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1 Introduction

Since the first hard disk drive (HDD) was invented in the 1950s by IBM, disk drives’ storage density has been following
Moore’s law, doubling roughly every 18 months. The current storage density is 10 million times larger than that of the first
HDD (Yamaguchi, 2001). Historically, increases in storage density have been achieved by almost equal increases in track
density, the number of tracks encircling the disk, and bit density, the number of bits in each track. However, because of
superparamagnetism limitations, it is predicted that future areal storage density increases in HDDs will be achieved mainly
through an increase in track density (Howell et al., 1999).

Research of the HDD industry is now targeting an areal density of one terabit per square inch. For a predicted bit aspect ratio
of 4:1, this translates to a linear bit density of 2M bits per inch (BPI), and a radial track density of 500K tracks per inch (TPI),
which in turn implies a track width of 50 nm. A simple rule of thumb for servo design in HDDs is that three times the statistical
standard deviation of the position error between the head and the center of the data track should be less than 1/10 of the track
width. Thus, nanometer-level precision of the servo system will be required to achieve such a storage density.

A disk drive stores data as magnetic patterns, forming bits, on one or more disks. The polarity of each bit is detected (read)
or set (written) by an electromagnetic device known as the read/write head. The job of a disk drive’s servo system is to position
the read/write head over the bits to be read or written as they spin by on the disk. In a conventional disk drive, this is done by
sweeping over the disk a long arm consisting of a voice coil motor (VCM), an E-block, suspensions, and sliders, as shown in
Figs. 1 and 2. A read/write head is fabricated on the edge of each slider (one for each disk surface). Each slider is supported by
a suspension and flys over the surface of disk on an air-bearing. The VCM actuates the suspensions and sliders about a pivot in

the center of the E-block. This operation is described in more detail in the following section.
[Figure 1 about here.]
[Figure 2 about here.]

The key to increasing HDD servo precision is to increase servo control bandwidth. However, the bandwidth of a traditional

single-stage servo system as shown in Fig. 2 is limited by the multiple mechanical resonance modes of the pivot, the E-block,



and the suspension between the VCM and the head. Nonlinear friction of the pivot bearing also limits achievable servo precision.
Dual-stage actuation, with a second stage actuator placed between the VCM and the head, has been proposed as a solution that
would increase servo bandwidth and servo precision.

Several different secondary actuation forces and configurations have been proposed, each having strengths and weaknesses
given the requirements of HDDs. The dual-stage configurations can be categorized into three groups: actuated suspension,
actuated slider and actuated head. Within these, actuation forces include piezoelectric, electrostatic, and electromagnetic.
In this chapter, design, fabrication and control of an electrostatic MEMS microactuator (MA) for actuated slider dual-stage

positioning are discussed.

2 Design of the Electrostatic Microactuator

2.1 Disk drive structural requirements

The servo system of a hard disk drive is the mechatronic device that locates and reads data on the disk. In essence, it is a
large arm that sweeps across the surface of the disk. At the end of the arm is the read-write head, containing the magnetic
reading and writing elements that transfer information to and from the disk. This read-write head is contained in a box-like
structure known as a slider. The slider has a contoured lower surface that acts as an air bearing between the head and the
disk. The high-velocity airflow generated by the spinning disk pushes up on the air-bearing surface, maintaining the slider and

read-write head at a constant distance from the disk, despite unevenness of the disk, permitting reliable data reading and writing.

The arm over an HDD’s disk has three primary stages: the voice-coil motor (VCM), the e-block, and the the suspension. In
a conventional disk drive, the voice-coil motor performs all positioning of the head, swinging it back and forth across the disk.
The E-block lies between the VCM and the suspension and contains the pivot point. The suspension projects from the E-block

over the disk as a thin flexible structure, generally narrowing to a point at the location of the slider.

For a disk drive servo to operate effectively, it must maintain the read-write head at a precise height above the disk surface
and within a narrow range between the disk tracks that are arranged in concentric circles around the disk. It must also be able to
seek from one track on the disk to another. Information about the track the head is following is encoded in sectors that radiate
out from center of the disk, allowing the head to identify its position and distance from the center of the track. To maintain
a correct flying height, the suspension must be designed with an appropriate stiffness in the vertical direction to balance an
air-bearing force corresponding to the slider design in use in the drive. Meanwhile, the suspension must be flexible to roll and
pitch at the slider location to permit adaptation to unevenness of the disk surface. This is accomplished using a gimbal structure.
The suspension as a whole, however, should not be able to bend or twist, as this would misdirect the head, away from the track

it is following.

As data densities in HDDs increase and track widths diminish, single-stage, conventional servo systems become less able to

successfully position the head. Because the voice coil/E-block/suspension assembly is large and massive as a unit, the speed



at which the head can be controlled is limited. Furthermore, the assembly tends to have a low natural frequency, which can
accentuate vibration in the disk drive and cause off-track errors. At track densities approaching one Terabit per square inch, the

vibration induced by airflow in a disk drive alone is enough to force the head off-track.

A solution to these problems is to complement the VCM with a smaller, second actuator to form a dual-stage servo system.
The VCM continues to provide rough positioning, while the second actuator does fine positioning and damps out vibration and
other disturbances. The smaller second actuator can typically be designed to have a much higher natural frequency and less
susceptibility to vibration than the VCM. Any actuator used in a dual-stage system should be inexpensive to build, require little

power to operate, and preserve the stiffness properties described above necessary to maintain the flying height.

2.2 Dual-stage servo configurations

In the past six years, much research work has been dedicated to the exploration of suitable secondary actuators for constructing
dual-stage servo systems for HDDs. A number of different secondary actuation forces and configurations have been proposed,
each of which has strengths and weaknesses given the requirements of HDDs. These dual-stage configurations can be catego-
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rized into three groups: “actuated suspension”, “actuated slider” and “actuated head”.

Actuated suspension: In this approach, the suspension is re-designed to accommodate an active component, typically a piezo-
electric material. This piezoelectric material stretches or flexes the suspension to position the slider and magnetic head. Piezo-
electric material is an active actuation element that produces a large actuation force but small actuation stroke. Therefore,
in the “actuated-suspension” configuration, the piezoelectric actuators are usually implemented in a leverage mechanism that
can convert small actuation displacements into large head displacements. Typically, this places the piezoelectric actuators
away from the magnetic head (between the E-block and suspension) so that they can have a long leverage arm to produce a
sufficient magnetic-head motion. The advantage of this approach is that the suspension can be fabricated by a conventional
suspension-making process, and its dual-stage servo configuration is effective in attaining low frequency runout attenuation in
the positioning servo loop. The major drawback of this approach is that the system is still susceptible to instabilities due to
the excitation of suspension resonance modes. Thus, track-per-inch (TPI) servo performance can be increased, but remains
limited when compared to the alternative two approaches. Nonetheless, this approach is expected to be the first to be deployed

in commercial HDDs (R.B. Evans and Messner, 1999) (I. Naniwa and Sato, 1999)

Actuated slider: In this approach, a microactuator is placed between the slider and gimbal to position the slider/magnetic
heads. The resulting servo bandwidth of this approach can be higher than the previous one because the secondary actuation
bypasses the mechanical resonances of the suspension. This approach uses existing sliders and microactuators that can be batch
fabricated, and thus could be cost effective. However, the size and mass of the microactuator is significant relative to that
of current sliders and may interfere with the slider flying stability. Therefore, current suspensions need to be re-designed to
adopt this secondary actuator. Suitable driving forces in this approach include electrostatic, electromagnetic and piezoelectric

(Horsley, 1998) (Muller, 2000) (Koganezawa et al., 1997) (Fan et al., 1999). To further reduce the assembly task of placing the



microactuator in between gimbal structure and slider, some researchers have proposed microactuators that are either integrated

with the gimbal structure (Muller, 2000) or the slider Imamura et al., 1998).

Actuated head: In this approach, the slider is re-designed so that the microactuators can be placed inside the slider block and
actuate the magnetic heads with respect to the rest of the slider body. As these microactuators are very small, they only slightly
increase the slider weight, and are thus capable of working with the current suspension assembly. Researchers have successfully
demonstrated the integrated fabrication process for fabricating the electrostatic microactuators and magnetic heads within one
piece of ceramic block (slider). The embedded electrostatic microactuator has its resonance close to 30 KHz and was able to
position the magnetic heads relative to the rest of the slider body by 0.5 um (Imamura et al., 1996) (Nakamura et al., 1999).

Full-fledged integration of slider, actuator, and read/write head remains a challenge.

In this chapter, we focus on actuated slider configurations, as they involve a great deal of interesting micro-scale engineering.
In particular, we will discuss electrostatic actuation, which is probably the most common method of implementing microactua-

tion in microelectromechanical devices. Any such microactuator will exhibit certain features:

a fixed base, which attaches to the suspension

a movable slider mounting point, upon which the slider rests

springs between the base and platform, flexible in the direction of desired motion, and stiff in all other directions
e an electrostatic actuation array that generates the force used to move the platform and slider.

Microactuators must also include a wiring scheme for transferring signals to and from the slider, and often incorporate a struc-
ture for sensing the motion of the slider relative to the suspension. Electrostatic microactuators to be discussed in this chapter
include hexSil and DRIE fabricated actuators from the University of California, Berkeley and electroplating-formed actuators

by IBM and the University of Tokyo.

Alternatives to electrostatic actuation in an actuated slider configuration are electromagnetic or piezoelectric force. Elec-
tromagnetic microactuators use ferromagnetic films to produce a force perpindicular to an applied electric field. This type of
actuation has potentially low voltage requirements but requires special fabrication techniques to integrate the magnetic compo-
nents into the assembly. A microactuator of this type for hard disk drives is under development at Seagate, with results as yet
unpublished. Piezoelectric microactuators use a piezoelectric material, which expands or contracts in response to applied volt-
age, to move the slider. These actuators have simple fabrication, the patterning a piece of piezoelectric material to sit between
the suspension and slider, but it is difficult to obtain an adequate range of motion. A short stroke from the piezoelectric piece
must be leveraged into a much larger motion at the read/write head. A piezoelectric microactuator has been produced by TDK

corporation with a 0.5 pm stroke length at 10 V, with a 10 V bias (Soeno et al., 1999).



