensor was set to be exactly half way between
maximum and minimum coupling. This allowed direction of displacement to be
observed, and operation in the most 'linear' region. When the sensor was
positioned at its optimum coupling position, the dynamic range of measurement is
doubled because the coupled signal is reduced when the disk is brought both
closer or further away. However, this provided no easy means of identifying

direction, as the disk moved away from the maximum the signal reduced.
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5.6 Piczo-Electric Actuation of Suspension Arm

In order to control the flying height the suspension arm must be actively
moved by an additional actuator, other than the air coupling between the disk and
slider. To do this a piezo-electric actuator, a 0.2mm thick, 4mm square ACL 4045
PZT plate, is bonded with Electrolube's silver conductive paint at the root of the
arm in such that any movement created by the actuator is mechanically amplified
through the arm's cantilever length. In order for the actuator to drive the
suspension arm it must be efficiently coupled. As the actuator extends / contracts
in its x axis, along the suspension arm which is comparatively unable to stretch in
length, the arm tends to bend. This is analogous to the principle of operation of a
bi-metallic strip. If the actuator increases in length then the suspension bends
downwards, as it becomes the inner radius of the structure. If the actuator
contracts then the head is lifted up, away from the disk as the suspension arm
becomes the outer radius. Figure 36 shows this in more detail.

The suspension arm is attached at one end to a comparatively rigid
duralumin structure, which can be considered to be both rigid and fixed. The other
end has the aerodynamic slider attached to it. There is a boundary layer of air in
contact with the disk, and as the disk spins round this layer of air spins with the
disk, which creates a flow of air spinning under the slider. The slider is designed
to use this airflow as a means of generating lift and the suspension arm pre-
tension counteracts this. The air cushion therefore is in effect a pseudo-rigid
second point for the suspension arm. In order for the piczo-electric actuator to
effect the flying height of the head it must overcome the acrodynamic force

exerted on the slider. See Figure 37 for a simple system force diagram.
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In these tests the drives were tested in their writing mode as this is a more
arduous test, having data written to the drive and then read back to confirm
correct writing. Reading from the drive involves having a file pre-written to the
drive, and the drive read from whilst under test conditions.

It was found that all 3.5 hard disk drives tested, from a variety of
manufacturers, showed poor performance under conditions of vibration at
frequencies between 450 Hz and 700 Hz. These included: Quantum Seafury
230MB (x2), Quantum Lightning 350MB (x2), Seagate ST352A 1GB and the
Quantum 2708 Maverick 270MB.

The 1GB Seagate hard disk drive was driven at three, fixed frequencies
500Hz, 550Hz and 600Hz, where the drive is particularly susceptible to errors.
The track from which the head was reading data was varied, using software
described in Section 5.2, across the disk to see if the drive's performance varied.
The results from these tests, in Figure 42, show that generally the drive performed
much better with the head located near the inner diameter (ID) of the disk, where

the disk displacement is at a minimum due to the clamp securing the disk.

Hard Drive Vibration Immunity.
Drive Under Test: Seagate 1GB (SCSI)
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Fig. 42. Graph showing the drive's performance whilst being vibrated at
three different, susceptible, frequencies with the head positioned at

various points across the disk.
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6.2 Frequency Response Testing of the Hard Disk

The results from impacting the disk, described in Chapter 5.5, with a
piezo-electric accelerometer mounted to it, show that the 1.25mm thick disk's
major natural frequency was at 564Hz. The disk also has another, lesser, mode at
660Hz. The tests were carried out with two disks of identical manufacture, as
shown in Figure 43, and are in good agreement.

To confirm the major natural frequency of the disk, the disk was
monitored optically with Katsikis' [73] 'optical microphone' and excited with an
impulse shock. The natural frequency was measured on a digital oscilloscope to
be at 570Hz, giving good agreement. The small difference can be attributed 1o the
mounting of the piezo-electric accelerometer to the disk. Mounting the
accelerometer to the disk will change its characteristics; also the mounting itself
will not be perfect so the response of the accelerometer will be slightly different to
that of the disk. Likewise, the means of mounting the disk to a sliding table
micrometer is also likely to affect its frequency response, ie. it is an oblrusive
technique, albeit minimal.

Results from white noise vibration testing the disk requires further
analysis to extrapolate meaningful data. The principle modes arc at 488Hz, §10Hz
and 922Hz are shown in more detail in Figure 44. The ‘signal’ below 400Hz is

predominantly attributed to DC noise and can be ignored.
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Fig. 43. Graphs showing the frequency FFT response from the disk

mounted piezo-electric accelerometer, of two impulse excited 1.25mm

thick, 3.5” diameter hard disks.
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6.3 Piezo-electric Strain Gauge Measurement of the Suspension Arm and

Disk Flutter

In order to validate the system, and enhance the understanding of the
components being measured, some tests were undertaken to rephcate other work
[34,69,74]. These tests were designed to interpret the resonance frequencies of the
disk. The drive was run with its lid on so as to conform to its normal working
condition. The disk was then excited through shocks transmitted to it from
impacting. The shocks were delivered in such a way as to excite all of its
prominent modes of resonance and the frequency response calculated by FFT.
Many identical tests were repeated to build up the picture of all the modes
experienced and to average out noise in the system.

The first tests were performed to discover the resonant modes of the
components whilst the drive was inoperative, as shown in Figures 45 & 47. This
has the effect of testing the system without the air bearing. Then the same tests
were repeated but with the drive running, Figures 46 & 48. In both cases the
measured displacement of the arm will be combined to some degree with disk
flexure. Many of the peaks on Figure 46 can be attributed to noise created from
the electronics within the drive. However, new peaks were observed, as well as
peaks frequency shifted due to the rotation of the disk.

In Figures 47 & 48 the frequency responses of the disk itself, as measured
by the PVDF sensor described in Section 5.3.2, whilst it is static and whilst
spinning can be seen. The responses show many characteristic changes. For
example, the peaks detected during rotation are far sharper, showing a system

with less damping.
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Fig. 45. Graph showing the frequency response of the suspension arm over a 10kHz
range, as detected by the PVDF sensor, whilst the drive is in a state of non-operation

with the disk pack not spinning.
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Fig. 46. Graph showing the frequency response of the suspension arm over a
10kHz range, as detected by the PVDF sensor, whilst the drive operational,

with a rotating disk pack.
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Fig. 47. Frequency plot of the PVDF sensor monitoring the disk, spanning over

3kHz. The drive was in a non-operational state, with a static disk pack.
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Fig. 48. Frequency plot of the PVDF sensor monitoring the disk, spanning

amplitude/ arbitrary linear units

over 3kHz. The drive was in a normal operating condition and the disk pack

was rotating.

In the experiments undertaken, the main area of concentration has been in
the lower frequency range, sub 3kHz, as these are the frequencies that drives are

mostly subjected to in their normal operating environment and prevalently fail at.
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The results shown in Figure 49 highlight the higher frequency activity of the
suspension arm. At the lower frequency end, sub 3kHz, normal activity was
detected. There is a dead-band between 3kHz and around 5kHz and then at
approximately 6.5kHz, 8.25kHz, 10.5kHz, 11.75kHz and 14.25kHz large peaks

were observed.
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Fig. 49 A graph showing the frequency response of the suspension arm, as

amplitude/ arbltrary linear units

measured by the PVDF sensor, over a 15kHz range.

To discover which systems are resonating a direct comparison of the disk
and suspension arm over the same frequency range is required. The test results
shown in Figures 50 and 51 are restricted to evaluating drive performance at less
than 3kHz Above 3kHz very little activity occurs, and the drive is typically
comparably vibration resilient at these higher frequencies. Therefore by sampling
at 6kHz, giving a 3kHz frequency response from the Nyquist theorem, more
processing power can be devoted to improving resolution, through increasing the

number of samples taken.
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Fig. 50. Graph showing the frequency response of the disk, as measured

by the PVDF sensor, alone when subjected to white noise excitation.
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drive in operation when subjected to white noise excitation.
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6.4 Tracking Error Monitoring

A further means of identifying the components going into resonance is 1o
monitor the off track movement of the head.

In order to reinforce the understanding of existing results a measure of
tracking servo error was obtained. The drive was vibrated, from 50Hz to 3kHz,
whilst the tracking servo signal was observed. The magnitude of this signal
corresponds to the degree of track mis-registration. From Figure 52 it can be seen
that large radial displacements were observed around 1775Hz and 1875Hz. This is
probably attributed to the suspension arm going into resonance and causing the
tracking servo to compensate for this ‘apparent’ misalignment. The peak observed
at 575Hz is attributed to disk resonance. Displacements, although comparatively

small, were repeatedly observed around 2225Hz.

09 -
0.8 -
0.7 -
0.6 -
0.5 -
04 -
0.3 -
0.2 -

amplitude/ arbitrary linear units

0.1 1
0 L . ‘J\/ . A

0 500 1000 2000 2500 3000

1500
Frequency / Hz
Fig. 52. Tracking servo error synchronous with applied drive vibration

whilst the head followed the outside track.
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Chapter 7. Compact Disk Optical System for Disk Vibration

Response Characterisation

7.1 Compact Disc Plaver Optical System Qverview

An alternative optical system was sought for measurement of the hard disk
drive's internal components that provided ideally a linear response, was
inexpensive, and could unobtrusively observe the head-disk interface and operate
in the hostile vibration testing environment.

