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Introduction

Secondary actuation to improve tracking capability in
disc drives has been proposed for many generations
and in multiple forms. Disc drives have increased in
areal density by more than 50% per year over the past
15 years. This density has been accompanied by an
increase in track density (defined as the inverse of
track pitch) of nearly 100 times over that same time
period, as shown in Figure 1 (the other primary
contributor to the areal density increase is increasing
bit density). In fact, track density has been increasing
at a disproportional rate with respect to areal density,
stressing the tracking system even further. Until
recently, successive increases in tracking density
have been accomplished with continued technology
scaling, i.e., shrinking tolerances and improving
capability of the main actuator in the disc drive (main
actuator is defined as the “first stage” or coarse
control actuator in this paper).

The rationale for continued scaling of the technology
is primarily cost. As an illustrative point related to
cost, consider the trends of drive unit storage. The
cost per unit of storage has declined by more than
2000 times in a 15-year period (>$1 per MB in 1991
vs. $0.50 per GB in 2006)! Additional componentry
for dual stage tracking has been considered an
unacceptable cost detractor and therefore has been
avoided. Rather, the intellectual and development
focus with the storage industry has been towards
techniques allowing for the avoidance of secondary
actuation. Many other very creative solutions with
lower cost have been developed and deployed in disc
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drives, in the form of improved mechanical structures
(stiffness, damping, etc.), airflow management
features (reduced excitation during tracking), and
drive level acceleration sensors for measuring and
actively compensating for external disturbances.
Figure 2 shows an example of plates used to decrease
the level of turbulent flow in the drive. Many of
these improvements are now reaching their scaling
limits, and are forcing the industry to move into the
age of secondary micro-actuation, as much as fifteen
years after the first proclamations were made about
the need! This paper will discuss additional details
on the deployment of a dual stage actuator, now used
by Seagate in enterprise drive- level applications.

Tracking Requirement Trend
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Figure 1. Track density trend over time

One critical factor to consider with any tracking
scheme is the reliability of the disc drive under
multiple environmental extremes. During this time of
tremendous cost reduction, the reliability of the disc
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drive has improved more than 10 times, with current
disc drives supporting a mean time between failures
of 1.4 million hours. Much of this improvement has
been in the areas of head and media tracking, and
redundancy checks. As an example, consider an
event where a drive was bumped when writing. If
you were listening to music from an MP3 player, you
potentially will hear a skip in the music, depending
on the depth of buffering. However, consider this
same scenario when your bank account information is
being recorded in a data center - a potentially life-
impacting event! Without sufficient tracking stiffness
to respond with sufficient bandwidth, the information
during this critical write could be placed “off-track,”
creating an error. Obviously, the drive and system
must possess sufficient intelligence and redundancy
(data integrity checks) to monitor and correct for such
events. However, the example helps to illustrate
drive  requirements in  today’s demanding
applications, and why the reliability focus is so
critical for deployment of any technology into the
disc drive unit.

Figure 2.

A disc drive using air diverter plates,
reducing the level of air turbulence and allowing
improved tracking

A closely associated requirement to reliability is that
of drive performance. Unlike with many other high
speed communication technologies, an advantage for
storage is that the information requested will be
“available” again as the disc completes a rotation,
therefore retries are often used to improve the overall
error rate capability of the drive. Unfortunately, these
retries degrade system performance, especially in
RAID configured systems (redundant arrays of
inexpensive discs). Figure 3 illustrates an example
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comparing desktop to enterprise drives showing the
influence  of external system  performance
(normalized to the quiescence state) vs. disturbance
(rotational acceleration). For systems with poor
tracking capability or overlapping resonance peaks,
system performance will be quickly degraded as
multiple drives are put into operation in adjacent
storage cabinets (in systems, most of the external
excitation is generated from adjacent drive actuators).
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Figure 3. Performance as a function of external
rotational vibration, enterprise (upper grouping) vs.
desktop (lower)

Methods
Secondary actuation (putting a secondary active
control unit between the coarse position and the
recording head) can be accomplished using several
different technologies, and can be incorporated at
several levels within the system. Figure 4 illustrates a
device where the second stage actuator is inserted at
the base of the suspension, just beyond the actuator.
The device uses two bulk piezoelectric elements
spaced across a deformable metal hinge, allowing the
suspension to undergo an in-plane rotation with
applied voltage. This rotation allows the recording
head to move to an adjacent track without moving the
primary actuator. Because this device is built into the
suspension, it has been termed a milli-actuator
(however given the positioning and stroke
requirements — this reference to “milli” is not an
accurate depiction of the device). Other options, such
as shown in Figure 5, are to build multi-layer
piezoelectric elements around the recording head
slider allowing the system to actuate at the slider




level (multi-layer elements are required for sufficient
stroke). Because this is housed at the recording head,
slider level, it has previously been referred to as a
micro-actuator.

