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Integration of Thin Film Strain Sensors Into Hard
Drives for Active Feedback Vibration Suppression

Sarah Felix, Member, IEEE, and Roberto Horowitz, Senior Member, IEEE

Abstract— The work described in this paper demonstrates a
novel application of piezoelectric thin-film sensing technology
by incorporating ZnO strain sensors into a hard disk drive
(HDD) and deploying the sensors in a high-sample-rate feedback
controller to suppress vibrations. First, thin-film ZnO sensors
are fabricated directly onto a HDD suspension component,
which was a unique and challenging process since the substrate
is steel. The sensor geometry is designed to be selective to
vibration modes that contribute to displacement in the off-track
direction. The smart suspension structure is then packaged into
an experimental HDD, along with a miniaturized conditioning
circuit and lead zirconate titanate (PZT) actuation elements.
The sensors demonstrate excellent sensitivity and selectivity to
the desired modes. Finally, an active mode damping controller
is implemented on the instrumented, PZT-actuated prototype.
Feedback control using the thin film sensors effectively suppresses
the high-frequency sway mode of the suspension.

Index Terms— Hard disk drive (HDD), piezoelectric thin films,
smart structures, vibration control.

I. INTRODUCTION

HARD disk drives (HDDs) are among the most complex
electro-mechanical systems encountered in daily life,

and yet their storage capacity has continued to keep pace
with the aggressive trends of the computer microprocessor
industry. Even with the advent of new data storage technolo-
gies, the HDD continues to thrive as a cost effective and
reliable solution for very high density data storage. It is a
key technology for enterprise systems such as web servers
and high-performance scientific super computers, as well as
home entertainment systems like digital video recorders and
gaming computers. Since data density is the most compet-
itive figure of merit of the HDD, it is critical to continue
increasing data capacity at a rapid rate. The current industry
target is .16 Tbit/cm2 (1 Tbit/in2), with advanced research
and development considering .62 Tbit/cm2 (4 Tbit/in2). The
corresponding allowable track mis-registration (TMR) requires
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Fig. 1. Conventional hard disk drive.

positioning accuracy within 5 nm or less at 3σ root-mean-
square (RMS). Such nanoscale performance specifications
necessitate advanced technology leaps in all of the HDD
subsystems, including the servo control subsystem.

Several key components comprise the conventional disk
drive servo system, as illustrated in Fig. 1. The magnetic
read/write head is suspended over the disk by an arm consist-
ing of a rigid E-block that rotates around a pivot, and a flexible
load beam called the suspension. The voice coil motor (VCM)
rotates the E-block around the pivot, sweeping the magnetic
read/write head to different radial locations across the spinning
disk. The read/write head detects its radial position when it
flies over dedicated servo sectors on the disk which indicate
how far away the head is from the center of a data track. This
is called the position error signal, or PES. The PES feeds back
into a control algorithm that directs the motion of the VCM,
thus completing the servo loop.

The read/write head is aerodynamically designed to fly
over the disk surface while the disk is spinning. The fly
height in state-of-the-art drives is on the order of only a
few nanometers. Although the airflow caused by the spinning
disk is necessary to maintain this fly height, the flow itself
can excite problematic vibrations in the suspension structure.
In the past, the motion caused by these vibrations, which
typically occur at frequencies of about 1 kHz or more, have
been within the specification for allowable off-track error.
However, with higher data densities and closer tracks, the
airflow induced force, called windage, becomes the dominant
contributor to unacceptable off-track error. Unfortunately, the
PES signal in a conventional disk drive cannot detect such
high-frequency vibrations. Its sample rate is constrained by
the number of servo sectors on the disk and the rotation rate.
Adding more servo sectors would decrease the amount of disk
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Fig. 2. Illustration of a PZT-actuated suspension.

space available for data bits. Morover, increasing the rotation
rate of the disk can actually cause additional vibration, noise,
and heat problems [1].