Compact disc (CD) players utilise a laser and photodiodes to read data
from the disc. When the disc spins in a CD player it often has runout due to the
disc not being absolutely flat. Therefore the laser has to move in two plancs,
horizontal and vertical, to maintain focus and tracking and hence correct data
retrieval. The ability to move up and down, maintaining its focal distance from the
disc, is of interest to this research. If reverse engineered, rather than applying a
voltage; to the voice coil to lift the focusing lens, the signal that would be going to
the voice coil could be monitored to allow the distance from the disc to be found.

The photo detector comprises four sensors. When the laser is focused on
the disc surface the reflected beam off the disc will be centrally located on the
four sensors. The spot will then move either left or right to cover one pair of spots
depending on the lens-disk distance, [75].

Figure 53 shows a diagram of one version of a CD head design of the type
used in this research. The laser diode light passes through the prism and through
the objective lens, focusing the beam onto the disc. The objective lens can be

brought closer to or further from the disc to focus the light on the disc's surface.
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The focused beam width is slightly larger than the data bits embedded on the
compact disc, which are 0.5pm in width. From this it can be deduced that the spot
size when focused is between 0.5um and 1.0pm in diameter, Calimetrics CD

ROM spot beam size being 0.87um [76].
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laser
diode

Fig. 53. Diagram of one type of CD optical head system. Thisis a

quad-detector beam-splitting system.
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The second sensor of the pair of sensors used to measure differentially the
flying height changes was of a later design. This design is called the critical angle
prism, as shown in Figure 55. The prism is set at angle of around 42 degrees and

any mis-focusing will have the effect of centralising the beam over one pair of the

detectors.

\ critical angle
prism

—— \ beam moves
/ according to distance
- between disc and

quadrant detectors -l -
| T 1 prism due to angle of
light/prism
compact disc
1l ! optimal focus distance
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Fig. 55. Critical angle prism optical method of measuring focus distance. This
diagram also shows the typical summing methods used to maximise signal
detection. i and ii would typically connect as two inputs to a differential
amplifier, however for the optical system developed here, they would connect

to the differential inputs on the DAQ card.

85



7.2 System Appraisal

The CD heads were individually mounted to a micrometer-controlled
sliding table and aligned so as to reflect off the disk from a hard disk drive. The
reflected beam was monitored with an oscilloscope from one of the photo diode
segments. By electrically adding together the outputs from the relevant pairs of
the quadrant photodetector and observing the difference from the two pairs the
system response is optimal, giving a signal four times greater then that observed
from just the one segment.

When the 20mW laser diode driven four element photo diode array optical
system was tested, it was observed that the peak voltage was achieved when the
lens was 2.80mm away from the disk's surface, with an output from one detector
segment of 30mV. The signal from the detector is the raw signal and is not
amplified in any way. Linear response was observed when the disk was moved
both closer to the lens and further away from it. There were 20mV swings
observed when the lens was moved 200pm both closer to and away from the disk,
giving a total linear region of 400pm. In order to ascertain direction the lens was
mounted exactly halfway between the maximum and minimum points in the linear
region, as shown in Figure 56, this means that a displacement of 200um brought
about a change of 20mV, giving a response of 0.ImV/um. The single element

sensor has a noise floor of 8mV, giving the response of 0.1mV/um means the

sensor has a limiting resolution of §Gum.
Similar results were obtained from the critical angle prism optical sensor
with a 30mW laser diode. The peak distance was found to be 2.91mm, with a

sensed voltage on one of the photo detectors of 100mV. The relationship between
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distance and voltage was found to be 40um to 80mV, hence giving a response of
2mV/um for a single detector and 8mV/um once the four elements have been
appropriately manipulated. This sensor has a noise floor of 20mV, with a response
of 2mV/um, the single element sensor therefore has a resolution of 10um. The

sensors were observed to show no significant signal degradation over the

maximum sweep range of the vibration equipment, 1Hz to 10kHz.
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Fig. 56. Graph showing the voltage response from the quad-detector beam-splitting

optical sensor as a function of distance from disk surface. Region of operation is

7.3 Test Apparatus Design

An optical system comprising two sensors has been used for monitoring
both disk and flying height variation. The task of monitoring the hard disk drive
whilst it is vibrating in the vertical plane is complex. The mounting of the optical
system to the vibrating plate is precluded because the mass of any optical system
would prove to be beyond the shaker's design parameters. Also structural rigidity
would be compromised, creating spurious vibrations, and it would be impossible

to know whether measured results were due to disk vibrating or the movement of
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the optical system itself. For these reasons any optical system must be mounted
externally to the vibrating hard disk drive.

Two optical sensors are required: one to measure the disk drive (i.e.
chassis) movement as a reference, and one to measure the movement of the disk
or the suspension arm. The difference between these measured signals gives the
relative movement of the arm or the disk. Using two sensors enables the
displacement of the disk and arm to be monitored synchronously with respect to
each other. This enables an understanding of interactions between the two when
one goes into resonance, and insight into the phase relationship between head and
disk response. Since the sensors have to be mounted externally to the hard disk
drive whilst the drive is moving and being vertically vibrated, they must be able to
monitor small displacements from a relatively large distance or offset. The CD
optical system is well suited to this application.

To produce the most meaningful results the sensors ideally need to be
located to observe slider motion and disk motion directly beneath the slider. Since
it is virtually impossible with this method of measurement 10 observe directly
beneath the slider, every effort must be made to ensure that the sensors is
observing the disk directly in front of and as close to the slider as is physically
possible.

Other optical equipment used in this research laboratory [48,77] has been
constructed using Spindler and Hoyer’ Microbench components. These systems
supported on from cradles forming a structure from four 6mm silver steel rods.

This arrangement creates a very solid structure. However, it is very intensive on

' Spindler & Hoyer UK Lid., 2 Drakes Mews, Crownhill, Milton Keynes, Buckinghamshire.
http://www.spindelrhoyer.co.uk
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materials, labour intensive for component positioning and comparatively large in
physical size for use in these experiments.

A similar system to the Spindler and Hoyer Microbench was developed.
However, only two rods were used instead of the four. With careful alignment of
the rods it was possible to maintain strength and rigidity in the plane of vibration,

yet minimise physical space taken by the equipment, as depicted in Figure 57.
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Fig. 57. Diagram representing the structural overview of the

optical frame design.

The frame must allow the sensors to be moved independently across the
drive to enable them to be correctly positioned above their respective components
that are being observed. To achieve this separate sliding blocks have been created
that allow for both movement in height, see Figure 58 and the other two planes

across the drive, see Figure 59.
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The rods and their separation are arranged with a hierarchy such that the
blocks closest to the mounting bases house the rods furthest apart, offering
maximum stiffness. 3mm grub screws have been used throughout in a way that
when slack the sliding blocks move freely to allow repositioning, but when
tightened they serve to clamp the blocks rigidly to their 6mm rods. This allows for

an easily adjustable platform as well as a very rigid one.
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Fig. 58. Diagram showing how the vertical positioning of the dual optical

sensor system can be adjusted.

The finalised frame for housing the two optical sensors is shown in Figure
60, and the quad-detector beam-splitting sensor, which is mounted to the frame
(sensor 1), is shown on its own in Figure 61. The frame is secured to the desktop

surrounding the shaker and plate with the four bases bolted down.
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7.5 System Overview

In order to allow the optical system to measure and characterise head-disk
interface performance whilst the drive is in operation the optical sensors were
positioned 1o measure the motion of the slider and the disk directly in front of the
slider.

The head units are relatively bulky, limiting how close to each other they
can be located. The part of the disk observed is not directly underneath the head
and therefore a phase delay, determined by disk speed and spacing, is induced into
the system due to physical spacing. The beam separation, from slider to disk, is
approximately 15mm. At a disk speed of 4500rpm, assuming a radial point, 45mm
from the disk's centre, the disk beneath the sensor will be travelling at 21.2 ms.
Therefore the disk will take 0.71ms to travel from the disk sensor to the slider
sensor.

The results, shown in Figure 62, have some 50Hz electrical mains pickup
present. A future improvement would be to include a high pass filter in the
system, suppressing this 50Hz signal. The period of the signals was 1.85ms,
measured from the Tektronix oscilloscope. The disk on the drive under test spun
anti-clockwise, looking from above, such that a fixed point on the disk would pass
the slider sensor position before the disk sensor. The time delay between the
measured peak displacements of the slider and disk was approximately 0.75ms.
This figure is very close to the expected 0.71ms and indicates that litile phase
difference is present. However, the difference in phase is suspected to be very

small due to the small head-disk separation. The signals' restricted resolution limit

95



the accuracy of phase measurement to currently prevent accurate head-disk phase
behaviour measurements.

The lens of the head unit must be positioned 2.9mm away from the
reflection surface. This imposes physical obtrusions on the system. To construct a
transparent window to observe the operation requires a large indent to get the
head units close enough. Also the window itself must not behave as a diaphragm
when vibrated, as this will make the measurement system obtrusive. It is for this
reason the profile of the window is restricted. The indent in the window has the
effect of altering the aerodynamic influence of the slider. The fact that the lens
must be very close 1o the surface being measured, and the unit is physically large
compared to the slider, makes it very difficult to align the system.