2.3 Electrostatic microactuators: Comb-drives vs. Parallel-plates

Electrostatic microactuators have been studied as the secondary actuators in HDDs for their relative ease of fabrication, par-
ticularly in the configurations of ~’Actuated slider” and ”Actuated head”, since the structural material need only be conductive,
rather than ferromagnetic or piezoelectric. Electrostatic force is generated by applying a voltage difference between the moving
shuttle and a fixed stator element. Depending on the designated motion for the shuttle, electrostatic actuators are often catego-

rized into two groups: comb-drives and parallel-plates, as illustrated in Fig. 3.

[Figure 3 about here.]

The magnitude of the electrostatic force generated equals the rate of change of energy that is retained within the finger-like
structure and varied by shuttle motion. Therefore, the electrostatic force for comb-drives actuators, in which the designated
shuttle motion moves along the x-direction, as shown in Fig. 3, equals
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where € is the permittivity of air, x is the overlap for two plates, h is plate thickness and d is the gap between two parallel plates.

Similarly, the electrostatic force for parallel-plates actuators is,
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As indicated in Egs. (1) and (2), the electrostatic force for comb-drives actuators does not depend on the displacement of
the moving shuttle and thus allows a long stroke while maintaining a constant electrostatic force. The electrostatic force for
parallel-plates actuators, in contrast, is a nonlinear function of shuttle motion (o< 1/ d?), and the maximum stroke is limited by
the nominal gap between shuttle and stator. A longer stroke is achieved with a larger gap, at the expense of lower electrostatic
force. For applications that require small stroke but large force output, parallel-plates actuators are preferred since the output
force from parallel-plates can be z/d times larger than the force from comb-drives. The following equation Eq. (3) is easily

derived from Egs. (1) and (2).
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A simplified second-order differential equation is often utilized to describe the dynamic response of an electrostatic microac-
tuator.

mi(t) + bz(t) + Knx(t) = F(V,z(t)), 4)

where m is the mass of the moving shuttle, b is the damping coefficient of the microactuator, K, is the spring constant of the
mechanical spring that connects the moving shuttle to an anchor point and F' is the electrostatic force that can be obtained from

Egs. (1) and (2).



2.3.1 Differential drives

Because electrostatic force is always attractive, electrostatic microactuators need other features to actively control the direction
of shuttle motion in servo applications, as opposed to relying on the restoring force from a mechanical spring. For this reason,
the differential-drives approach, as shown in Fig. 4, is frequently adopted in electrostatic microactuator designs. Based on the

differential-drive configuration, the simplified second-order differential equation Eq. (4) is rewritten as,
mi(t) + bi(t) + Kmx(t) = F Viias + Vir, o — (1)) = F(Vbias — Var, ©o + 2(¢)), 5)

where x( is the nominal position of the moving shuttle. If the differential drive is operated at the bias voltage (V;,5) with a

small perturbation voltage (V,.), the nonlinear force input in Eq. (5) can be linearized with a first-order approximation.

mi(t) + b (¢) + (K, — Ke)z(t) = KV
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Here, K, represents a softening electrostatic spring constant and K, represents the voltage-to-force gain. The electrostatic
spring constant acts as a negative spring during the electrostatic microactuator operation and its value varies with the bias
voltage (Vpiqs). When the electrostatic spring constant K. exeeds the spring constant K,,, from the mechanical spring, the
microactuator becomes unstable; this is often described as pull-in instability. As shown in Egs. (5) and (6), the differential
configuration cancels the even order harmonics in voltage and thus linearizes the voltage—force relation to some extent. Fur-
thermore, in parallel-plates actuators, the differential configuration reduces the nonlinearity in actuation voltage as well as in

shuttle displacement.

[Figure 4 about here.]

2.3.2 Electrical isolation

Because electrostatic actuation requires multiple voltage levels for actuation force and position sensing (as discussed in the fol-
lowing section), electrical isolation is another challenge for designing an electrostatic microactuator. Generally speaking, when
multiple voltage levels are needed in MEMS devices, electrical isolation is achieved by breaking up the parts that need to be on
different voltage level and anchoring them separately to a non-conductive substrate. This approach has many drawbacks, not
only because it requires a substrate in a device but also because structures have to be mechanically separated to be electrically
isolated. The electrical isolation problem is far more severe in parallel-plates microactuators than comb-drive microactuators

since parallel-plates actuation generally requires different voltage levels for stator fingers pulling in opposite directions.

Fig. 4 shows an example of how an electrical-isolation feature can be utilized to increase the actuation force output in a dif-
ferential parallel-plates microactuator design. As shown in the figure, without the proper electrical isolation, drive-electrodes

that have different voltage potentials have to be placed in separate groups, and result in the same voltage difference across



drive-electrodes and shuttle on both sides of each shuttle finger (Muller, 2000)(Horsley, 1998). Since electrostatic forces are
always attractive, gaps on two sides of the interlaced structure cannot be made equal; otherwise the forces on two sides of
a shuttle finger will be equal and the shuttle’s movement direction will be uncontrollable. With electrical-isolation features,
such as the “isolation plug”, shown on the left in Fig. 4, gaps of the interlaced structure can be the same width, since different
voltages can be applied on the two sides of the shuttle fingers. As shown in Fig. 4, the design with integrated electrical-isolation
features is more compact than without isolation features. Consequently, more finger structures fit in the same amount of space,

and actuation voltage can be reduced.

2.4 Position sensing

Most proposed HDD dual-stage servo controllers utilize only the position of the magnetic head relative to the center of data
track, known in the industry as the position error signal, or PES, for closed-loop track following control. These systems have
a single-input-multi-output (SIMO) control architecture. However, in some instances, it is also possible to measure the relative
position error signal (RPES) of the magnetic head relative to the VCM. In this case, the control architecture is multi-input-
multi-output (MIMO). As shown in (Li and Horowitz, 2001), RPES can be used in a MIMO controller to damp out the second

stage actuator’s resonance mode and enhance the overall robustness of the servo system.

Capacitive position sensing and piezoresistive position sensing are two popular sensing mechanisms among electrostatic mi-

croactuator designs. Each of these sensing mechanisms is discussed in more detail in the following sections.

2.4.1 Capacitive position sensing

[Figure 5 about here.]

Capacitive position sensing is based on shuttle movement causing a capacitance change between the moving shuttle and fixed
stators. By measuring the change in capacitance, it is possible to determine the shuttle location relative to the fixed stator. The
output voltage (V) for both differential drives in Fig. 5 equals 2 6C/C;V;. The capacitance change due to shuttle movement
(dC'/dx) can be derived and the output voltage (V) for the comb-drives and parallel-plates can be formulated as a function of
shuttle displacement.
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where x( is the nominal overlap for interlaced fingers and y is the nominal gap between overlapped fingers, as shown in Fig. 5.



As indicated by Eq. (7), the voltage output for comb-drives sensing structure,Veomp, is linear with shuttle displacement. On
the other hand, the sensing configuration that makes use of parallel-plates motion has better sensitivity for detecting shuttle mo-
tion since ¥ is usually smaller than zy. Although the nonlinearity in parallel-plates sensing can be linearized by the differential
drive configuration to some extent, in a design example of 4 ym gap with 1 pum stroke, the linear model shown in Eq. (7) still

produces 6% deviation from the nonlinear model.

Among electrostatic microactuators that use capacitive position sensing, the capacitance variation due to shuttle motion
(dC/dx) is typically at the level of 100fF/um. In order to obtain 10 nm position sensing resolution, the capacitance sensing
circuit must be able to detect capacitance variation of 1 fF in the presence of parasitic capacitance and offset/mismatches from
op-amps, which can easily result in an output voltage orders of magnitude larger than the output voltage from the designated
capacitance variation. In most capacitance sensing, the limiting factor for sensing resolution is not thermal noise but sensing

circuit design.

[Figure 6 about here.]

Here we introduce two basic capacitance sensing circuits that are suitable for high-resolution position sensing (Wongkomet,
1998). The concept of the “synchronous scheme”, as shown in Fig. 6, is to reduce the impedance of sense capacitors as well as
the offset and 1/f noises from op-amps by applying modulation techniques on the sense voltage (V). The R, resistor on the
feedback loop sets the DC voltage level at the input nodes of the “charge integrator”. The effect of the presence of parasitic ca-
pacitance (C),) is nulled out by the virtual ground condition from the op-amps. The major drawback of the synchronous scheme
is that the DC-setting resistor (R,.) has to be large to ensure the proper gain for the capacitance sensing (Wongkomet, 1998),
which introduces excessive thermal noise into the sensing circuit. In addition, a large resistor usually consumes a large die

space in implementation.

A switched-capacitance scheme, as shown at the bottom in Fig. 6, is one alternative that avoids the use of DC-setting resistor.
The capacitance sensing period is broken into two phases: reset phase and sense phase. During the reset phase, input/output
nodes of capacitors and input voltage to op-amps are set to ground or reference level to ensure proper DC voltage for the charge
integrator. During the sense phase, sense voltage +/- V is applied to the sense capacitors and the amount of charge proportional
to the mismatch in the sense capacitors is integrated on the capacitor C};, thus producing an output voltage that is proportional
to the capacitance mismatch from the sense capacitors. This approach replaces the large DC-setting resistor by capacitors
and switches and results in a much smaller die compared to the synchronous scheme. Furthermore, the switching technique
allows more design flexibility for system integration and performance improvement because of the ability to allocate separate
phases for various operations. The major drawback of this design is that it draws noise into sensing circuits from switches and
sampling capacitor C},. However, these noises can be compensated by dividing the sense phase into 2 ~ 3 sub-sense phases

(Wongkomet, 1998), at the expense of a complicated circuit design.