Researchers have studied different types of sensors mounted
at various locations in the drive to aid in improved servo
tracking performance. Huang et al. [2] used bulk strain sensors
attached to the VCM in a control system to suppress the effect
of the actuator’s butterfly mode. PZT-actuated suspensions
have bulk PZT elements bonded to the structure to provide fine
actuation that compliments the VCM actuation, as illustrated
in Fig. 2. A number of researchers have explored modifying
the PZT elements in such suspensions to act as sensors and
provide vibration information to a control system [3]–[6].
However, this limits the placement and sensitivity of the
sensors, and the large actuator elements have a significant
effect on the suspension dynamics. Piezoelectric PVDF has
also been investigated for strain sensing and actuation in disk
drives [7], [8]. This polymeric material is more flexible than
PZT, but it has only been demonstrated as a bulk sheet element
bonded to the suspension, similar to PZT.

The concept of instrumented suspensions with dedicated
miniaturized sensors optimally located on the suspension was
first proposed by Huang et al. [9]. Kon and Horowitz demon-
strated fabrication and of thin-film ZnO sensors directly onto a
steel suspension structure, decoupling the design of actuators
and sensors [10]. The thin-film material does not significantly
alter the dynamics of the suspension design. Furthermore, the
additive and subtractive wafer-level processes involved with
thin-film fabrication are similar to those used in existing state-
of-the-art suspension fabrication. Felix et al. [11] described
the implementation of thin film sensors in feedback control
with a VCM only. The results demonstrated that minimal
performance improvements could be achieved with the VCM
actuator alone. The effectiveness of the sensors was also
limited by unwanted vibration modes appearing in the sensor
signal. As initially described in [12], we have advanced the
instrumented suspension technology by introducing intercon-
nected sensors to cancel unwanted modes, and by fabricating
prototype suspensions that integrate thin film sensors with
PZT actuator elements. We successfully implemented a work-
ing feedback controller using these sensors and actuators to
demonstrate the utility of the sensors in suppressing high-
frequency vibration modes. Specifically, since this combina-
tion of integrated strain sensors and a dual stage actuator can
actively attenuate higher frequency vibrations, it can enable a

track-following controller to have higher bandwidth, resulting
in higher track densities. This paper describes the work in
detail, from design to implementation.

The remainder of this paper is organized as follows:
Section II describes the development and fabrication of instru-
mented, PZT-actuated suspensions using thin-film ZnO strain
sensors. Section III presents the results of testing and charac-
terization of the prototypes. Section IV presents experimental
results from feedback control using the sensors in concert with
PZT actuation elements.

II. DESIGN AND FABRICATION

A. Material Selection

Commonly used piezoelectric thin films are lead zirconate
titanate (PZT), zinc oxide (ZnO), and aluminum nitride (AlN).
These films have been used for silicon devices such as
resonators [13], [14], surface acoustic wave filters [15], atomic
force microscopy cantilevers [16], energy scavenging devices
[17], [18], and other transducers [19], [20]. The two main
considerations in selecting a material are sensing performance
and processing feasibility.

A piezoelectric thin film between two electrode layers can
be modelled as a charge source in parallel with a capacitor.
This is valid at high frequencies where leakage current is neg-
ligible [10]. The piezoelectric material behaves as a dielectric
with a characteristic capacitance of

C = Aϵ0ϵ f

t
(1)

where A is the area of the sensor, t is the thickness of the film,
ϵ0 is the permittivity of free space, and ϵ f is the permittivity
of the piezoelectric film relative to an electric field across its
thickness, at constant stress. The mechanically coupled charge,
Q p is given by:

Q p = e31S A (2)

where e31 is the thickness mode piezoelectric constant, and S
is the in-plane strain. It follows that voltage across the film
thickness is

V =
!

e31t
ϵ0ϵ f

"
S (3)

and the grouping of terms in parentheses characterizes the
sensing sensitivity. Table I lists relevant properties for ZnO,
AlN, and PZT. Notice that PZT, although typically the material
of choice for piezoelectric actuators, does not perform as well
for sensing applications in thickness mode.