The operating range of the standard compact disc rcad optical system is
only 0.2mm. This limits the level of magnitude that the hard disk can be vibrated
to just less than 0.2mm. This has been found to limit the severity of resonance
peaks experienced.

However, despite the above drawbacks, the compact disc reader optical
system represents a very economical means of measuring displacement with

potentially great sensitivity.
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Chapter 8. Finite Element Analysis

8.1 3D Modelling of the Disk Using Finite Element Analysis

Finite element analysis software from PTC, located in Needham,
Massachusetts, USA, has been used to model the resonant characteristics of hard
disks. Pro Engincer V20 was used to develop the physical structure of the models and
Pro Mechanica motion was used to simulate the models' behaviour when vibrated.
Models were created to determine the modal response for both free and clamped
disks. In 6rder to model the disk it is necessary to know both the material and
geomeltric properties as parameters of the model.

When the disk resonates, the standing wave created differs in form depending
on the mode of resonance at which it is excited. The waves either travel from the
inner diameter of the disk to the outer diameter, radially around the disk or
combinations of both. Common notation [34] has defined these modes as having m
nodal circles and n nodal diameters, designated as (m,n), Figure 65 From McAllister

shows modes (0,0) to (0,3).

(0.2) mode (0.3) mode
Fig. 65. Graphical representation of the modal designation of the

hard disk, as presented by McAllister [34].
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When modelling an object some thought must be given to the intricacy of the
model. If the model is too complex it will take excessive time to simulate its
behaviour. [f the model is too simple the results will not be accurate enough to predict
the measured results. Therefore a compromise must be made. It was found that the
assumptions used here in the modelling had only a minimal effect on the outcome.

IDEMA" standards for hard disk drive substrates dictate that the disk edge
should be chamfered for 0.178mm at an angle of 25 or 45 degrees [32,33]. However,
to simplify the model the disk was assumed to be rectangular in cross section.
Another limitation of finite element modelling, incurred by the finite element mesh
size, prevents the disk from being a totally accurate circular model.

It is known that [34,78,79] the disk's resonant frequencies will be slightly
altered due to the gyroscopic effect of the disk spinning. Further to this, it is also
understood that due to the static position of the PVDF sensor and the nature of the
disk's resonant undulations, a condition is created where the sensor detects two modes
instead of the one static resonant frequency. These resonant peaks are detected at the
static resonant frequency, modulated by the disks' rotational speed. The only mode
that does not suffer from this effect is the 'umbrella' mode, where the entire outer
circumference oscillates.

The first models were devised to discover whether different aluminium alloys
significantly affected the disks' performance. Two disks of identical dimensions,

1.25mm thick with internal holes of 25mm diameter and total diameter of 95mm, one

“The International Disk Drive Equipment and Materials Association (IDEMA) is an international not-
for-profit trade association that represents the HDD industry and its infrastructure. Founded in 1986,
IDEMA provides more than 500 corporate and individual members worldwide with trade shows,
technical conferences, symposia, education classes, networking events, and an active international
standards program. It has an Executive Advisory Council (EAC) comprised of top industry executives:
Bill Watkins (Seagate), Mike Cannon (Maxtor), Matt Massengill (Western Digital), Ichiro Komura
(Fujitsu), Wayne Fortun (Huichinson Technology), Ed Braun (Veeco Instruments) and John Dean
(Salomon Smith Barney). wwiw.idema.org
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a.) AlMg b.) Aluminium
Mode Frequency/Hz Frequency/Hz
1 427 423
2 427 423
3 465 461
4 792 784
5 792 784
6 1707 1690
7 1707 1690

Table 5. Table of results from finite element analysis of identical disks

constructed from AlMg alloy and pure aluminium.

This test demonstrated that the mixture of aluminium alloy did not

significantly effect the resonant modes of the disk. This is due to the Young's

modulus properties of aluminium alloys not being greatly different, around 70Gpa

[22,23].

The next test was undertaken to discover the effect of changing the diameter

of the inner hole, the results are shown in Table 6. These models are a first step

towards modelling the clamped disk on a real hub. The clamp used in a real hard disk

drive has an outside diameter of 33mm, shown in Figure 68, and hence was one if the

inner diameters for the disk chosen. An intermediate disk, with an inner diameter of

27mm was also modelled. The disk modelled was again a 1.25mm disk with an

overall diameter of 95mm and made from AlMg.
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c.} 25mm ID d.)27mm ID e.) 33mm ID

Mode Frequency/Hz Frequency/Hz Frequency/Hz
1 427 442 485
2 427 442 490
3 465 469 490
4 792 805 853
5 792 805 853
6 1707 1711 1731
7 1707 1711 1731

Table 6. Results from Pro-Mechanica showing the resonant modes for disks with

differing internal diameter holes.

The clamped disk has been modelled in three stages. Initially the disk alone is
modelled. The second stage involved perfectly bonding the aluminium disk spacer to
the under side of the disk. The spacer is used to separate the disks in the disk pack,
creating physical spacing of the disks, and therefore is in contact with one surface of
the disk. Finally the steel clamping plate was added to the model, as depicted in
Figure 67 with dimensions shown in Figure 68. The results shown in Table 7 illustrate
that the plate had little influence on the system once the spacer had been introduced,

accounting for only minor changes in the disk’s frequency response.
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Disk + spacer
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Fig. 67. Profiles of three disk and clamp variations used in the

finite element analysis modelling.

Disk - Free /Hz Disk + Spacer /Hz Disk completely clamped /Hz
431 687 687
468 1165 1165
799 1694 1694
1719 2595 2595

Table 7. Results obtained from finite element analysis modelling of a 1.25mm thick

disk, varying clamp configurations, showing the different modal frequencies.

The model was then applied to the 0.8mm disk. As expected the modal

frequencies were lower for the more flexible 0.8mm disk, shown in Table 8.

f.) Disk /Hz Disk completely clamped /Hz
277 440
298 742
512 1082
1097 1672

Table 8. Results obtained from modelling a 0.8mm thick disk, for both clamped and

unclamped configurations, showing the different resonant frequencies.




95mm

Disk material:
AlMq

Density: 2.66 g/lcm"3
E=71GPa

1.25mm

Aluminium

Spacer and Hub material:

>3.95mm

25mm

Plate material:

Steel

Ensure that top surface of
disk is level with lip of hub
and bottom surface is in
contact with spacer, ie.
spacer is located 1.25mm
down from lip of hub.

hub

Fig. 68. Diagram outlining the key dimension and materials used for modelling the

disk using ProMechanica Finite Element Analysis software.
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8.2 Discussion of Finite Element Analysis Results

Scveral modes were observed in the frequency range of 10Hz to |0kHz, some
maybe less significant than others. The lower order modes have been found to be
those most destructive to data-transfer. A variety of different modes are shown in
Figure 69, the potentially most troublesome ‘umbrella’ mode being shown in (a) and
(b).

The modal frequencies of the free disk alone were slightly lower compared to
the clamped disk. The clamp sandwiches the disk with a steel plate screwed into the
aluminium hub, an aluminium spacer supports the disk from the other side. This has
the effect of reducing the disk's span, stiffening it and raising the disk's resonant
frequencies.

The thicker 1.25mm disk's resonant frequencies are higher than those of the
thinner, 0.8mm disk. This has the effect of extending the drive's operational

bandwidth under conditions of vibration from 440Hz to 690Hz.
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Fig. 69. Results from Pro-Mechanica showing the resonant modes: the upper two

show the “Umbrella” mode.
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9. Results and Discussion

It has been observed for all the hard disk drives tested that there are
prevalent problems at frequencies around 450 Hz to 700 Hz. This is largely a -
feature of 0.8mm thick AlMg disks. It has been observed, shown in Figures 40
and 41 in Section 6.1, with most drives that a mere 0.5g of acceleration at key
frequencies; 475, 525, 575 Hz, is enough to render the disk unable to transfer
data.

The magnetic state of data has not been found to effect significantly the
drive's performance. Figure 39, Section 6.1, shows only minor changes in data
transfer performance of the drive whilst suffering induced vibration, which are
attributed to limitations in accuracy from the piezo-electric accelerometer and the
noise it experiences, explained in Section 5.1.

The drive, when tested at three individual frequencies; 500Hz, 550Hz and
600Hz, showed a tendency to be more immune to vibration when the head was
positioned closest to the hub of the disk, shown in Figure 42, Section 6.1.

The tracking servo requires information to determine where to move the
head to keep it on track. The servo information is stored on the disk at fixed points
around the disk, between each sector. When the head is running at its outermost
perimeter the physical distance between the servo data is greater. This means that
the head has a greater distance to follow the track without servo information and
hence has a greater chance of going off track, even though the time between servo
data points is always equal, due to the rotational speed of the disk being constant.

Therefore it is likely that the drive is more prone to transfer failures when the
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head is reading the outer diameter of the disk, although this is not a factor greatly
contributing to drive unreliability.

The greatest influence on drive performance operating under hostile
conditions has been found to be disk flexing, both radial and circumferential, with
disk displacement being greatest at its outer edge, shown in the results from finite
element analysis modelling of the disk, clearly seen in Figure 69 a.) and b.),
Section 8.2.