2.4.2 Piezoresistive sensing

Piezoresistive films have been widely used as strain-sensitive components in a variety of MEMS devices, including pressure
sensors and vibration sensors. Generally speaking, piezoresistive sensing techniques require less complicated sensing circuits
and perform better in a severe environment than other sensing techniques. When a piezoresistive film is subjected to stress, the
film resistivity and dimensions change. The fractional change of resistance is proportional to the deformation of the piezoresis-

tive film. For a small change of resistance, this relation can be expressed as,

% =K-¢ 8)
where R is resistance of the piezoresistive film, K is its gage factor and e is strain. In microactuator designs, the piezoresistive
film is usually applied to the spring structure which connects the moving shuttle to an anchor point. When the shuttle moves, it
stretches the spring as well as the piezoresistive film, consequently, the piezoresistive film produces a deformation signal that
is proportional to the shuttle displacements. As a result, piezoresistive sensing is easier to implement than capacitive position

sensing, but the sensing resolution is usually less accurate due to higher thermal noises introduced by the resistance of the

piezoresistive film.

Another application of piezoresistive sensing, aside from measuring relative slider position, is to detect vibration in the sus-
pension itself. The idea is to sense airflow-induced vibration of the suspension and feed that information forward to an actuated
slider to damp out motion at the head. Piezoresistors used for this purpose can be made from metal or semiconductor materials,
arranged as a strip or series of strips oriented along the direction of vibration strain. It is important that these sensors observe
all vibration modes that contribute to off-track error, so a number of optimization schemes for locating the sensors have been
developed (Hac and Liu, 1993). One method is to maximize the minimum eigenvalue of the observability matrix of the sensor
or sensors. This ensures that all relevant modes are observed. Another method is to minimize a linear quadratic gaussian
control problem over potential sensor locations (Hiramoto et al., 2000). This serves to determine an optimal placement from

the perspective of a linear controller.

2.5 Electrostatic microactuator designs for disk drives

Various electrostatic microactuators have been designed for secondary actuation in HDDs. To incorporate an electrostatic mi-
croactuator into a HDD without altering much of current suspension configuration, many design constrains are imposed. In this

section, we will first discuss some design issues and then present one specific design example.

2.5.1 Translational microactuators vs. rotary microactuators

[Figure 7 about here.]

Depending on the motion of the magnetic head actuated by the microactuator, microactuator designs are categorized into two

groups: translational actuators and rotary actuators. Either type can be implemented by comb-drives (Fan et al., 1999) (Cheung



et al., 1996) or parallel-plates (Horsley, 1998) (Muller, 2000) (Chen et al., 2002) actuation.

When employing a translational microactuator in a dual-stage HDD servo, previous research (Li and Horowitz, 2001) has
shown that there exists a force coupling between the suspension and the translational microactuator, consisting of transmitted
actuation force from the VCM and suspension vibration induced by windage. The force coupling from the VCM not only
complicates the dual-stage servo controller but also imposes a design constraint on a translational microactuator design, in that
the translational microactuator has to provide a large force output to counterbalance the coupling force. When the VCM makes
a large movement, as in seeking out a new data track, the microactuator may be overpowered. One solution is to pull the
actuator to one side and lock it momentarily in place. Even then, the use of the two actuation-stages must be carefully coor-
dinated to moderate the influence of the VCM on the microactuator. On the other hand, the linear springs in the translational
microactuator can also aid in damping out motion of the suspension. The portion of suspension vibration induced by windage
mostly consists of high frequency excitation, so the resulting magnetic head’s position error can be passively attenuated by low

resonant frequency translational microactuators.

Generally speaking, rotary actuators are more difficult to design/analyze than translational actuators because of their non-
uniform gap between shuttle and stator. Still, their different operating properties have both strengths and weaknesses. Unlike a
translational actuator, there is no obvious force coupling transmitted from the suspension to a rotary actuator, as the microac-
tuator is nearly always attached to the end of suspension at the microactuator’s center of rotation, which acts as a pivot point.
With no mechanical coupling, the dual-stage servo system using a rotary microactuator does not suffer from the force cou-
pling between VCM and microactuator seen in translational designs. However, the rotary microactuator has to compensate for
the magnetic head’s position error induced by suspension vibration without any passive attenuation of the vibration. Overall, a

rotary acuator is likely to behave better during track seeking and worse during track following than a translational microactuator.

2.5.2 Gimballed microactuator design

Proper flying height and orientation of a slider and read-write head over a hard disk is maintained by the interaction of the
suspension, the air bearing of the slider, and a gimbal structure. The gimbal structure is located at the tip of the suspension and
holds the slider/microactuator in its center coupon. The dynamic characteristic requirements of gimbal structures are that they
be flexible in pitch and roll motion but stiff in in-plane and out-of-plane bending motion. To meet all these requirements using
only one piece of metal is a highly challenging task. For this reason, most commercially available suspension/gimbal designs

consist of two to four pieces of steel, each with different thickness.

The goal of a gimballed microactuator design is to seamlessly integrate an actuator and gimbal into a one-piece structure, as
shown in Fig. 7, to simplify both suspension design and HDD assembly. A full integrated suspension that includes suspension,
gimbal and microactuators in one part has also been proposed (Chen, 2001). The dimple structure, existing in most current

gimbal structures, is excluded from the gimballed microactuator design and electrical interconnects are in-situ fabricated on the



gimballed microactuator, replacing the flexible cable in current HDD suspension assembly.

The dimple structure in current suspension assemblies provides out-of-plane stiffness while preserving the necessary torsional
compliance in the gimbal structure. Without a dimple structure in the suspension assembly, the gimbal itself must provide high
out-of-plane bending stiffness. Otherwise, it would unbalance the suspension pre-load, which is an overbend of the suspension
that balances the upward air-bearing force on the suspension during operation. The electrical interconnects are implemented to
transmit data between magnetic heads, located at the center coupon of the gimbal structure, and IC circuits located at the end
of the suspension. The in-situ fabricated electrical interconnects are inevitably passed through torsion bars of the gimbal and
thus set a design constrain for the minimum width of torsional bars. Furthermore, both the gimbal structure and microactuator

should be the same thickness in order to simplify the MEMS fabrication process.

To sum up the design constrains discussed above, the integrated gimbal structure has to meet performance requirements
with a single, uniform piece of material that would previously have been achieved by two to four metal pieces with different
thicknesses, while the minimum width of any torsion bars that may be used pre-determined. To solve this problem, Muller
(Muller, 2000) proposed a T-shaped structure (a beam structure with overhang surface sheet) for the torsion bars and Chen
(Chen, 2001) proposed “double-flexured” torsion bars. Additionally, many suspension manufacturers have developed new
gimbal structures for their suspensions that are designed specifically for use with MEMS microactuators, moving the gimbal

location back to the suspension from the microactuator.

2.5.3 An electrostatic microactuator design example

[Figure 8 about here.]

Fig. 8 shows a translational microactuator design suitable for the HDD dual-stage actuation by Horsley in 1998 (Horsley, 1998).
The translational electrostatic microactuator dimensions are 2.2mmx2.0mmx0.045mm and weight 67 pg. The dimensions
of the pico-slider on the top are 1.2mmx1.0mmx0.3mm and weight 1.6mg. This microactuator design does not include
“electrical-isolation” features and thus the electrical isolation and electrical-interconnects were fabricated on a separate sub-
strate and subsequently bonded to the microactuator. This microactuator uses parallel-plates for actuation force but does not
have dedicated position sensing structures due to fabrication process limitation. Table 1 summarizes key parameters of this

microactuator design.

[Table 1 about here.]

Based on these parameters, the characteristics of this electrostatic microactuator can be estimated by the linear differential

equation shown in Eq. (6).

[Figure 9 about here.]



Fig. 9 shows the schematics of a circuit design by Wongkomet in 1998 (Wongkomet, 1998), in which actuation driving voltage
and capacitive position sensing were implemented for the electrostatic microactuator designed by Horsley 1998. As mentioned
before, the electrostatic microactuator design doesn’t have dedicated structure for a position sensing; as a consequence, the
input nodes for actuation and output nodes for capacitive position sensing have to share the same electrodes. Capacitors C. and
C.o, shown in Fig. 9, are carefully designed to shield the high voltage presented in actuation circuit from sensing circuit, which

is mostly low voltage, and thus enable driving/sensing circuit integration.

The driving circuit, shown in the left in Fig. 9, shows how to generate the bias voltage (Vi;4s, +/- 40V) and drive voltage
(Var, -40~+40V) from the a 0~5V CMOS compatible circuits. The switches at the output of charge pumps were synchronized
with the switching period ¢rs. Therefore, during the sense phases ¢sn1 and ¢sne, the switches are left open and thus no
voltage fluctuation is seen by the sensing circuits. This arrangement was utilized to reduce feedthrough from the driving circuit

to position sensing circuit.

The design target for the capacitive position sensing circuit was to achieve position sensing resolution of 10nm, and this
goal was approached by two main techniques implemented in the circuit: differential sensing and Correlated-Double-Sampling
(CDS). The main benefits of the differential sensing scheme are reduced noise coupling and feedthrough, elimination of even-
order harmonics, and improvement of dynamic range by doubling the output swing. To adapt this differential sensing scheme
in a differential parallel-plates electrostatic microactuator, a bias voltage (V};,5) Was applied to the stator and the drive voltage
(V) was applied to the shuttle. The Correlated-Double-Sampling (CDS) technique, a modified capacitance sensing technique
based on the switched-capacitance scheme, was implemented along with the differential sensing scheme to compensate for
sensing noises including 1/f, KT/C, switch charge injection and offset from op-amps (Wongkomet, 1998). The concepts of
CDS can be briefly described as follows: The sense period is broken into 3 phases: one reset phase, ¢rg, and two sense
phases, ¢sn1 and ¢gne. During the ¢prg sense phase, the voltages for capacitors and input nodes to op-amps are set to the
reference level of the DC-voltage setting for the charge integrator, same as for the switched-capacitance scheme discussed in
section 2.4.1. During the ¢ g1 sense phase, a sensing voltage —V is applied to the shuttle and results in a voltage difference,
a(—Vs) + Verror, across the sampling capacitor C},, where « is the transfer function from sense voltage to the output voltage at
the pre-amplifier, shown as Gain in the plot, and V., is the voltage at the output node of pre-amplifier resulting from noise,
leakage charge and offset of op-amps. Lastly, during the ¢ g2 sense phase, the sensing voltage is switched from —V; to V and
the switch next to C, is switched open. This results in a voltage output (V) + Veppror at the output node of the pre-amplifier
and a voltage, 2a(V;), at the input node of the buffer. As a consequence, the voltage resulting from sensing error (Veyror),
which appears at the output node of pre-amplifier, disappears from the voltage-input node to the buffer. Switches utilized in the
circuit and their correspondent timing are shown in Fig. 9. Be aware that components in the pre-amplifier and buffer are not

shown in detail in Fig. 9 for presentation simplicity.