Still other configurations have been developed, using
other principles for generating forces. Electrostatic
and electromechanical devices have been proposed,
but not yet deployed in commercial storage devices.
A quick review of the patent literature illustrates
multiple concepts. Piezoelectric driven concepts
appear to be the continuing preferred choice for drive
deployment.

As noted previously, piezoelectric secondary
actuators have been in volume production in Seagate
10 krpm enterprise disc drives since July 2004, and
will be discussed in more detail in later sections of
this paper. This design, shown in Figure 4, has
enabled non-repeatable run out reduction and
improved drive performance under rotational
vibration.  The suspension actuator design was
engineered to meet a challenging set of requirements
for stroke, tracking, reliability and low-cost assembly.

Integration

A key aspect to any actuation structure is the tracking
frequencies. The second stage actuator of Figure 4
has the advantage of a large multiplier of length
based on small hinge movements, and can therefore
be made very stiff. The downside is that disturbances
generated in the suspension cannot be compensated
with the actuator, given the suspension is after the
first and second stages of actuation.

Figure 4. A commercially deployed microactuated
suspension

The placement of the microactuator of Figure 5 has
the advantage of being beyond the main suspension,
and can therefore compensate for motions generated
in the suspension. The deficiency of this location is
the complexity of the integration. The air-bearing
surface, as shown in Figure 5 as part of the actuator,
is a photolithographically defined pattern on the
slider surface, and is designed to “fly” over the
surface at a spacing of 20-30 angstroms. These “fly”
characteristics are developed numerically and
validated empirically using modified forms of the
Reynolds equation. Due to the small spacings
involved, and the limited length and width of the
slider, the part is extremely sensitive to perturbations
in both the gimbal biasing (torque variances arising
from static angular variations of the suspension
holding the slider), and the overall flatness of the
bearing surface. As an example, the surface of the
slider must be maintained to less than 10A of flatness
difference, over temperature extremes of zero to
nearly 100°C. The incorporation of these elements
directly onto the slider body, and the required
interconnect, make this an extremely challenging
manufacturing process.

A further observation to note in any disc drive,
including those with secondary actuation is that the
transducer, which is what is actually reading and
writing information from the disc surface, is very
localized to the trailing edge of the slider (a
characteristic length of 10-20 microns). The
remainder of the slider (characteristic lengths of
hundreds of microns) provides a mechanically
stabilized platform for holding the transducer. To
achieve very high actuation bandwidths in future
systems, one should not consider the slider body mass
as a fixed requirement for actuation. Actuation of the
isolated transducer unit satisfies the requirements for
track-to-track actuation. Given the reduced masses
and sizes involved, techniques using lower forces can
be employed. Multiple concepts have been disclosed
in the patent literature, however no commercial
device has been deployed.

The integration complexities are very severe at the
transducer level. For a device where the transducer is
now presented with a degree of freedom separate
from the slider body, the spacing control from the
media dictates that the actuator translate track-to-
track with virtually no head-to-disc spacing change
(less than a few Angstroms). Another option
proposed is a bi-directional actuator, where the
spacing in both track-to-track and head-media are



actively controlled, thereby compensating for
unwanted head-media spacing changes during track-
to-track actuation. Actively controlling head-media
spacing is also very advantageous for improving
overall drive reliability and recording performance.
The challenge is to actively control spacing in one
direction to an Angstrom level, while ensuring
sufficient track-to-track stroke exceeding a 1000
Angstroms.

Figure 5. A commercially deployed slider level
microactuator

Concepts for transducer level actuation, including bi-
directional, are detailed in several patents by various
authors, and differ substantially in prime mover
technology and construction.

Suspension Based Design
We now discuss in detail the suspension-based
actuator of Figure 4. The device utilizes PZT (lead
zirconate titanate) for the motor, and has been
documented in (head gimbal assembly) several key
patents [1]. A suspension actuated HGA design
introduces several important trade-offs. The most
important are the stroke of the micro motor, the
primary resonance mode of the micro motor, and the
degree to which the PZT motors act as structural
members to carry the pre-load of the HGA. The
HGA design productized for this drive successfully
managed these trade-offs to arrive at an optimal
design point. Performance is summarized in Table I
with a typical frequency response function shown in
Figure 6. A key enabler was the use of a laminated
steel/polyimide/steel material to fabricate the load
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beam of the HGA. The laminated material allowed
more flexibility in the construction of the load beam
to incorporate the PZT elements and to tune the
stiffness to optimize the resonance performance. The
design introduced has a very high primary resonance
mode of 18 kHz while still achieving 20 nm/V of
micro motor stroke. By limiting the structural load
carrying function of the PZT motors, this design is
very robust to damage against shock and handling
concerns. A planar assembly process using solder
reflow for the PZT interconnect resulted in a design
that is simpler and lower in cost to produce than
many other micro actuator HGA designs proposed
previously.