Figure 42 shows that the drive was not affected at 550Hz by the head's
radial position. This is due to the disk not being the sole contributing factor, at this
frequency, towards limiting drive performance under conditions of vibration. The
drive’s poor performance at this frequency is attributed to the suspension arm
moving, observed in Figure 51, and the hub rocking through bearing tolerances
[35,36).

The results from driving the disk with white noise with an accelerometer
attached to the disk’s edge, see Figure 36, showed an interesting fact. It can be
seen that the disk, even though clamped, was still driven in its unclamped form to
resonance due to an imperfect clamp. This was discovered from finite element
analysis undertaken for the 1.25mm thick disk. The disk’s (unclamped) resonant
frequencies were found to be at 431Hz and 468Hz from the finite element analysis
modelling, Section 8.1, Table 7, and are in good agrecement with the experimental
results, with the measured results being at 450Hz and 490Hz. It can be deduced
from these facts that the disks within the hard disk drive are driven at their
unclamped resonant frequencies as well as their clamped frequencies.

Considerable work has been undertaken by Bittner and Shen to produce

waterfall plots of characteristic disk behaviour under vibration [69]. Table 9
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shows their work with the measured harmonics of the disk when rotating at
4500rpm. Their results are compared with the results obtained from the piezo-
electric strain gauge, Figures 50 and 51, Section 6.3.

It should be noted that the experiments performed by Bittner and Shen
were carried out with the cover of the hard disk drive removed. This would effect
the results slightly because the cover seals the drive with the air between the disk

and the drive 1id behaving as a damper.

Frequency / Hz Measured | Frequency / Hz Results
Mode of Resonance by Bittner and obtained in this work from
Shen [69] the piezo-electric sensor
1* bending 550 515
2" bending 585 590
Diaphragm (umbrella) 640 630
1* bending 680 660
2" bending 850 855
3" bending 920 940
3" bending 1350 1375
4™ bending 1600 1600

Table 9. List of results obtained empirically from other work compared to resuits

obtained with novel piezo-electric strain gauge cantilever.

McAllister, [34], describes how when vibrations are “measured with a
stationary probe, the observed amplitude will be modulated by the rotation

frequency times the number of nodal diameters.” This explains why there are two
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distinct frequencies for each mode of resonance shown in Table 9, one with the
rotational speed of the disk (75Hz) added to the resonant wave of the disk, the
other subtracted.

The combination of the results obtained from measuring both the disk and
suspension arm movement reveal some interesting facts, as shown in Figures 50
and 51, Section 6.3. The first observation was confirmation of the disk’s rotation
speed. From the spectral response of disk movement it can be seen that the disk’s
rotation speed is 4500rpm, found from the peak at 75Hz, Figure 50. The disk is
slightly buckled when clamped onto the hub, and this causes vertical runout that
the sensor is detecting. The subsequent peaks at 150Hz, 225Hz, 300Hz and 375Hz
are harmonics of the 75Hz fundamental.

The results, from impacting the hard disk drive, show the disk to be driven
into large excitation at 440 Hz. Disk movement at this frequency is so great that
its displacement is coupled to the suspension arm. This is observed in the results
for the suspension arm measurement, Figure 51, Section 6.3. The 440Hz
resonance is the clamped disk’s first mode of resonance, as confirmed through
finite element analysis, Table 8, Section 8.2. It is at this frequency that the hard
disk drive's data transfer performance, Figures 40 and 41, is most susceptible to
vibration. In both cases 440Hz being the most sensitive frequency, proving that
the disk's bending is the greatest contributing factor to drive data transfer
performance under conditions of vibration. There is a lot of medal disk activity
between 590Hz and 740Hz. This disk movement is mimicked by the suspension
arm as the head and slider try to maintain a correct flying height.

At 1kHz the suspension arm clearly goes into resonance. However, there is

very little movement in the disk at this frequency, which means the flying height
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is ftuctuating, ultimately leading to the head crashing into the disk. In fact the
only time a hard disk drive being tested suffered from permanent damage was
when it was vibrated at 1kHz. The suspension arm then goes inlo resonance once
again at 1290Hz, 1450Hz, 2000Hz, 2250Hz, 2525Hz and 2870Hz. The suspenston
arm going into resonance was in fact large enough to cause the disk to bend at
around 1kHz and 1290Hz. Not all of these modes are in the vertical, flying height,
plane. Some will cause the tracking problems through arm twisting [79]. Others
are from the suspension arm rocking, simply tilting the head. Figure 52, Section
6.4, identifies major tracking problems that occur between 1750Hz and 2000Hz.
This reinforces the theory that the suspension arm activity at 2kHz is attributed to
the tracking plane resonance of the suspension arm. Further evidence is the lack of
disk flexing at these frequencies.

Figure 70 shows the results from the white noise vibration of the hard disk
drive, observed by the PVDF sensors. The top graph shows the response of the
disk, with all the significant peaks highlighted, and the bottom graph shows the
frequency response of the suspension arm, again, with all the significant peaks
highlighted. These peaks are cross-referenced with each other and the results

gained from the finite element analysis modelling and shown in Table 10.
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High- | Frequency | Resonant Component | Observed through

lighted | of peak in

peak Fig. 70

l 75 Buckled disk

2 150 Uneven disk clamp

3 225 Uneven disk clamp

4 440 Clamped disk first mode Finite element analysis

5 515 Unclamped disk first mode | Finite element analysis

6 590 Disk motion Mimicked in suspension arm motion
generating tracking error problems

7 630 Disk motion Mimicked in suspension arm motion

8 660 Disk motion Mimicked in suspension arm motion

9 740 Clamped resonant mode FEA, generates minor tracking problems

10 855 Disk motion

11 890 Disk motion

12 1000 | Suspension arm resonance

13 1290 | Suspension arm resonance | Coupled (o disk motion, generates minor
tracking problems

14 1375 | Disk motion

15 1450 | Suspension arm motion

16 1600 | Disk motion

17 1940 | Suspension arm motion Generates tracking problems

18 2000 | Suspension arm motion

19 2250 | Suspension arm motion Coupled to disk motion
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20

2575

Suspension arm motion

21

2870

Suspension arm motion

Coupled to disk motion

Table 10. Table of resonant peaks, shown in Figure 70, detected using PVDF sensors.
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10. Conclusions

A test system has been developed which enables hard disk drives to be
vibrated, at varying levels of amplitude, whilst the data transfer is timed and
recorded. The data can be written to the disk, and then read back to confirm it has
been correctly written, or just read from the disk. The data file can be comprised
solely of 'l's, '0's or of a pseudo random string. The magnetic state of the data,
either 'l's, '0's or a random string, has been found to be insignificant to the
performance of the drive whilst being vibrated.

Data loss was found to be most significant at vibration frequencies
between 440Hz and 700Hz. At other frequencies hard disk drives are able to
transfer data reliably whilst subjected to as much as 45g of vibration. However,
between 440Hz and 700Hz they may fail to transfer data at as little as 1g. These
data failures can be attributed to two key components: the suspension arm and the
hard disk.

The work performed is the first to measure disk and suspension arm
motion in a hard disk drive that is both in operation and performing under its
normal environment, with its lid on. This is an important contribution to
knowledge, providing a clearer understanding of disk and suspension arm activity.
The work performed is also solely providing excitation ext.ernally to the drive, as
it would experience in normal operation. Previously published work has provided
results from exciting the disk via impacting the disk itself by dropping either
miniature hammers or ball bearings from a known height.

A CD ROM-based optical system has been successfully adapted to

measure differentially suspension arm and disk movements. Two individual
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sensors of different type have been used for this to test their suitability. One, the
critical angle prism type, was found to have a response approximately eight times
greater than that of the of the other, quad-detector beam-splitting type. This is
more than can be accounted for by the fact that the former has a more powerful
30mW laser diode. Both have a peak operating distance of approximately 2.9mm,
and are highly linear in operation.

PVDF sensors have been used to measure unobtrusively the suspension
arm and the disk in a novel way. A virtual instrument created using LabView for
Windows is capable of monitoring the signals in real-time and can perform FFT
frequency sweeps. This rapidly provides the frequency response of the component
under observation. The virtual instrument is capable of averaging multiple scans
to reduce the noise level, varying the number of samples taken and the frequency
of the FFT window to adjust the resolution of the FFT sweep.

Using BIOS commands, software, developed in C, has been developed
which allows for the cylinder, head and sector of the disk to be individually
selected when transferring data to and from the hard disk drive. This allows the
position of the head to be controlled as well as observing any error flags returned
by the drive should the drive's error correction be overcome by the vibrations.
From this it was discovered that the drive predominantly failed for one reason.
When the drive completely failed to transfer data due to vibration it was
registering tracking errors. The drive was tested with the head positioned at radial
locations across the disk from the inside of the disk to the outside, and this
showed the drive's prevalent weakness to transfer data with the head located at the

outer edge of the disk.
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Finite element analysis software, Pro Mechanica Motion, has been used to
model the disk and simulate its resonant activity. The models were created in Pro
Engineer V20 and also included a clamp of identical materials and dimensions to
that of the clamp used in real drives. The disk was modelled with and without the
perfectly bonded clamp. The results show that the disk’s first mode of resonance
changed from 277Hz to 440Hz when clamped, proving that the clamp acts to
stiffen the disk significantly.