[Figure 10 about here.]

The frequency response, both open-loop and closed-loop with a PD controller, of the electrostatic microactuator measured by



a capacitive position sensing circuit is shown in Fig. 10. The position measurements from an LDV are also shown in the same
plot for comparison. The deviation between measurements from the different position sensing devices, appears in the high
frequency region at the plot, and has been identified as the feedthrough from the capacitance sensing circuit. The effect from
feedthrough was negligible at low frequency region but becomes significant and results in a deviation in magnitude for the
transfer function of -80 dB ~ -90 dB after 2 KHz. The feedthrough presented in the capacitance sensing circuits limited the

position sensing resolution to the level of 10nm.

3 Fabrication

3.1 Basic Requirements

While there are several approaches to building electrostatic microactuators suitable for hard disk drives, they all exhibit certain
common features from a fabrication standpoint. As discussed earlier, nearly all electrostatic microactuators rely on a system of
interlaced fingers or plates to provide actuation force. As a result, a method for producing arrays of these fingers or plates with
narrow gaps between them is usually the central concern in developing a fabrication process. The resulting structure must then
be strong enough to support both the slider on the microactuator and the microactuator on the suspension, particularly when
loaded by the air-bearing that supports the slider above the hard drive’s spinning disk. In addition, a way of performing elec-
trical interconnection on the microactuator must be included in the design and fabrication process. This involves transferring

signals to and from the actuator and slider, and isolating the parts of the microactuator requiring different voltage levels.

Additionally, the microfabrication process is subject to certain basic constraints. The materials used in fabrication must either
be thermally and chemically compatible with any processing steps that take place after their deposition, or somehow protected
during steps that would damage them. This often constrains the choice of materials, deposition techniques, and processing
order for many microdevices. Another concern is that the surface of the structure be planar within photoresist spinning ca-
pabilities and lithography depth-of-focus limits if patterning is to be performed. This can be a major challenge for disk drive

microactuators, which are large in size and feature high-aspect ratio trenches compared to other MEMS devices.

3.2 Electrostatic microactuator fabrication example

Section 2.5.3 described the design and operation of a translational electrostatic microactuator. This section examines the
fabrication process by which that microactuator was built (Horsley, 1998). The process is a variation on a micro-molding
process known as HexSil (Keller and Howe, 1997). In a micro-molding process, a mold wafer defines the structure of the
microactuator, and may be re-used many times like dies in macro-scale molding; in the HexSil version of the procedure, the
moving parts of the microactuator are formed in the mold by polysilicon. A second wafer is used to create metallized, patterned
target dies. Upon extraction from the mold, the hexSil structure is bonded to this target substrate, which is patterned to determine

which sections of the hexSil structure are electrically connected.



[Figure 11 about here.]

Naturally, the mold wafer is the first item to be processed, and is quite simple. The mold wafer is simply a negative image
of the desired structure, etched down into the wafer’s surface, as shown in figure 11a. A deep but very straight etch is critical
to successful fabrication and subsequent operation of the devices. If the trench is too badly bowed or is undercut, the finished
devices will become stuck in the mold. On the other hand, a tall device will have a larger electrostatic array area and will

generate more force, and be better able to support a slider while in a disk drive.

Fabrication of the HexSil structure forms the majority of the processing sequence (figure 11b-g). HexSil fabrication begins
by coating the surface of the mold wafer with a sacrificial silicon oxide. This layer, deposited by low-pressure chemical vapor
deposition (LPCVD), must coat all surfaces of the mold, so that removal of the oxide at the end of the process will leave the
device completely free of the mold. This microactuator uses a 3 to 4 um thick oxide layer to be sure of clearance between
the polysilicon structure and the trench walls during release. The mold is then refilled completely with LVPCD polysilicon,
which will form the hexSil structure. Polysilicon is chosen for its conductivity and good conformality in refilling trenches. This
also leaves a planar surface ready for photolithography to cover bonding locations. After the lithography step, the polysilicon

deposited on top of wafer is removed, except where the bonding points were defined.

The structure is then prepared for bonding by forming a soldering surface. First, a chrome/copper seed layer is evaporated
on the surface of the wafer. The chrome promotes copper adhesion to the silicon, while the copper forms the starting point for
electroplating. The seed layer is covered with photoresist, which is cleared only in the locations where contacts are desired.
There, electroplating will produce a metal film, forming soldering points for the device to the target substrate that will form its
base. In this case, copper is used as the plating material, thanks to its high conductivity and solderability. The device is released
from the mold by ion milling away the thin seed layer, then dissolving the oxide lining with a hydroflouric (HF) acid wet etch.
The free standing portion of the microactuator is thus ready for bonding to the target. The mold, meanwhile, may be used again

after a simple cleaning step.

The target substrate may be prepared in several ways. The target shown above consists simply of indium solder bumps and
interconnects on a patterned seed layer, and is known as a “plating bus” arrangement. The seed layer is used for the same
reasons as on the hexSil structure, but in this case the seed layer is patterned immediately, with the unwanted portions removed
by sputter etching. This provides isolation where desired without having to etch the seed layer after the indium is in place. Pho-
toresist is spun again, and patterned to uncover the remaining seed layer. A layer of indium is then electroplated everywhere
that the seed layer is visible. Indium acts as the solder when the two parts of the microactuator are pressed together, forming a

cold weld to the copper at 200-300 MPa that was found suitable for hard disk requirements, as shown in figure 11h.



3.3 Electrostatic microactuator example two
3.3.1 Basic process: Silicon-on-insulator

The high-aspect ratio microactuator described in this section is in development at the University of California, Berkeley, and
demonstrates another way to create the features required of an actuated slider. The microactuator is translational, with parallel-
plates actuation and includes two of the design options described previously: integrated isolation plugs, as described in section
2.3.2, and a capacative sensing array, as described in section 2.4.1. A picture of the basic design is shown in Fig. ??; a central
shuttle holding the slider is supported by four folded-flexure springs and driven by parallel-plates arrays. Successful process-
ing of the design is centered around the ability to etch very straight, narrow trenches using deep reactive ion etching (DRIE).
Deep reactive ion-etching is a special plasma etching sequence that uses polymerization of the sidewalls of a trench to keep the
walls straight even at extreme aspect ratios. Deep, narrow trenches make possible a microactuator with both closely packed
electrostatic arrays and good mechanical strength. Conventional surface micromaching is used to produce the majority of the

electrical interconnects.

[Figure 12 about here.]
[Figure 13 about here.]

The basic fabrication process uses a silicon-on-insulator (SOI) wafer to control DRIE trench depth. SOI wafers are very
useful in microfabrication as they provide a layer of single-crystal silicon (the device layer) that is separated from the bulk
of the wafer (the handle layer) by a thin layer of buried silicon oxide. This gives a very well controlled thickness to finished
device, but is very expensive. The microactuators described here are fabricated from an SOI wafer with a 100 um device layer.
A variation on the processing sequence and layout eliminates the need for SOI wafers, and will be discussed in the following

section.

The first stage of fabrication is creation of deep isolation trenches (see figure 13a-c). This procedure has been adapted to
MEMS from integrated circuit processing for isolating thick MEMS structures (Brosnihan et al., 1997). The isolation pattern is
formed by photolithography and etched by DRIE down to the buried oxide. With trenches only 2um wide, this corresponds to
an aspect ratio of 50:1. The wafer surface and trenches are then coated with LPCVD silicon nitride, which acts as the electrical
insulator. The trench is then refilled in its entirety with LPCVD polysilicon, which is a more conformal material and better
fills the trench than silicon nitride would alone; polysilicon also has much lower residual stresses than silicon nitride. The refill
leaves a layer of polysilicon on the surface of the substrate, which must be etched or polished back to the silicon nitride. After

etch-back, a second layer of LPCVD nitride completes isolation between regions.

Next, electrical interconnects are formed, as shown in figure 13d-f. Contact holes to the substrate are defined by photolithog-
raphy, and etched by reactive ion etching of the silicon nitride. Metal lines may then be patterned directly by photolithography,
or formed by lift-off. In a lift-off process, photoresist is deposited and patterned before the metal. The metal is then deposited

vertically, so that the sidewalls of the resist are uncovered. Dissolving the resist allows the metal on top to float away, leaving



behind the interconnect pattern. In the figures shown here, the interconnects are formed by evaporated aluminum, eliminating
the need for electroplating and a seed layer. The ability to isolate portions of the substrate is useful for simplifying the inter-

connect layout, as one interconnect can cross another by passing underneath it through an isolated portion of the substrate.

Finally, structural lithography is performed and a second etch by DRIE is done, as shown in figure 13g. These trenches will
define the shape of the microactuator, and are larger, 4 um wide, to allow sufficient rotor travel. After this etch step, the device
layer on the SOI buried oxide consists of fully defined into microactuators. When the buried oxide is removed by wet etching,
the microactuator is released from the substrate (figure 13h) and, after removal of the photoresist that protected the device sur-
face from HF during release, ready for operation. Thanks to the high aspect ratios of DRIE and the efficient integrated isolation
scheme, the microactuator can theoretically be operated with a DC bias voltage of 15 Volts on the rotor, and a dynamic stator
voltages below 5 Volts. In practice, higher voltages are required due to spreading of the trench walls over the course of DRIE.
A picture of the electrostatic structure, with the rotor fingers on the left and the stator fingers on the right, divided down the

center by isolation trenches, is shown in figure 14.

[Figure 14 about here.]

3.3.2 Variation: Anisotropic backside release

[Figure 15 about here.]

An alternative fabrication approach is to build the microactuator from a pure silicon wafer, but then, since the microactuator
shouldn’t be more than 100 pm thick to fit in a HDD, etch away the backside of the wafer to obtain devices of that size. The
main reason for using a silicon-only wafer is to reduce the need for expensive SOI wafers, which cost approximately 10 times
as much as single-material wafers. Another benefit is elimination of the need for etch holes to reach the buried oxide layer,
which increase vulnerability of microactuators to particle or moisture contamination. However, the thickness of the devices

cannot be controlled as accurately as with the SOI process, and the processing sequence is more complicated.