HGA PERFORMANCE CHART
1st Bending (Hz) 4500
1st Torsion (Hz) 9000
Sway/Microactuator Mode (Hz) 17500
Motor Stroke (Nm/V) 20
Mass (mgr) 76
Table I. HGA Performance
Seagate Microactuated HGA
GAIN (dB)
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Figure 6. Frequency Response Function

PZT Motor
Selection of PZT Navy type VI was made to provide
a balance between thermal and voltage stability and
high piezoelectric coefficient. PZT types with higher
piezoelectric coefficients are available, however,
lower Curie temperatures result in greater depoling
from assembly thermal exposure (epoxy cure cycles,
solder electrical interconnect, etc.). Electrode
heterostructure provides adequate adhesion to the
PZT and provide a surface suitable for a solder



electrical interconnect. Solder reflow process
experiments were conducted to develop a process that
minimized thermal depoling of the PZT while
providing adequate adhesion.

PZT particle counts on the suspension assembly were
kept within specification of a single stage suspension
assembly by optimization of PZT dicing and cleaning
processes. Several experiments were run that looked
at key input variables such as wheel type, cutting
speed, and cleaning surfactant. Edge condition is
shown in Figure 7. Wheel type decreased edge
roughness, which correlated to lower liquid particle
counts on PZT. This enabled suspension counts to go
from >30,000 particles/cm” to <13,000 particles/cm”.

The optimized PZTs were used to investigate the
generation of PZT particles in the HDA and whether
those particles posed any substantial risk to the HDI
with longitudinal media. Suspensions actuated at
extreme drive operating conditions showed a
maximum of eight particles generated over three days
(Figure 8). PZT particle generation was shown to
stabilize after four hours of actuation. PZT particles
were found to be a relatively soft ceramic (~5.5
MOHS hardness) that did not impart significant high
DPPM of scratches in component and drive level
particle testing. Drive level injections of very large
numbers of PZT particles showed recoverable errors
with no defects detected upon teardown as compared
to alumina injections, which exhibited severe HDI
occurrences (Table II). Other particle reduction
techniques such as encapsulant coatings were also
investigated but are not discussed here.

Figure 7. Scanning electron micrograph of diced PZT
edge

Particles generated by PZT, 30 VPP 5KHz excitation
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Figure 8. Component particle generation test results

Carbon particle | Point [Scratches >| Scratches, | Total Defects/ Total ,
Thickness Defects 1.2 mm 0.1-1.2 mm | Opportunity Opportunit

Low PZT 0.28% 0.00% 0.00% 0.28% 0.00%
Low PZT 0.36% 0.00% 0.00% 0.36% 0.00%
Medium PZT 0.41% 0.00% 0.00% 0.41% 0.00%
High PZT 0.25% 0.00% 0.00% 0.25% 0.00%
High PZT 0.32% 0.00% 0.00% 0.32% 0.00%
Low Alumina 0.22% 0.89% 0.30% 1.41% 1.19%
Low Alumina 0.21% 0.17% 0.08% 0.46% 0.25%
Medium Alumina 0.71% 0.11% 0.23% 1.05% 0.34%
High Alumina 0.40% 0.12% 0.15% 0.68% 0.28%
High Alumina 0.27% 0.00% 0.15% 0.42% 0.15%

Table Il. Summary of drive particle injection tests

Reliability

Seagate conducted a degradation Accelerated Life
Test (ALT) under multiple stress levels of two
stressors: temperature and AC (at 3kHz) voltage.
Each stressor has three levels (temperature: 60°C,
80°C, 100°C; AC voltage: 0 to 20V, 0 to 35V, 0 to
50V). The combination generates nine test conditions.
The test is conducted with 10 HGA units at each test
condition. Units are to be “aged” for one week at
room temperature and zero volts after each stress
exposure. The test units are measured (stroke level, in
nm/V) at zero days, one day, three days, one week,
two weeks and three weeks. “Failure” is defined as
performance degradation with 20% stroke loss.

An ALT model was built using thermal-nonthermal
life-stress  equations and maximum likelihood
estimation methods (MLE). We also conducted a
prediction of micro-actuator long-term reliability
under normal usage condition (random process of AC
voltage) by employing Palgrem-Miner’s damage
accumulation rule. The results show that the Seagate




designed micro-actuator demonstrates very high long-
term reliability (Figure 9).

Unreliability vs Time
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Figure 9. Device level unreliability as function time
under usage condition. The unreliability under usage
condition is less than 5.8E-6 after five-year usage at
90% confidence level.

Besides the ALT, Seagate also conducted drive-level
long-term reliability tests for microactuators under
accelerated drive operation at elevated temperatures.
No degradation in stoke is observed after nine months
of operation (Figure 10). Recent production drive-
level micro-actuator stroke was continuously
monitored for nine months with identical results.

10k.7 LP 9 Month Stroke Change — PA SMART Measrements 50C

% Stroke Change

Part Number

Figure 10. Stroke change over 9 month reliability
test
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