The PVDF sensor detected the disk's vertical run-out, and through the FFT
sweep performed by the LabView software the disk's rotational speed has been
confirmed as 75Hz, 4500rpm. Harmonics of this have been detected at 150Hz and
225Hz, caused by buckling from the disk's clamp. Further resonant peaks have
been detected at 440Hz and 515Hz. These modes have been confirmed from finite
element analysis to be the disk's first mode of resonance when perfectly clamped
and its third mode when unclamped. Therefore the disk is resonating at both its
clamped and unclamped frequencies, indicating that the disk is not perfectly
clamped.

[t was found, experimentally, that when the disk goes into resonance the
movement is such that the disk and suspension, coupled via the air bearing, move
synchronously together. However, there is an initial lag between disk motion and
arm motion. This creates a variation in the flying height, a major contributing
factor to data transfer errors. The air bearing is acting as a damper for the coupled
movement, which has a further effect on the head's flying height, Suspension arm
displacement has been observed to peak at 1kHz. The disk, however, does not
experience a similar movement. This indicates that there is a flying height

variation at this frequency and hence a potential weakness in drive operation.
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This information gained through this work will help enable future hard
disk drives to operate under wider conditions of shock and vibration then at
present. Critical frequencies have been discovered and, by using a combination of
novel sensors, the failure mechanisms identified. Future drives will almost
certainly at some stage include active control of the suspension arm through use,
probably, of a piezo-electric actuator as described in this thesis. Knowing the
frequencies, amplitudes and modes of resonance also aids the design of the

control system, which will be used to regulate the flying height of such a head.
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11. Further Work

11.1 Optical Measurement Techniques

An optical system that has a reasonably large dynamic range and great
sensitivity is required for the type of measurements made during this work. A CD
ROM-based optical system has been developed to achieve this and used as a first step
towards differentially measuring flying height variations. This system has been found
to be lacking in dynamic range and the limited focal distance forcing restrictions on
the system. The two CD optical units used are of slightly different types, although
they both use quadrant detectors for focusing; one uses the critical angle prism
method and the other a beam splitting prism.

There are a few ways of altering the beam splitting prism focal distance, and
hence range in this application. One would be to move the quadrant detector array
closer to the beam splitting prism. This would have the effect of moving the laser
spots, from their previously too great a focus distance position, towards the middle of
the detectors, restoring their 'null' position, as shown in Figure 71.

Another method would to be to change the objective lens to another one of
different focal length, thus focusing the beam to a point much further away.
Alternatively a second lens could be fitied to achieve this. Changing the lens, or
adding ienses is not a preferred method as it does add cost, complexity and potentially

adds bulk to the system.
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Fig. 71. Diagram showing proposed revision to quadrant sensor position
to increase focal and working distance for the beam splitting prism type

of CD optical unit.

To increase the operating distance the critical angle prism would need to have
the prism twisted slightly to make the emitted beam closer to orthogonal with the
surface being observed. This would allow a greater distance between the surface and
the prism for a given optical path, refer to Figure 55 in Chapter 7 to see how this is

iflustrated.
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the tracking arm traverses the head across the disk as quickly as it can. Due to the fact
that the head, suspension arm and slider all have mass, they exhibit momentum and do
not settle to their new position instantly. Even when the tracking servo stops, the head
and suspension arm etc will try to continue beyond the predicted position. This
system, largely made from spring steel, has little in the way of natural damping. The
air bearing will act as the principle damper to this system, but acts predominantly in
the vertical, flying height, plane. As a result, a lot of overshoot is present, as has been
widely discovered [80]. The proposed passively damped drive mounts have been
gvaluated to counteract this phenomenon [81] but bulky mounting mechanisms are
not the ideal solution. This overshoot in the tracking system causes poor data transfer
through the system due to erroneous signal detection caused from off track cross-
signals.

Therefore when the head arcs across the disk there is a finite period of tracking
oscillation. This oscillation is largely due to the suspension arm bending in its lateral
plane, or rocking, as shown in Figure 73.

Rocking of the slider, from suspension arm rocking, will have the affect of
reducing the head and slider area directly above the data bit. As the head is twisted it
rotates out of the plane that it is designed to operate in, potentially reducing the
thickness and stability of the air bearing. Since the slider's design is optimised for
flying with zero twist, rocking of the slider will impair its aerodynamic thrust (be it
positive or negative thrust) and render the head more susceptible to flying height
variations due to vibration. The slider will eventually stabilise this, since it is designed
1o self-stabilise aerodynamically. However, there will still be a finite time for

complete stabilisation.
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taken to an extreme, different polarities, then the arm would therefore be rocking with
or without a coupled bending deformation.

[f the sensor were to be split it would be very important that both sections are
of identical area. Failure 1o achieve this would result in unequal voltage
measurements from side to side. This can be accounted for, if the differential response
of the two sensors is known, however it would be impractical to account for any

'zigzagging' of the division caused by machining tolerances.

PVDF sensor  syspension arm

slider

incision

() O

Fig. 74. Diagram representing the PVDF sensor and how it is positioned on
the suspension arm, and how it could be modified by separating it into two

equal sensors to observe rocking motions.

11.3 Piezo-Electric Control of Suspension Arm

One of the major obstacles to overcome when trying to control the head in this
manner is the problem that the actuator is operating at the base of the cantilever.

Therefore it is operating very close to the fulcrum and whilst any motion it provides is
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magnified through the cantilever's length, any force present at the head, located at the
end of the cantilever/suspension arm will also be magnified. This means that the
actuator, although providing sufficient motion for the head is lacking the driving force
to move the head should a significant load be present.

The force generated from the air bearing of a typical sub-ambient tri-pad slider
has been found, experimentally by Khurshudov and Talke, to be between ImN and
2.5mN [82]. The ImN to 2.5mN force generated from the air bearing represents less
than 10% of the typical suspension arm load. For example, a suspension arm could be
pretensioned against the disk with a 3mg load suspension arm, see Figure 37, Chapter

5.

2.5mN /9.81 = 0.255mg

Whilst this a.ir bearing force is not large in comparison to that of the
suspension arm it has been found to be significant towards defeating the actuator's
control of the head.

It has already been discussed in Chapter 1 how the take-off procedure for the
head is mechanical and very crude. The head literally scrapes across the disk whilst
the disk increases its rotational speed until enough airflow is created to allow the
slider to fly off the disk. To reduce the mechanical wear between the head and the
disk, the piezo-electric actuator on the arm could be driven to lift the head physically
off the disk just prior to the disk spinning up. This way any scraping between the head
and the disk due to disk start-up can be eliminated. If the drive is of the ramp variety,
such that it parks the heads up on a ramp in non-operation, there is still friction and

scraping between the suspension arm and the ramp. Whilst this scraping does not
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wear the head or disk it still creates micro-contamination [12,13,14] contributing to
long term drive failures. In the same way that the piezo-electric actuator can be used
to lift the head off the disk it is possible to lift the suspension arm off the ramp, to an
extent.

If the head system is to be optimised for use with a piezo-electric actuator to
control lift-off and parking then the aerodynamics of the stider will need to be
adjusted to match that of the new system. The slider will probably need to generate a
slightly lower total operational force because the piezo-electric actuator will be
contributing to add and to detract from this force to control flying height variations.
The low disk speed aerodynamic characteristics will also need to be altered to account
for the piezo-electric actuator lifting the head up off the disk on start-up and gently

placing the head back down on power down.

11.4 Sensor-Actuator Integration

The piezo-electric elements work as both sensors and actuators, as described
previously in Chapter 4. The extent of how well they work as either is predetermined
through their structure and material. A piezo-electric actuator, through its very nature,
will work as a sensor, albeit at a reduced performance to that of a dedicated sensor. It
is therefore possible to multiplex the piezo-electric transducer's tasks to include both
sensing and actuation.

Integrated sensor-actuators have been developed already in research. The main
advantages of using an integrated sensor-actuator is that it reduces the cost,

complexity, mass and total size of the system.
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13. Appendices

13.1 Software Written in C for Reading Data from a Hard Disk Drive at a

Chosen Cylinder Head Block

#include <conio.h>

#include <stdio.h>

#include <dos.h> // for int86(), REGS
#define FUNCTION2 // service no

#define INTER 0x13 // Disk BIOS interrupt number

void main (int argc, char*argv[], long address)

{
union REGS regs;

long start, end,

if (arge 1=3)
{
printf ("Example usage: C>READ 147 209"),
exit 0;
}
_ES=0;

start=atoi(argv[1});
end=atoi(argv[2]);
regs.h.ch=(long)start;

regs.h.cl=(long)end;
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regs.h.dh=1;

regs.h.dl=129;

regs.h.bh=4,

regs.h.bl=208;

regs.h.al=1;

regs.h.ah=FUNCTION;, //service number
int86(INTER,&regs,&regs); //call interrupt

printf("Status (0=good, 4=sector not found) %d,",regs.h.al);

for (address=0x4CF; address<0x6D7; address++)

{

printf("%x",peek (0,address));

exit ();
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13.2 Results from Finite Element Analysis Modelling of a 0.8mm Thick Disk

Mode Free Clamped
1 21 440
2 277 440
3 298 742
4 512 1082
5 512 1082
6 1097 1672
7 1097 1682
8 1916 1913
9 1916 1913
10 2555 2938
1 2816 2939
12 2816 2984
13 2939 2987
14 2939 4037
15 3602 4157
16 3602 4157
17 4158 4598
18 4158 4601
19 4882 4759
20 4882 4922
21 5569 4990
22 5569 5327
23 6568 5327
24 6569 5568
25 7169 5568
26 7172 6464
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16 5625 6432 6513
17 6518 7062 7918
18 6338 7062 7918
19 7622 1675 8086
20 7622 1675 8086
21 8681 8669 9615
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Introduction

There is a vast array of sensors available to us
at present. Sensors are selected according to
the particular measurand and in many cases,
the particular application, e.g. interfacing to a
control system. Sensors are generally required
to work in paralle] with signal conditioning
electronics, and may then be either used asa
smand-alone measurement system or
incorporated into a control system for real-
time sensory feedback.