Control of backside etching is difficult, making it hard to obtain devices with uniform thickness across a wafer. A proposed
solution is to use an anisotropic wet etchant during the backside etch step. Anisotropic etchants etch very slowly on certain
crystal planes of a single-crystal silicon wafer; a coating on trench sidewalls can protect fast-etching planes when the etchant
reaches the trenches from the back, causing slow-etching crystal planes to begin coming together slowing the etch. The result is
a nearly self-stopping etch with a V-shaped profile that prevents overetching even in the presence of nonuniformities in etch rate
and trench depth across the wafer. The most common anisotropic etchants are potassium hydroxide (KOH), and tetramethyl

ammonium hydroxide (TMAH). This release process is referred to here as an anisotropic backside release (ABR).

The key to a good release by this method is to achieve excellent protection of the top of the wafer and the deep trenches
from the etchant, and this neccessitates changes in the process flow from that for an SOI wafer. Without a good protective film,

the interconnects on the surface of the wafer could be destroyed, or the fast-etching planes might be attacked along the trench



sidewalls. Of the etchants mentioned above, TMAH is preferred, due to high selectivity to both silicon oxide and nitride, and
espectially thermally grown oxide, which can be used as protective films. However, growing thermal oxide and/or depositing
high-quality nitride are high temperature processes not compatible with most metals, so the structural trenches must be etched
and oxidized before forming the electrical interconnects. As shown in figure 15c-d, the isolation trenches are formed as before,
but the structural trenches are patterned and etched in the very next step. A thermal oxide is then grown in the trenches to

produce the protective oxide layer (figure 15¢).

To do lithography for the interconnects at this point, then, the surface of the wafer must be planarized. This is done by
refilling the trenches with spin-on-glass. The spin-on-glass plugs the trenches nearly to the top, and can be sacrificed along
with the thermal oxide at the end of the process. Extra glass on the wafer surface can be removed by a quick HF dip or chemical
mechanical polishing. The resulting surface is uneven, as shown in figure 15f, but a thick photoresist layer can be applied over
the trenches evenly enough to accomplish contact and metal patterning lithographies. After metallization much the same as for
the soi wafer (figure 15g), a final coating of etch resistant material is required to protect the metal during backside release, as
shown in figures 15h-j. After ABR, the backside of the device will be shaped by crystal planes, but the thickness of the device
at the edge of DRIE features will be fixed. While a combination of silicon oxide and silicon nitride has been effective over a
“metallization” of undoped polysilicon, an effective combination of true metal interconnects and protective films has yet to be
found and is an ongoing area of research for improving the ABR process sequence.

A prototype microactuator with integrated gimbal fabricated using ABR is shown in figure 16. This prototype was operated
with a 30 V DC bias and +/- 8 V AC driving voltage for +/- 1 um displacement, while a larger version (shown in figure ??) was
operated at 15 V bias and +/- 3 V driving. This layout and fabrication concept is currently being adjusted to fit a MEMS-ready

suspension for more advanced testing.

[Figure 16 about here.]

3.4 Other fabrication processes
3.4.1 1IBM electroplated microactuator

Where the DRIE-based process described above “digs” the microactuator out of a wafer, a procedure developed by IBM “grows”
a microactuator with high-aspect ratio trenches on top of a wafer (Hirano et al., 1999b). This is done by a clever sequence of
electroplating steps and sacrificial depositions. First, an oxide sacrificial film is patterned, then covered with a metal seed layer.
When later removed, the sacrificial will have left a gap between the microactuator and substrate portions of the microactua-
tor needed to move freely. A polymer, 40 pum thick, is spun onto the wafer and patterned with a reverse image of the main
structural layer. Trenches are etched down to the sacrificial layer by plasma etching, then refilled via electroplating, much like
micro-molding. Another sacrificial polymer, photoresist this time, separates the top of the fixed portions of the structure from
the platform upon which the slider will sit, while conveniently planarizing the surface for further lithography. The platform is
created by two more electroplating steps on top of the parts of the structure that will move freely. Removal of the sacrificial

layers (photoresist, polymer, and oxide) releases the microactuator for use.



This process has been used to produce both rotary and linear microactuators, and is comparatively advanced from a commer-
cial standpoint. The resulting devices are thinner than those described in the previous example, but a similar aspect ratio (20:1)
can be achieved. This procedure also has the benefits of being a low temperature process, which helps decrease processing cost
and is compatible with the thin film magnetic head manufacturing process. Moreover, it includes an upper structure that covers

the fingers, which improves device reliability by shielding the fingers from particles.

Additional fabrication details and dynamic testing results for the IBM design may be found in references (Hirano et al.,

1999b) and (Hirano et al., 1999a). Certain control results are described in section 4.2.1

3.4.2 Electroplated microactuators with fine gaps

Finally, fabrication processes developed at the university of Tokyo demonstrate additional techniques for obtaining very small
gaps between electrostatic fingers (lizuka et al., 2000). Similarly to the IBM process, electrostatic fingers are electroplated, in
this case by nickel, within a polymer pattern. The gap between closely spaced fingers, however, is then formed by a sacrificial
metal. Photoresist is used to cover the fingers except for the surfaces where a small gap is desired, which are electroplated
with sacrificial copper, making possible narrow, well-defined gaps, perhaps most reliably of the processes described here. Con-
tinuing with a second nickel electroplating step creates the interlaced fingers, which will also support the slider; the wafer is
polished down to level the structure. Finally, the copper, photoresist, and seed layer are etched away, leaving the free standing

structure.

In another version of process, photoresist alone separates the stator and rotor fingers. In this case, a thin layer of photoresist
is left where small gaps are desired, instead of growing a layer of copper. This method is dependent on excellent alignment, but

can eliminate the need for polishing after the second electroplating step.

3.5 Suspension-level fabrication processes
3.5.1 PZT actuated suspensions

The long, highly integrated fabrication processes required by actuated slider microactuators contrast greatly with the fabrica-
tion of actuated suspension microactuators. In most cases, actuated suspensions use piezoelectric (PZT) drivers that are cut or
etched as single, homogeneous pieces and attached to the steel suspension. Nevertheless, microfabrication techniques can still
be useful in suspension processing. For example, some recent suspensions have used thin film PZT deposited on a substrate
by sputtering for incorporation in a suspension. This is intended to produce a higher quality PZT films, and begins to intro-
duce MEMS-style processing techniques even into suspension-scale manufacturing (Kuwajima and Matsuoka, 2002), (Lou et

al., 2002).



3.5.2 Integrated silicon suspension

Another area where silicon processing has been suggested for use on a suspension is the gimbal region, or even the entire sus-
pension, as described in (Chen, 2001). An integrated silicon suspension would incorporate aspects of both actuated suspension
and actuated slider fabrication. Force is provided by four piezes of bulk PZT cut down to size, as in other actuated suspensions,

but the rest of the suspension is fabricated from single-crystal silicon by bulk micromachining.

The fabrication process for the integrated suspension is the precursor to the ABR process used to fabricate the microactuator
in 3.3.2. Layers of LPCVD silicon nitride and polysilicon are deposited on a bare silicon wafers. The polysilicon is doped by
ion implantation and covered with a second layer of nitride. The outline of the suspension and any spaces within it are then
lithographically patterned. After a reactive-ion nitride etch to reach the substrate, trenches are etched by DRIE. The trenches are
then plugged with spin-on-polymer for further lithography. First, the top layer of polysilicon is patterned into piezoresisistive
strips for sensing vibration. Second, a layer of photoresist is patterned for copper lift-off, to create metal interconnects. Finally,
the planarizing polymer is removed and the entire surface is coated with silicon nitride. This final coating protects the top

surface during an anisotropic backside wet etch, in this case by potassium hydroxide.

3.5.3 Instrumented suspensions

Finally, microfabrication techniques may be useful for installing sensors on conventional steel suspensions. The concept is to
deposit a dielectric and a piezoresistive material on the stainless steel sheet that will be formed into the central piece of the
suspension, and pattern piezoresistors directly by lithography and plasma etching. A second lithography may be used to add
metal lines back to the e-block. Vibration sensors on the suspension are very desirable for controlling slider position, and the
use of thin-film deposition and photolithography permits the sensors to be located at the points most effective for detecting

vibration. An example of a sensor formed by this method is shown in figure 17

[Figure 17 about here.]

3.6 Actuated head fabrication

Several interesting fabrication processes have been proposed for another approach to creating a dual-stage disk drive servo: the
actuated head. In an actuated head, the actuator is built into the slider, and moves just the read-write head. This could potentially
eliminate many of the mechanical limits of actuated suspensions or actuated sliders. Actuation techniques are typically similar
to those of actuated sliders, with the key complication being the need to integrate an actuator fabrication process with a slider

fabrication process. Ways in which this might be done are discussed below.

One fabrication approach to actuating a read/write head is to enclose an electrostatic driving array inside a slider. The slider
is built up from on a glass or Si substrate, begining with the air-bearing surface (ABS), followed by a microactuator, and then

surrounded by the remainder of the slider. The ABS is formed by silicon oxide deposited over aluminum and tapered photoresist



layers that give it a contoured shape. The majority of the ABS is then covered with photoresist, while a block in the center is
plated with nickel and etched to form the electrostatic actuator. This, in turn, is covered while the remainder of the slider body
is electroplated. The slider may then be bonded to a suspension and the ABS surface released from the substrate by etching

away the original aluminum and photoresist surface (Imamura et al., 1998).

The sacrificial metal technique described in section 3.4.2 is another possibility for building an electrostatic array onto a slider.
It can be used to form small array with very narrow gaps, and the process is compatible with slider and head materials (Fujita

etal., 1999).