Depending on the measurand there is a vast
array of sensors that can be used for surface
and textural characterisation. One of the
standard methods for investigating the surface
profile is to use a profilometer[1). A
profilometer utilises a stylus much in the same
way as a record player follows the variatons
along the track of a record, the main
difference being that the profilometer uses
optical sensing to determine the attitude of
the stylus. In a record player the stylus
generates a signal by electromagnetic
induction (moving coil or moving magnet).
The potential disadvantage of the stylus-
based systems is modification of the surface,
due to conmact being made by the stylus.
However, the use of optical based
profilometry is able to circumvent this, and a
number of systems have been developed so
far. Abou-Zeid and Wiese developed a
compact interference profilometer that uses a
wavelength-tunable diode laser as an optical
stylus, with 2 measurement uncertainty of
around 10am([2]. A number of profilometry
systems based on interferometry have also
been reported([3,4]. Cuthbert and Huynh(5]
have designed an optical system for fast non-
contact measurement of surface texture,
based on the optical Fourier transform
pattern of the surface, which is correlated with
the surface roughness obuined using a stylus
based instrument.

Moving into the new millennium we are
faced with the increasing demands of hard
disk drive technology. Data storage density
continues to increase, necessitating that the
head flies even closer to the disk surface:
state-of-the-art flying heights currently being
around 15nm. This is coupled with the
increasing demand for faster track access,
which means that the disk drive is required to
operate at increasingly higher speed. This
represents o challenge for PCs operating in
the office environment, but presents more
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C. Dual beam polarisation
interferometry

Optical interferometry is a well established
technique for precise and non-contact
measurement. Various types of interferometry,
such as heterodyne interferometry[14),
sinusoidal phase modulating
interferometry(15], and phase-shifting
interferometry[16], have been developed to
make high resolution measurement of small
displacements. However, apart from the
complexity of the system construction, these
existing methods are generally feasible only for
low-speed measurement applicatons. When a
high-speed measurement is needed, it is
difficult to find a suitable technique if the
measurement accuracy requiremeat is high.
The speed limitation in these displacement
measurement interferometers is mainly due to
the use of slow medulation or scanning
techniques. In the CRIST laboratory, a dusal
beam polarisation interferometer has been
constructed, which can be used for high-speed
measurement of dynamic morphology/
topography, and in our case for the complex
measurement dynamic disk heed flying
height[17,18].

The polarisation interferometer
configuration utilises two orthogannally-
polarized light beams to remove the directional
ambiguity of the displacement, and is shown
schematically in Figure 2. The main part of the
interferometer utilises a polarising beam
splitter PBS1, two quarter-wave plates QW1
and QW2, two mirrors M1 and M2, and a
non-polarising beam splitter NPBS1 as both a
beam splitter and phase shifter.

Employing a polarising beam splitter PBS1
makes the best use of the laser beam and

Figure 2 Dual-beam polarisation interferometer
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prevents the returning beam from feeding
back into the laser diode. The mirror M2 is
driven by a piezoelectric translator (PZT1),
which can be used to perform system
calibration. Mirror M3 is used as a reference
plane when single point displacement is
measured. When the system is used to
meansure the relative displacement of two
adjacent points, such as the vertical
movement of the hard-disk read/write head
relative to the disk surface, M3 is removed
and the reference beam is extracted by
NPBSI1 10 the second measurement point.
Mirror M2 can also be micro-positioned
manually 1o adjust the spacing of the two
measurement points. A 670nm wavelength
laser diode is used as the light source. The
laser beam passes through the polariser and
enters the polarising beam splitter PBS1.
Then the s-polarised component is coupled
out and reflected by mirror M1 and focused
on the measurement point on the sample.
The p-polarised component passes
through and is focused on 1o the reference
mirror or another measurement point.
The retumning beam enters the
interferometric receiver, which is used to
measure the intensity and phase difference
between the two polarised beams. The
interferometric receiver consists of a non-
polarising beam splitter NPBS2, two
polarising beam splitters PBS2 and
PBS3, o quarter-wave plate QW3 and four
photo-detectors. The detected volinge
signals are amplified and equalised, then
sampled in by the computer through a 12-bit
A/D converter board. The sampling rate of
the A/D converter will determine the
measurement speed of the system. The A/D
converter board with a sampling rate of
20MS/s is commercially aveilable at present.
The computer, through a 12-bit D/A
converter board and a high voltage {150V)
amplifier also controls the piezoelectric
translators.

We take the electric field of the two
orthogonally polarised beams to be of the
standard form:

B, = Ay expli(un)) (1)

E; = A, cxp(i(we + ¢)) (2)

where w is the angular frequency of the
radiation, A, and A, are the amplitudes of E,
and E, respectively, and

¢ = 4n(d + Ad)/ . (3)
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In equation (3), A is the wavelength of the
laser beam, d is the static optical path
difference between the two polarised beams
and Ad is the displacement to be measured.
The wave intensity being received by each of
the four photo-detectors (Ppp, to Pppy) is
proportional to the square of the electric field,
and by simp!le signal conditioning and
processing quadrature signals

Peoz — Ppp1ba/b) and Pppg — Pppybs /by are
obtained. The computer samples these signals
with two channels of the A/D converter
board. The displacement Ad is then
determined by phase evaluation and
unwrapping(19].

To test the ability and effectiveness of this
interferometer, severul experiments have been
conducted. A 12-bit D/A converter, with a 0-
10V volmge ourput, drives another
piezoelectric translator, PZT2, to move the
sample. One of the measurement results is
shown in Figure 3, in which PZT2 moves the
sample in a saw-wave form with amplitude of
about 8.5nm.

The dual beam polarisation laser
interferometer can be used for accurate high-
speed measurement of small displacements,
vibration, and disk flying height.
Theoretically, a 12-bit A/D converter can
provide a measurement resolution higher than
A/4,096. However, because of the system
noise, especially the electrical noise, the
system in its present configuration has a
general measurement resolution of about
0.5nm. The dual beam polarisation
interferometer in its first version has been
demonstrated to work effectively in our
application. However, there are a number of
issues to be addressed in order to realise its
true potential. The interferometer will be

Figure 3 Measurement result for displacement amplitude of about 8.5nm
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developed from its present state to include a
frequency stable He-Ne laser and the
interferometer itself will be made to be
compact and from thermally stmble materials
(inver as opposed to aluminium). These
improvements will significantly improve the
signal-to-noise ratio available, enabling more
precise measurements of small displacements
to be made. Choosing a higher sampling rate
A/D board can also increase the system’s
measurement bandwidth.

D. CD-ROM optics

The interaction between the read-write head
and the disc surface causes the flying height of
the head above the surface to change, and so
the dynamic morphology of the rotating
disk(s) is extremely important. As the head
moves outside its operating margin data-
transfer becomes a problem, eventually
leading to data-transfer error, as shown in
Figure 4. As the disk (aluminium-
magnesium, coated with a thin magnetic layer
and thin lubrication layer) rotates at speeds of
up 10 10,000rpm the disk flexes radially and
circumferentially and the CD-ROM optics
will be utilised to measure these rotation-
induced effects.

A CD-ROM drive utilises a laser with
photodiodes to read data from the disk. The
photo detector comprises four sensors and
when the disk is perfectly focused the laser
spot reflected off the disk will be centrally
placed on the four sensors. The spot will then
move cither left or right to cover one pair of
spots depending on the distance of the disk.

Figure 4 Effect of vibration on disk drive aperations: 3.5 hard disk
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developed for this based en CD-ROM optics
and thick film piezoelectric sensors to
measure the topography of the rotating disk
drive under hostile operating conditions.
Measurements of dam-transfer to and from
the disk will be used to further the
understanding of data-transfer failure
mechanisms under hostile operating
conditions.