A third actuated head process makes use of an SOI wafer and silicon based materials. For this structures, a 20 um device
layer is coated with silicon nitride. The nitride is patterned with contact holes for connections to the substrate and used as
insulation over the rest of the device. A layer of molybdenum is sputter deposited to perform interconnections to both the head
and the electrostatic array. This array is formed by DRIE to the buried oxide, using a lithographically patterned hard mask of
tetraethylorthosilicate. The result is simple, tiny, actuator that must be bonded to the edge of a slider after release from the SOI

wafer (Kim and Chun, 2001).

4 Servo Control Design of MEMS Microactuator Dual-Stage Servo Systems

4.1 Introduction to disk drive servo control

The objective of disk drive servo control is to move the head to the desired track as quickly as possible, which is referred to as
track seek control, and once on-track, position the head on the center of the track as precisely as possible, which is referred to
as track-following control, such that data can be read/written quickly and reliably. The implementation of the servo controller
relies on the position error signal (PES), which is obtained by reading the position information encoded on the disk’s data
tracks.

The position error is also called track mis-registration (TMR) in the disk drive industry. Major TMR sources in the track-
following mode include spindle runout, disk fluttering, bias force, external vibration/shock disturbance, arm and suspension
vibrations due to air turbulence, PES noise, written-in repeatable runout, residual vibration due to seek/settling, etc. (Ehrlich
and Curran, 1999). These sources can be categorized as runout, r, input disturbance, d, and measurement noise, n, by the
locations they are injected into the control system, as shown in Fig. 18. In Fig. 18, G p(s) and G¢(s) are the disk drive actuator

and the controller; r and x,, represent track runout and head position respectively.
[Figure 18 about here.]
From Fig. 18, the PE'S can be written as

PES = S(s)r+ S(s)Gp(s)d— S(s)n. 9



Thus, the TMR rejection can be represented by the closed loop sensitivity function S(s), which is defined by

1

T 1+ Ge(s)Gp(s) 10

S(s)

The higher the bandwidth of the control system, the higher the attenuation of the sensitivity function S(s) below the bandwidth.
Thus, one of the most effective methods to reduce PES and increase servo precision is to increase the control system bandwidth.

Traditional disk drive servo systems utilize a single voice coil motor, or VCM, to move the head. Multiple structure resonance
modes of the E-block arm and the suspension located between the pivot and the head impose a major limitation on the achievable
control bandwidth. A dual-stage servo system using a MEMS actuated-slider microactuator can achieve high bandwidth because
the microactuator is located between the suspension and the slider, thus by-passing the pivot, E-block arm and the suspension
resonance modes.

One basic task of dual-stage servo control design is to increase control bandwidth using the second stage actuator. Many
design methodologies have been developed to accomplish this objective. In this section, major dual-stage servo control design
methodologies are first reviewed, and design considerations for controller design of a MEMS dual-stage servo system are
discussed. As design examples, the details of track-following control designs using a sensitivity function decoupling design
method and the - synthesis design method are presented in subsection 4.3. In subsection 4.4, a short-span seeking control

scheme using dual-stage actuator based on a decoupled feed forward reference trajectory generation is introduced .

4.2 Overview of dual-stage servo control design Methodologies

Various control design architectures and methodologies have been developed for dual-stage servo control design. They can be
largely classified into two categories: those based on decoupled or sequential single-input-single-output (SISO) designs, and
those based on modern optimal design methodologies, such as LQG, LQG/LTR, H ., and p-synthesis, in which the dual-stage
controllers are obtained simultaneously.

Two constraints must be considered in dual-stage servo control design. First, the contribution from each actuator must be
properly allocated. Usually, the first stage actuator, or the coarse actuator, has a large moving range, but a low bandwidth, while
the second stage actuator, or the fine actuator, has a high bandwidth, but small moving range. Second, any destructive effect, in

which the two actuators fight each other by moving in opposite directions, must be avoided.

4.2.1 Classical SISO design methodologies

Several architectures and design methodologies have been proposed to transform the dual-stage control design problem into
decoupled or sequential multiple SISO compensators design problems, for example, master-slave design, decoupled design
(Mori et al., 1991), PQ method (Schroeck et al., 2001), and direct parallel design (Semba et al., 1999). Fig. 19 to Fig. 22
shows the block diagrams of dual-stage controller design using these methods. In these figures, G, and G5 represent the course
actuator (VCM) and fine actuator (microactuator) respectively; z; is the position of the course actuator; x,. is the position of
the fine actuator relative to the course actuator; x,, is the total position output; r is the reference input (runout), and PES is the
position error, e = r — T, .

Master-slave design: In a traditional master-slave structure, the absolute position error is fed to the fine actuator, and output of

the fine actuator is fed to the coarse actuator, as shown in Fig. 19. The position error will be compensated by the high bandwidth



fine actuator. The coarse actuator will follow the fine actuator to prevent its saturation.
[Figure 19 about here.]

Decoupled design: Fig. 20 shows the decoupled design structure (Mori et al., 1991), which is similar to the master-slave
structure. However, instead of feeding just the fine actuator output to the coarse actuator, the summation of the fine actuator
output and the position error is fed, which equals the position error of the coarse actuator. A very nice feature of this structure
is that the control system is decoupled into two independent control loops, and the total sensitivity function is the product of
the sensitivity functions of each of the control loops (Li and Horowitz, 2001). Thus, the two compensators C; and C5 can
be designed independently. Decoupled design is also called decoupled master-slave design, or sensitivity function decoupling

design. In section 4.3.2, details of a track-following controller designed using this method will be further discussed.

[Figure 20 about here.]

Both the master-slave and the decoupled designs use the relative position of the fine actuator, x... If a relative position sensor

is unavailable, z, can be estimated using a model of the fine actuator.

PQ design method: The PQ method is another innovative design technique for control design of dual-input, single-output

system (Schroeck et al., 2001). A block diagram of a dual-stage control design using this method is shown in Fig. 21.
[Figure 21 about here.]

In PQ design, P is defined by
Gy

P=—
Gy’

D

and a dual-stage controller can be designed in two steps. The first involves the design of an auxiliary compensator () for plant
P, which is defined by
C

Q= é . (12)
@ is designed to parameterize the relative contribution of the coarse and fine actuator. The 0dB crossover frequency and phase
margin of the open loop transfer function P() are the design parameters in the design of (). At frequencies below the 0dB
crossover frequency of P(Q), the output is dominated by the coarse actuator, while at frequencies above the 0dB crossover fre-
quency, the output is dominated by the fine actuator. At the OdB crossover frequency, the contribution from the two actuators
are equal. A large phase margin of P() will ensure that the two actuators will not fight each other when their outputs are close

in magnitude, thus avoiding any destructive effects can be avoided.

The second step in the P(Q) design methodology is to design a compensator Cy for SISO plant P() that satisfies the bandwidth

(crossover frequency), gain margin, phase margin, and error rejection requirements of the overall control system.

Direct parallel design: It is also possible to design the dual-stage controller directly using a parallel structure, as shown in

Fig. 22, by imposing some design constraints and sequential loop closing (Semba et al., 1999).



[Figure 22 about here.]
The two constraints for parallel design in terms of the PE.S open loop transfer functions are (Semba et al., 1999):
Cl(S)Gl(S) +02(S)G2(S) — CQ(S)GQ(S), (13)

at high frequencies and

|C1(s)G1(s) + Ca(s)Ga(s)] > [C1(s)Ga(s)], (14)

at low frequencies. The first constraint implies that open loop frequency response of the dual-stage control system at high
frequencies approximately equals that of the fine actuator control loop. Thus, the compensator C(s) can be first designed
independently as a SISO design problem to satisfy the bandwidth, gain margin, and phase margin requirements of the dual-
stage control system. Compensator C1(s) can then be designed for the SISO plant model with the fine actuator control loop

closed. This model is defined by:
Gi(s)

) = T 660

5)

such that the low frequency constraint and overall stability requirement are satisfied.
A dual-stage controller for a MEMS dual-stage actuator servo system has been designed using this method and implemented
at IBM. An open loop gain crossover frequency of 2.39 kHz with gain margin 5.6 dB and phase margin 33° was obtained. In

experimental testing, a 1 — 0 TMR of 0.024 pm has been achieved (Semba et al., 1999).

4.2.2 Modern MIMO design methodologies

Since the dual-stage actuator servo system is a MIMO system, it is natural to utilize modern MIMO optimal design methodolo-
gies, such as LQG, LQG/LTR, H.,, and pu-synthesis, to design the dual-stage controller. Usually MIMO optimal designs are
based on the parallel structure shown in Fig. 22, augmented with noise/disturbances models and other weighting functions to
specify the control design performance objectives.

Linear quadratic Gaussian (LQG) control combines a Kalman filter and optimal state feedback control based on the separation
principle. However, the Kalman filter weakens the desirable robustness properties of the optimal state feedback control. Linear
quadratic Gaussian / loop-transfer recovery (LQG/LTR) control recovers robustness by a Kalman filter redesign process. Dual-
stage control designs using LQG and LQG/LTR have been reported in (Suzuki et al., 1997), (Hu et al., 1999), (Suh et al., 2002),
etc.

The LQG design methodology minimizes the H, norm of the control system, while H., design methodology minimizes
the H,, norm of the control system. p-synthesis design methodology is based on H, design and accounts for plant model
uncertainties during the controller synthesis process with guaranteed robustness. Dual-stage control designs based on H
and p-synthesis design methodologies have been reported in (Suzuki et al., 1997), (Hernandez et al., 1999), (Rotunno and
de Callafon, 2000), etc. Some details of a control design using p-synthesis for the MEMS actuator dual-stage servo system will
be presented in section 4.3.3

Other advanced control theories also have been applied to dual-stage servo control designs, such as sliding mode control

(Lee et al., 2000) and neural networks (Sasaki et al., 1998).



4.3 Track-Following Controller Design for a MEMS microactuator dual-stage servo system
4.3.1 Servo design considerations for MEMS microactuators

MEMS microactuators, or MAs, for dual-stage servo application are usually designed to have a single flexure resonance mode
between 1-2 kHz (Horsley et al., 1999), (Fan et al., 1999). This resonance mode is usually very lightly damped and can have a
=+ 15% variation due to variations in the fabrication process. Since the uncertain resonance frequency is relatively low and close
to the open loop gain crossover frequency of the servo system, controller robustness to these variations must be considered in
the controller design.

Capacitive sensing can be utilized in MEMS microactuators to measure the position of the microactuator relative to the VCM
actuator (Horsley et al., 1999), (Wongkomet, 1998). However, this requires additional sensing electronics and wires to and from
the head gimbal assembly (HGA), which result in additional fabrication and assembly costs. Thus, whether or not a relative
position sensor will be used in MEMS dual-stage servo systems is still an open question. If the MA’s resonance mode is lightly
damped, it is susceptible to airflow turbulence and external disturbances. The relative position signal can be utilized to damp
the MA’s resonance mode. Dual-stage control can be classified as MIMO or SIMO designs according to the availability of the
relative position signal.

Given the fact that the inertia of the MEMS MA is very small compared to that of the VCM, the effect of the motion of the
MA on the VCM can be neglected. By feeding the control input of the VCM to the input of the MA with a proper gain, we
can cancel the coupling effect of the VCM on the MA (Li and Horowitz, 2001). Thus, the dual-stage control model can be
decoupled as the sum of the outputs of the VCM and the MA, as shown in Fig. 23, in which Gy, G are the VCM and MA
models respectively, and x), is the absolute position of the read/write head, which equals the absolute position of the VCM, z,,,

and the position of the MA relative to the VCM, RPES.

[Figure 23 about here.]

4.3.2 Decoupled track-following control design and self-tuning control

Sensitivity function decoupling design methodology: Fig. 24 shows a block diagram used for decoupled control design of the
MEMS MA dual-stage servo systems (Li and Horowitz, 2001). The part enclosed in the dashed box on the upper-right corner
is the dual-stage plant model shown in Fig. 23. In the figure, Gy and Gjs are the VCM and MA models respectively; x p is the
absolute position of the read/write head; x,, is the absolute position of the VCM actuator; and RPES is the position of the MA
relative to the VCM; r represents the track runout, and PES is the position error signal of the head relative to the data track

center.
[Figure 24 about here.]

The decoupling control approach, originally introduced in (Mori et al., 1991), utilizes the PES and RPES signals to

generate the position error of the VCM relative to the data track center, which will be labeled as V PES,
VPES = PES+ RPES =r —u,, (16)

and this signal is fed to the VCM loop compensator.



As shown in the block diagram, there are three compensators that need to be designed: the VCM loop compensator K ;
the MA PE'S loop compensator K s; and the MA RPES minor loop compensator Ky = Kgrr/Kprs, which is used to
damp the MA’s flexure resonance mode and place the closed loop poles of the MA RPES loop at an appropriate location. The

damped MA closed loop transfer function G g, shown in the lower-middle dashed box, is defined by

Gum
Gr = : 17
" Krs + Gy Krr 1n

while the total dual-stage open loop transfer function from r to x p, G, is

Gr =Ky Gy +KyGr+ Ky GrKy Gy . (18)

It can be shown that the block diagram in Fig. 24 is equivalent to the sensitivity block diagram shown in Fig. 25, and the total
closed loop sensitivity function from r to PES equals the product of the VCM and microactuator loop sensitivities, Sy and

S, respectively:

1
pu— = 1
St en Sv Su, (19)
where
S —; S —; (20)
V_1+KVGV’ ]M_l‘l-K]\/[GR'

Thus, the dual-stage servo control design can be decoupled into two independent designs: the VCM loop and the microactu-
ator loop design. The VCM loop sensitivity can be designed using traditional single-stage servo design methodologies. The
microactuator loop sensitivity is designed to expand the bandwidth and increase the attenuation of low frequency runout and

disturbances.

[Figure 25 about here.]

Closed loop sensitivity design by pole placement: For a typical sampled 2nd order system with the discrete time transfer

function
-1 -1
~1y_ @' Bo(g™h)
Gl ) =" @1
@) Ao(g™1)
where ¢! is one step delay operator; B,(g~!) is the plant zero polynomial, and A,(¢~!) = 1 + ay1q¢~! + a2q~2 is the plant

pole polynomial. The closed loop sensitivity function can be designed by pole placement, solving the following Diophantine

equation (Astrom and Wittenmark, 1995):
Aclg™h) = A(¢N)S(a™ ) + ¢ 'Bola HR(g ), (22)

where A.(q 1) is the desired closed loop characteristic polynomial. The closed loop sensitivity function, G's, is

DS
Gs(gt) = 2eld ) S@T) , 23
S(q ) c(q 1) ( )
and the discrete time controller C(¢~1) is
- R(g")
Clgh = 24

A.(q71) can be chosen such that the required bandwidth and system response are satisfied. Usually it is more intuitive to

describe it with its continuous time equivalent parameters: the damping ratio, ¢, and the natural frequency ,w,,. The damping



ratio is directly related to the phase margin of the open loop transfer function. For a typical design, it can be chosen to be equal
to or greater than 1, in order to ensure enough phase margin. w,, is related to the control system’s bandwidth, which is limited

by sampling frequency and time delay, or the high frequency structural dynamics of the system.

Dual-stage Sensitivity Function Design: The compensators in the dual-stage servo system depicted in Fig. 24 can be designed

by a two-step design process, as illustrated in Fig. 26
[Figure 26 about here.]

First, the VCM loop compensator Ky is designed to attain a desired VCM closed loop sensitivity Sy, as shown in the top
part of Fig. 26. Its bandwidth, w,, . in Fig. 26, is generally limited by the E-block and suspension resonance modes. The design
of this compensator can be accomplished using conventional SISO frequency shaping techniques.

The second step of the design process involves the design of the MA loop compensators to attain additional attenuation .Sy,
as shown in the middle part of Fig. 26. This step is itself accomplished in two steps. First, the minor RPFE'S loop compensator,
Krr/Krs, is determined in order to damp the MA resonance mode and place the poles of G g, or equivalently w,r in Fig. 26,
at a desired location. The compensator can be obtained by solving a Diophantine equation by pole placement as discussed in
the previous subsection. The poles of G r will become the zeros of Sy;.

Finally, the PFE.S loop compensator K j; is designed to place the poles, or equivalently wy;¢ in Fig. 26, of the MA loop closed
loop sensitivity Sys. wpsce is limited by the PES sampling frequency and computational time delay (Whilte and Lu, 1999).

The total dual-stage sensitivity is shown in the bottom part of Fig. 26. For a given wjs¢, the additional attenuation Ag,
provided by the MA loop, will be determined by wjsr. In our proposed procedure, the initial value of wjy;r can be chosen to
be the same as wy ¢. It is then adjusted so that the desired attenuation and phase margin requirements of the overall dual-stage
system are satisfied. Decreasing wj;r increases the low frequency attenuation of the closed loop sensitivity function S, but
also generally reduces the phase margin of open loop transfer function Gr.

For SIMO design when the RPES is not available, the MA model can be used as an open loop observer to estimate the

RPES. The combination of the open loop observer and the minor loop compensator is equivalent to a notch filter.

Self-tuning control to compensate variations in the MA’s resonance mode:

An adaptive control scheme can be combined with the decoupled discrete time pole placement design described above, to
compensate variations in the MA’s resonance mode, by tuning the MA RPES inner loop compensator.

A block diagram for the MA inner loop self-tuning control is shown in Fig. 27. The parameter adaptation algorithm (PAA)

is a direct self-tuning algorithm, based on the MA inner loop pole placement design.
[Figure 27 about here.]

Consider the MA open loop transfer function in Eq. 21. Since the MA’s resonance mode is lightly damped, the zero of the
MA’s discrete time transfer function is very close to 1 (z, = 1). Thus, it is possible to factor out the “known” term (1 + zoq_l)

from the Diophantine equation (22). The resulting RP E.S minor-loop closed loop dynamics is given by

Aclg My(k) = ¢ "bo(1+ 20¢” ) [Krs(q umr(k) + Krr(q~")y(k)],



where ur is the control input to the MA; y denotes the position of the MA relative to the VCM, i.e. y = RPES. Defining:
S(g!) =boKrs(a™) =s0+s147", (25)
R(q") =boKrr(q™") =ro+m1q"", (26)

the regressor vector, ¢(k) and filtered regressor vector, ¢ ¢(k),

o(k) = [uprr(k) uprr(k — 1) y(k) y(k —1)], (27)

Aclg er(k) = 1+ 200~ Ho(k), (28)

and the controller parameter vector = [s( $1 o rl]T, the closed loop RPES dynamics (25) can be rewritten as
y(k) =0"0s(k—1). (29)

From Eq. (29), the controller parameter vector estimate 0(k) = [3o(k) 81 (k) 7o(k) 71 (k)] can be updated using a standard

recursive least square algorithm (RLS) (Astrom and Wittenmark, 1995):

0k —1) + P(k)s(k)e® (k) , (30)

(k) = y(k)—0"(k—1)ps(k—1), 31)

>
—~

=
~—

I

P(k = 1)y (k = )67 (k= )Pk — 1)

P =\ P =) = e 1P Doy k1) | (32)
The control law is
S(k,q unr(k) = So(k)unr (k) — R(k, g~ ") y(k) , (33)
with
Stka™') = Bo(k) +31(k)g ", (34)
Rk,q™t) = #o(k) + (kg ", (35)

and u s g (k) being the output of the MA fixed outer loop compensator K js, ups (k) being the control input to the MA.

4.3.3 Dual-Stage Track-Following Control Design using -Synthesis

Design methodology: 1, the structured singular value, is a measure of how big a perturbation to a system needs to be to make
the system unstable. By incorporating a fictitious uncertainty block, robust performance in terms of H., norm of the closed
loop transfer function can be related to the value of u. u-synthesis is a robust optimal controller design technique that attempts
to minimize y through an iterative process (Balas et al., 1995).

For controller design using p-synthesis, the model uncertainties are represented using linear fractional transformations (LFT).
Disturbances and outputs are weighted to characterize the real plant environment and the performance requirements. A block

diagram used for dual-stage p-synthesis controller design is shown in Fig. 28.

[Figure 28 about here.]