Operation of hard disk drives relies on the
head-to-disk flying height being maintained at
o constant height. A sensor-controller-
actuator system has been developed to enable
both the flying height and the track position
to be maintained. Optical sensing is used at
present to determine the attitude of the head
and the response used to drive two
independent actuators via a DSP -
implemented PID controller. Future
developments of this system will include the
replacement of the optical sensor by a direct
measurement of the head’s position from the
acrual head readour signal itself. This will
form the basis of a realisable systemn that will
be developed commercially in partnership
with our collabomtors, the Data Storage
Institute, Singapore.
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Head-Media Interface Instability Under Hostile
Operating Conditions

Glen Tunstall, Senior Member, IEEE, Warwick Clegg, David F. L. Jenkins, and Chibesa Chilumbu

Abstract-—In the office environment, computers relinbly
transfer datn to and from the hard disk drive and data transfer
errors are extremely rare. However, when even “ruggedized”
computers are opernted In hastile conditions, valuable data can
be lost as a resnlt of read-write error due to either shock or
vibration, sertously impalring drive performance. For this work,
drives have been vibrated over large frequency ranges In order to
characterize thelr datn-transfer performance. [n order to observe
the cause of the problems, a drive has been modified with Integral
sensors to [dentify Internnl system fallures and the results of these
investigations are presented. These sensars have enabled the first
unobtrusive tests of the drives' mechanical frequency response
while the drive Is in operation with sensors that can be easily and
Inexpensively embedded within a hard disk drive for use in a
generic, smart, vibratlon resillent drive.

Index Terms—Hard disk drive, PVdF, sensor, vibration.

1. INTRODUCTION

ARD disk drives are an economical ferm of mass storage,

widely used as secondary memory in virtually all com-
puter systems. Conventional hard drives are very reliable under
normal operating conditions, but they can suffer from mechan-
ically induced failure when operated in hostile conditions. In
arcas where vibrations exist, hard disk drives can and do fail
and no longer read or write data. At best, the data transfer rate
becomes vastly inferior.

Environments such as the military and acrospacc arc synony-
mous with large shocks and vibrations. Ocean-going crafl can
also encounter difiiculties with hard drives as the engine and
waves transmit vibrations through the hull. Dennis {1] evaluated
many propesed solutions, though mainly large vibration isola-
tion cages and mountings that damped the vibrations. However,
additional tsolation mountings are not the ideal solution. The
extra space and weight needed preclude this method from many
key arcas: adding both weight and bulk to a drive is hardly an
improvement. Passive dampers, which are only effective overa
limited bandwidth, are all that arc uscd in current “ruggedized”
laptops.

II. DisK DRIVE FUNDAMENTALS

It is important to understand precisely what is happening
within the drive and which system areas are failing under
conditions of vibration. When mechanical components are

Manuscript reccived May 4, 2000; revised February 14, 2002. This work was
presented at the | 7ih IEEE Instrumentation and Measurement Technology Con-
ferenee, Baltimore, MD, 1-4 May 2000.

The authors are with the Centre for Rescarch in Information Storage Tech-
nology, University of Plymouth, Plymouth, UK.

Publisher Item Identifier S 0018-9456(02)04311-5.

vibrated, they bend and distort and this is further compounded
when vibrated at resonant frequencies.

There are two major mechanical components that, when ex-
cited at resonance, can result in data transfer failure. First, there
is the suspension arm that pre-tensions the head against the disk
to counterbalance its aerodynamic upthrust. This is designed
to control the flying height of the head during normal oper-
ating conditions. If the flying height of the head is such that
it is outside of its normal operating range, then the signal de-
grades and uitimately can lead to data transfer failure. In severe
cases, the head will crash down onto the disk and cause irrecov-
erable damage. Second, there is the hard disk (thc data storage
medium) itself. The disk can be driven such that it flutters up
and down, causing tracking (or mis-registration) problems [2].
The problem can be compounded by the fact that if the suspen-
sion arm is resonating, and, therefore, the head, the disk can be
driven into oscillation due to the head pushing onto the disk and
vice-versa [3), [4].

Hard disk drives predominantly use 3.5-in disks. These disks
are all made to identical standards by a few different manu-
facturers. It is fair to say that there are negligible variations in
their construction. Therefore, all modes excited by the disk are
common to all drives using 0.8 mm thick, 3.5-in diameter disks.

1I1. EXPERIMENTAL

A test rig has been constructed to allow the hard drive to be
vibrated at accelerations of up to 50 g [7]. The hard drive is
rigidly clamped 0 a plate that is vibrated by an electro-dynamic
shaker. In these experiments, the drive is mounted so that it is
cxcited in the planc through its spindle. Vibrating the drive in
this manner closely simulates vibrations experienced when the
drive is in its normal operating environment. Excitations in this
plane maximize any resonant effects of the disk and suspension
arm. Vibrating the drive in other planes will still excitc the same
modes but to a lesser degree. If the drive were to be excited
in another plane, different effects and resonant modes will also
be experienced, like the lateral bending of the suspension arm.
The test rig allows the drive to be mounted in distinct, different
orientations.

A piezoclectric sensor mounted to the plate enables measure-
ment of the vibrations experienced by the drive and provides a
feedback signal for the signal amplifier. A PC is used to control
the sweeps of vibration and acceleration that the drive receives.
While the drive is being vibrated, the computer can write and
read data to and from it, monitoring the time taken for the data to
be correctly transferred. As the amplitudc of vibration increascs,
the drive’s transfer rate slows down, eventually leading to the
drive completely failing to transfer data.

0018-9456/02%17.00 © 2002 IEEE
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Fig. 4. Results from finite clement anatysis showing the lower, relevant, modes
of the smtic disk when both clamped and free.

does not preclude the drive’s chassis from flexing. This will be
detected by the disk moving and hence recorded by the sensor. It
is fair 10 say though that chassis and bearing flex is detrimental
to flying height stability and as a result needs to be recorded,
which this sensor does.

The magnitude of the signal level was predicted to be very
small, so every attention to reducing noise had to be incorpo-
rated. The coaxial wires running from the sensors embedded
within the drive were further shiclded with a fine mesh sleeve.

To record the signals from the sensors, they were connected
to a 12-bit data acquisition board, capable of sampling the signal
at up to 200 kHz The system resolution is more than adequate
to observe arm and disk movement attributed to external distur-
bances.

IV. FINITE ELEMENT ANALYSIS

Finite ¢lement analysis software was undertaken using Pro
Mechanica to model the resonant characteristics of the disk and
the results are shown in Fig. 4. Models were created to determine
the resonant modes for both free and clamped disks. To sim-
plify the model the disk was assumed to be rectangular in cross
section. The final model is outlined in Fig. 5. The disk cannot
be modeled as completely circular, since the model is limited
by the finite element mesh size. A reasonable number of points
defining the radii were chosen. In this case, the disk was defined
as having five inner rings and 24 dissecting lines, as shown in
Fig. 6. Simulations were also made with a far greater number
of points and the effects on the predicted resonant modes were
minor. [t was found that when clamped, the disk's first predicted
mode of resonance is at 440 Hz and this was confirmed by prac-
tical tests.

It is known that the disk’s resonant frequencies will be
slightly changed due to the gyroscopic effect of the disk
spinning. Further to this, it is also understood that due to the
static position of the sensor and the nature of the disk s rcsonant
undulations, a condition is created where the sensor detccts
two modes instead of the one static resonant frequency. These
resonant peaks are detected at the static resonant frequency,

. modulated by the disk’s rotational speed. The cnly mode that
doces not suffer from this effect is the “umbrella” mode, where
the entire outer circumference diaphragms.

Finite element analysis clearly demonstrated the difference
in rcsonant frequencies between a clamped and unclamped
disk. Due to the mechanical nature of the disk’s clamp, perfect
clamping does not occur and this results in both clamped and
unclamped modes being excited.

' 3
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Fig. 5. Dirgram outlining the key dimension and mnterinls used when
modeling the disk using Pro-Mechanica Finite Blement Analysis software.

V. RESULTS

Since we wish to extend this work to include active control
of the head’s flying height, a piezoelectric actuator was also
mounted on the top of the suspension arm. Ultimately, an active
arm will use the piezo actuator to drive the anm, counteracting
any resonant modes and the sensor element is used to record
overall responsc. Tests have shown that the piezo actuator makes
only minor changes to the arm’s mechanical characteristics.

In order to validate the system and enhance our understanding
of the components being measured, tests were undertaken that
could easily be related to other work [2], [4]-{6], but being fun-
damentally different in the respect that these tests are the first
unobtrusive tests while the drive is in opcration. These tests were
designed to interpret the frequencies of rescnance of the disk.
The drive was run with its lid on so as to emulate ils normal
working condition. The disk was then excited through impulse
shocks transmitted to it in the form of a mass dropped onto the
chassis. The shocks were delivered repeatedly in such a way as
to excite all of its prominent modes of resonance and the fre-
quency response was calculated by FFT. Once built up, the re-
sults gave great insight into all the accessible modes of both the
disk and suspension arm, confirming many of the modes ob-
served in other papers, shown here in Figs. 7 and 8.

The peaks at 75 Hz, 150 Hz, and 225 Hz are due to disk
warpage and uneven clamping. This creates a degree of disk
runout and hence peaks at the disk speed and its harmonics are
observed. In this cas, the disk is spinning at 75 Hz or 4500 rpm.
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Multi-layer bulk PZT actuators for flying
height control in ruggedised hard disk drives
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Abstracr = When a hard disk drive is operoted under
hostile conditions Muctuations of the head flying height
affect dita-transier, evenwally teading to complete dota-
transfer failure. A test facility has been developed to
cnable  daw-iransfer  and  their  associated  failure
mechanisms 10 be cheracterised. In order to circumvent
this problem und 10 obtain greater control of the head
flying height a novel suspension amn has been developed
which icorporates mulli-layer bulk PZT acisators. This
will enable real-time active adjustment of the hend Aying
height with high precision and uccuracy, while the disk
drive is in operation. The ann developed is tested
dynamically and characterised, and specialised closed-
loop control algorithms developed to position and control
the Iread above the disk surface.