In the block diagram, two model uncertainties, §; and s, are considered. §; is an additive uncertainty used to describe the
VCM unmodeled dynamics. do represents the parametric uncertainty in the stiffness of the microactuator.
Disturbance signals accounted for in the model include the track runout r, input disturbances to the VCM and microactuator,

dy o and dpy 4, respectively, the PES sensor noise npgg and the RPE S sensor noise nppgs. These disturbance signals are

generated by passing normalized signals 7, dvcar, dara, Tpes and irpEs through weights W, Wavonr, Wanra, Wapes
and W, rpEs, respectively, which can be either constants or frequency shaping filters. These weights are selected by the
designer so that disturbances are modeled with sufficient fidelity.

The output signals in the synthesis model are head position error signal, PFE.S, the microactuator relative position signal,
RPES, the VCM control input uy ¢, and the MA control input w7 4. These signals are multiplied by scaling factors, Wpgs,
WrpEs, Wuvenr, and Wyara respectively, to produce the weighted performance signals PES, RPES, Wy oar, Uara. The
scaling factors are selected to characterize the performance requirements.

Given a set of input and output weights and plant uncertainties, if the controller synthesized achieves

p<p, (36)

the closed loop transfer function, T, from the normalized disturbances

d = [Fdvey dva TPES MRPES) (37)
to the weighted performance signals
e = |PES RPES uwycn UMA] (38)
will have infinity norm
IT floo< 8 (39)

for perturbations

6 O
” A ”oo:H ||oo§
2

(40)

=

The interpretation of H., as the RMS gain of the sinusoid to help understand the design is as follows. Assume that each

element d; of the disturbance input vector in Eq. (37) is a sinusoid of the form

di(t) = Dsin(wit + ;) , (41)
such that
5
Y DI<i1. (42)
i=1

Then the steady state response of output in Eq. (38) will also be a sinusoid of the form
e (t) = Eisin(wit + ¢;) , (43)

and

4
> EI <8, (44)
=1



under the perturbations in Eq. (40)

Weighting functions for j-synthesis design:
Performance weights are chosen based on limits that the error signals should not exceed. The limit on the PES is based on a
rule of thumb commonly used in the disk drive industry which states that the position error of the head should not exceed 1/10

of a track width during track following. RPES is limited by the stroke limit of the MA. Thus,

10 1
1% =—F7; W =— 45
PES = yrack width’ — "FFS T stroke limit 45)
Weights on control inputs are based on the control input saturations.
1 1
Wovem = ——— Woma = ——, (46)
(ZV>maw (UM max

where (v )maz and (Ups)mas are the maximum drive current of the VCM and the maximum drive voltage of the MA respec-
tively.

The weights for PE'S noise, nppgg, and the disturbance to the VCM, wgy ¢ s, were determined by extrapolating the PES
decomposition results presented in (Ehrlich and Curran, 1999). The weight of the RP E.S sensing noise, ngpggs, is assumed to
be 8 nm (Wongkomet, 1998). The disturbance weight, wqus 4 is assumed to be 0.1V in the design.

The runout weighting is a low pass filter that captures the combined effects of track runout, mechanical vibrations, and bias

force disturbance to PES,
~ 2%107%(s + 27 % 10)?
(s +27%1000)2

W, @7)

The combination of Wpgs and W,. determines the closed loop sensitivity function from r to PES, S(s), of the dual-stage
system.

| WpEsS(s)W; [|e< 3. (48)

If 5 = 1, the magnitude of bode plot of S(s) lies below that of m
For SIMO design, the controller to be synthesized has only one input. In the synthesis model, RPES is not fed to the

controller K, and RPES noise n,pes and its weights W, rprs are not used.

4.3.4 Design and simulation results

Fig. 29 shows the Bode plots of the open loop transfer functions from r to x,, and the closed loop sensitivity functions of the

two designs, respectively. Sampling frequency was chosen to be 20 kHz in both designs.
[Figure 29 about here.]

For the decoupled MIMO design, the gain crossover frequency, gain margin, phase margin of the open loop system are 2201
Hz, 9.1 dB, and 48.8°, respectively . For the decoupled SIMO design, they are 2381 Hz, 8.7 dB, and 30.6°, respectively.
For p-synthesis MIMO design, the gain crossover frequency, gain margin, phase margin of the open loop system are 2050

Hz, 9.5 dB, 66.0°, respectively . For p-synthesis SIMO design, they are 2223 Hz, 2.9 dB, 32.0°, respectively.



The controller design above has not been implemented on a MEMS microactuator dual-stage servo system. However, con-
trollers designed using both methods have been tested on a PZT actuated suspension dual-stage servo system, validating their
effectiveness (Li and Horowitz, 2002).

Fig. 30 shows the simulation of control parameters adaptation for the self-tuning controller, when the real microactuator
resonance frequency is 1.2 times its nominal value. The controller parameters converged to their desired values. Similar

responses were obtained when the real resonance frequency is 0.8 times the nominal value.

[Figure 30 about here.]

4.4 Dual-stage seek control design

Because the inertia of a microactuator is much smaller than that of the VCM, it can produce a larger acceleration and move faster
than the VCM. However, the motion range of a microactuator is usually limited to a few micrometers. Thus, the performance
improvement in seek control made possible by using dual-stage actuation will mainly be in short distance seeks.

Two degree-of-freedom (DOF) position control has been a very popular control technique in short distance seeks. A 2-DOF
control technique utilizing decoupled feed forward reference trajectories has been developed for short span seek control using
a PZT actuated suspension dual-stage servo system (Kobayashi and Horowitz, 2001). The same technique can also be applied
to seek control of MEMS MA dual-stage servo system.

Fig. 31 shows a block diagram for dual-stage short span seek control design using this method. In the figure, z{, and x‘};i are
the desired seek trajectories of the VCM and the MA respectively. Ky r and K rp are Zero Phase Error Tracking Feedforward

Controllers (ZPTFFC) generated with the VCM model Gy and the damped MA model G (Tomizuka, 1987).
[Figure 31 about here.]

To minimize the residual vibration after seek operation, minimum jerk seek trajectories were applied to both the VCM and

the microactuator. These can be generated by (Mizoshita et al., 1996)

1 1
! Ly Ll (49)

zf = I (50)
ds — 2 (t) t>T

where dg is the distance of the head from the target track; 7" is the time when the head reaches the target track if dual-stage
actuator is used, while Ty is the time when the head reaches the target track if only VCM is used. Ty and 1" can be chosen
based on the control force saturation and seek performance requirement.

Fig. 32 shows the 1um seek response of the dual-stage actuator for the MIMO design. Overshoot was eliminated and there
were no obvious residual vibrations. The seek time using the dual-stage actuator is about 0.25 ms, compared to a seek time of

about 0.7 ms if only the VCM is used.

[Figure 32 about here.]



5 Conclusions

In order to increase hard disk drive storage density, high bandwidth dual-stage servo systems are necessary to suppress distur-
bances and increase servo precision. Various prototype MEMS microactuators have been designed and fabricated to provide
a dual-stage actuation approach. The most common approach for these prototypes is to use electrostatic driving arrays pro-
duced by MEMS fabrication methods. Simulations and experiments show that integrated silicon gimbal designs and capacitive
relative position sensing arrays can meet several important requirements for the use in HDDs. The use of structural electrical-
isolation in the MA design could considerably reduce microactuator driving voltages, while processes that avoid the use of
silicon-on-insulator wafers or high-temperature processing steps could reduce manufacturing costs. High bandwidth dual-stage
track-following controllers have been designed using both a decoupled SISO design method, and robust p-synthesis design
methods, among others. Additionally, short-span seeking control using a 2-DOF control structure with decoupled feed forward
trajectory generation can greatly reduce the short span seek time.

There remains much research needing to be done in this field to achieve nanometer-level precision. In order to further in-
crease bandwidth, third generation dual-stage servo systems of an actuated head approach will eventually have to be employed.
Research in this area has just started, with the key problem being how to combine microactuator fabrication with read/write
head fabrication. Another area of research is to use MEMS technology to incorporate additional sensors to suppress the TMR
due to airflow excited structural vibration. New robust, adaptive MIMO control architectures and algorithms must be developed

for such a multi-sensing and multi-actuation servo system.
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Figure 3: Electrostatic microactuators: Comb-drives vs. Parallel-plates
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Figure 4: Differential parallel-plates actuators and electrical-isolation features
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position measurement (solid line) is compared to the measurements from LDV (dashed line). Courtesy from Naiuavudhi
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Figure 11: Fabrication example 1: HexSil
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Figure 13: Basic silicon-on-insulator fabrication process



Figure 14: Electrostatic driving array of microactuator from SOI
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Figure 15: Deep trench fabrication process adapted for backside release



Figure 16: Microactuator with integrated gimbal fabricated by ABR



Figure 17: Piezoresistive strain sensor on steel substrate



Figure 18: Disk drive servo control.



Figure 19: Master-slave design structure.



Figure 20: Decoupled control design structure.



Figure 21: PQ control design structure.



Figure 22: Parallel control design structure.



Figure 23: Dual-stage control plant.



Figure 24: Decoupled dual-stage control design block diagram.



Figure 25: The sensitivity block diagram.
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Figure 26: Illustration of dual-stage sensitivity St design.



Figure 27: Self-tuning control of the MA.
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Figure 29: (a) open loop Bode plot of the decoupled design; (b) open loop Bode plot of the u-synthesis design; (c) closed loop
sensitivity Bode of the decoupled design; (d) closed loop sensitivity Bode plot of the u-synthesis design.
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Figure 30: Control parameters adaptation response.



Figure 31: Dual-stage seek control design.
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List of Tables

1 Parameters of the electrostatic microactuator design by Horsley 1998



| Parameters || Source* Value
Nominal gap D 10 pm
Structure thickness D 45 pm
Rotor mass, m I 44 ug
dC/dx C 68 fF/um
Actuation voltage, bias voltage D 40V
Actuation voltage, maximum driving voltage D +/-40V
Voltage-to-force gain K, I 50 nN/V
Mechanical spring constant K, I 29 N/m
Electrostatic spring constant K, I 9.6 N/m
Damping coefficient, b I 1.03x10~% N/(m/s)
Voltage-to-position DC gain M 0.05 pm/V
Resonance frequency, w, M 550 Hz

*: D=Design value, C=Calculation, M=Measurement, I=Inferred from measurements

Table 1: Parameters of the electrostatic microactuator design by Horsley 1998