INTRODUCTION

Hard disk drives are an ¢conomical form of mass starnge,
widcly wsed s sccondary memory in vintually aft
computer systems. Conventional hard drives are very
reliable under normal operning conditions. but they can
suffer from mechanically induccd failure when operated
in hostile conditions, In areas where vibrations exist hard
disk drives can, and do fail. and no longer read or write
datn. At best the dutn-transfer rate becomes vastly
inferior,

Environments such as military and  merospace are
synonymous with large shecks and vibmitions. Ocean
going craft can olso encounter difficulties with hard drives
as the engine and waves transmit vibrations through the
hull.  Dennis |1] cvaluated many proposed solutions.
though mainly large vibration isolation coges end
mountings that damped the vibrations.  However,
additional isvlation mountings are not the ideal solution,
The ¢xir space and weight needed precludes this method
from many key oreas: adding both weight and bulk (o a
drive ¥s hardly an improvement. Passive dampers, which
arc only cflective over a Yimited bandwidth, are all that
are used in current “ruggedised” laprops.

The daw-storage recording densities of magnetic hard
disk drives (HDDs) have doubled cvery 18 months in
recent years.  1BM recently demonstrated u stormge
densily of 35.3 GBfin’ [2]. In order to realise high track
und storuge densities of 40 GB/in® or more, fying height
will be reduced Lo around 5-10 nm.  One spproach that
has been cansidered 1o achieve such low flying heights is

0-7803-5940-2/01/510.00 200! IEEE,

the use of an extremely smooth disk surface to enhance
the slider 1lying stability and reduce thermal noise created
by friction. “This approach may, however, require zone
texturing. when the conventional contact-start-stop (CSS)
is used, to avoid serious head-disk damage [3]. Alhough
a lond/unlond process has been proposed to address this
problem [d]. the challenge is o be nble to maintin the
correct (lying height in conditions of shock and vibrution
while the drive is in operation. This is especially useful in
portable hard disk drives or dedicated drives being used in
critical applications for military and medical purposcs, or
fieldwork such as mineral explortion, sporting activities
Or even space navigation,

In this paper, a novel feature that incorporates uctively
controlling the correet flying height while the HDD is in
operation is presented. ‘Through careful design ond with
the use of multi-layer bulk PZT ectuators, the suspension
arm is able to realisc motion in 1wo orthogonal axcs. Onc
corresponds o motion required to provide fine data
wracking and the other, precision flying height control. In
current commercizl HDDs, the net loading force is
approximately 35SmN during normal operation [5]. An
adjusiment of + 10mN of this loading force would result
in a change in the fying height of about + 2085, giving
suiTicient tolerunce for active Nying height control,

DISK DRIVE FUNDAMENTALS

It is important to understand preciscly what is happening
within the drive, and which systems areas are fuiling
under conditions of vibration. There are two major
mechanical components that, when excited al resonance,
can result in datn-transier failure.  Firstly, there is the
suspension arm that pre-tensions the head against the disc.
This is designed to contro! the flying height of the head
during normal operating conditions. If the flying height
of the head is such that 1t is outside of iis normal
aperating range, then the signal degrades, and ultimately
can lead o data-transfer failure. In severe cases. the head
will crash down onto the disk and cause irrecoverable
damage. Sccondly, there is the hard disk isell. The disk
can be driven such that it flutters up and down, cousing
tracking {or mis-registration) problems [6]. The problem
can be compounded by the firct that if the suspension arm
is resonating, ond therefore the head. the disk con be
driven into oscillation duc 1o the head pushing omo the
disc und vice-versa 7, 8).
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resonance ¢ffects in the onhogonal plane, and vice-versa,
The results are shown in Figure 4 and it can be seen that
the fundamentad resanance is a1 140 Hz, although because
of its complex mechanical struciure there are other
resonances ot higher frequencics.  fr is imporam to
remember that due to the comples natre of the wr.
resonance in onte stage of motion does induce resonances
in other stage of motion (used for truck following).
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Fig. 4 Frequency response of suspension arm to o
broadband white noisc. Fundamentnl arm resonance
isal 140 Mz

SUSPENSION ARM CONTROLLER DESIGN

Proportional integral and derivative (PID) conirglicrs
have been implemented to control and position the
suspension urm with adequate bandwidih and stbitity

‘The transfer functions of the flying heighi control stage, is
appreximated to e of second order and is of the form:
2
w
G(s) == . ]
sSS+2pus+tw,
Where ay, is the natural frequency of the individual stage
of motion of the suspension arm and p is the damping
factor. Both these pamimeters are caleulated from the
values of the time constant (1) and the resonant frequency
(f,) of each individual stage of the suspension ann,

()

The transfer function of the plant Guufs) for the fying
height control motion stage includes the transfer funciion
of the suspension orm (flying height motion) Guyfs) plus
the gain parnmeter of the OBD sensor Ay

Hence the transfer funciion of the plant Gpels) is given
0s:

6 G 0722.10" . 04205
= G 1 o
PEH FiT R 2 aes . omrann®

Where @,° = 0.972.10%, 2.>a4,=1.7964 and 4,=0.4265.

The PID compensator developed has a transfer function of
the form:

Go(s)= K, + i\-—'—+ N, s 3)
Ry

Where Ay is the integral gain. Ky is the derivative gain
and K, is the proponional gain term.  All these three
parameters of the controller must 1o be determined. The
transter function G,+ufs) of the PID controller developed
for the flying height control singe is:

3

9107 1y 5
-(1 + 753046021

Geppris) = ()
kY

The closed-loop iranster function CLTF,. (st of the
system for the flying height control motion, alse showing
the locution of the poles and 2eros, is calculaed as:

{3+ 37T~ 078 /My + 377 678 /)
(8 4 193 < 1081 /)5 + 193 - 1081 iy + I8N

3)

CLIFy =

The closcd-loop system bandwidih of the flying height
control molion stage is caleulated from iis Bode plot. The
system bandwidih realised is abour 4.8 kHz.  The flying
height control siage is closed with o gain crossover
frequency of 1.34 kHz and phasc and gain margins of 50°
and infinity respectively. This implies that the control
system is very stable,

Modified proportional integral and derivative (PID)
controllers have been implemented to control and position
the suspension arm with adequate bandwidth and stability.
Bode plots show that the PID serva sysiem's conirol Toop
for the tracking swge can be closed with 0 25.6 kMz gain
crossover frequency and phase and gain marging of §4°
and infinity respectively. The flying height control sage
is closed with a gain crossover frequency of 2.33 khz and
phase and gain margins of 51° and infinity respectively.
Figure 5 shows the experimental open loop response und
the theoretical closcd loop response for flying heizht
comtrol respectively.  This shows thar a considernble
improvement is possible with closed loop operation, The
seutling time is reduced from around 1.5 s 16 10 ms.
Control system refinement may yield improvements over
this,
Simulated closed-loop response 1o unil step input
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Fig. 3 Simulated closcd response for flying height
control, with inser showing the open loop response to o
siep input.

In an actual hard disk drive. position sensing would be
achicved via the readfwrite head for flying height and
from the tracking servo for track positioning. 1T data is
rcud back from the disk, then according to the Wallace
spacing loss equation {12], the amplitude of the read-back
signal will be modutated by the spaciug varintions
between the head and the disk duc w0 the surface
frregulorities of the disk. "Fhe rcad-back signal from the
magnetic head reflects the surface topogrephy of the disk.
and will ultimately provide o feedback signal for the
control system.

CONCLUSIONS AND DISCUSSION
A test facility has been developed for the characterisation

of hard disk drive performance under hostile operating
conditions.  The clectrodynumic vibration system is

cnables failure mechanisms to be characterised in terms of

vibrution frequency and acceleration.  Analysis of the
dina-vansfer frequency response, nnd the CD-ROM optics
and piczoelctric sensor systems, indicate that disk-Mutter
is a major fuctor in data-transfer crror.  Finite element
analysis of a rotating drive. carried oul in our luboratory,
suggesi that the use of a disk , lnminoted with a visco-
clastic layer, will assist by passively damping the disk.
However. this does not alleviate the requirement for
active control of the suspension arm,  The combined
octive-passive sysiem should offer improved response
times,

A novel suspension urm  has been developed, with
actuation cnabled by the use of embedded multi-layer
bulk PZT actwators. When this suspension arm is fully
integroted into the MDD environment, it will enable real-
fime flying height ndjustments to be made. This will
improve daw-transfer and also avoid, or reduce. head
stiction and wear. Closcd-loop positioning atgorithms
have buen developed 10 enable the  high-frequency
positioning process of the arm 1o be achieved, Aller
implementation of the control sysiem in hardware the
experimental elosed loop performance will be confirmed.
This work will be presented for future publication.
Further work is olsu being undenaken to show that
enough foree is gencrated by the piezoeleciric actuator to
aclively conlrol the flying height of the head amidst the
air bearing above the rotating magnetic disk.
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