Instrumented suspensions introduce unique fabrication chal-
lenges due to the fact that the substrate is made of steel rather
than silicon. The primary constraint is processing temperature
due to the thermal expansion differential between steel and
piezoelectric thin-film materials. ZnO is a good choice because
it can be deposited at a low temperature (∼300 °C). PZT
requires a high-temperature annealing step around 600 °C.
Compared to ZnO, AlN has a similar range of processing
temperatures and material properties, such as piezoelectric
and thermal expansion coefficients. However, the RF power
required for the AlN sputtering process is higher and can heat
up a steel substrate more quickly. It is a feasible candidate,
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TABLE I

MATERIAL PROPERTIES FOR PIEZOELECTRIC SENSING MATERIALS

PROPERTY SYMBOL UNITS ZnO AlN PZT

Piezoelectric constant e31 C/m −0.57 to −0.51 -0.58 6.5
Permittivity ϵ33 - 10.2 to 11 10.7 1470

Sensing sensitivity
per unit film thickness e31

ϵ0ϵ33
103V/µ −6.3 to −5.2 6.1 0.5

(ϵ0 is permittivity of vacuum)
Thermal expansion αt 10−6K−1 4.3 4.4 7.0

(at 300K, ⊥ to c-axis)
Processing temperature Tp

oC 300 20 600
REFERENCES [21], [22] [23], [24], [20] [21]

[23], [25] [26], [15] [27]

but would require careful tuning of the sputtering process to
manage substrate temperature.

B. Design For Mode Selectivity

The most problematic modes for servo control are the
ones that cause displacement in the off-track direction. It is
important for the sensor signal to emphasize these modes and
minimize signals from non-off-track modes. Windage excites
different structural modes in the suspensions which contribute
in varying degrees to off-track motion. For example, the sway
mode, in which the suspension moves in a yawing motion,
directly affects off-track error. A torsional mode contributes
a small component of motion in the off-track direction as the
suspension twists about its long axis. Finally, a bending mode
makes practically no contribution to off-track motion as the
read/write head moves up and down in a pitching motion. To
focus on off-track modes, we used two methods to incorporate
modal selectivity into the sensor design. The first method
used an optimization algorithm to choose the location and
shape of the sensors. The second concept was to interconnect
symmetrical sensors to cancel the signal from some non-off-
track modes.

1) LQG Optimization Algorithm: The sensor shape and
location were determined using an efficient optimization algo-
rithm as described in [28]. The cost function for the optimiza-
tion was based on linear quadratic gaussian (LQG) control,
which computes the best parameters for linear estimation
and feedback control to minimize the variance of a specified
error [29]. In the case of the hard drive, error is the off-
track deviation. The optimal parameters for the estimator and
controller will depend on the sensor configuration. Thus the
sensor optimization strategy was to solve the LQG problem
and compute the lowest possible error variance for each candi-
date sensor configuration, then select the sensor configuration
with the best result. This can be expressed as the following
optimization problem:

min
$

!
min

FL ,KL
E[zT z]

"
(4)

where $ represents the physical sensor configuration, FL is
the linear estimation parameter, KL is the linear controller
parameter and z is the off-track error.

The candidate sensor configurations were composed of
clusters of elements from an ANSYS model of the suspension,
selected by engineering judgement to be near the flexible
hinge portion of the suspension. The ANSYS model itself
provided the sensor measurement response to deflections at
the read/write head for each configuration. The sensor response
was, in turn, included in a model of the system used for LQG
optimization. We direct the reader to [28] for more details
on the algorithm and how it was applied to instrumented
suspension design.

2) Symmetrical Interconnected Sensors: It is possible to
exploit symmetry in a sensor configuration to minimize the
response from non-off-track modes. Two symmetrical sensors
placed on each side of the suspension hinge will detect equal
signals from prominent non-off-track displacement modes,
such as the first bending mode. On the other hand, signals
from off-track modes will be 180 degrees out of phase
(i.e. have the opposite sign). Thus, if the signal from one
sensor is subtracted from that of the other sensor, off-track
signals will be amplified by a factor of two, while non-off-
track modes will be cancelled.

Kon proposed this concept of interconnecting symmetri-
cal sensors and provided ANSYS simulation as validation
[30]. Here we tested this concept experimentally using a
suspension with bonded bulk PZT elements that were wired
either separately or interconnected as described above. In
this test, the suspension was excited by a VCM and off-
track motion was measured with a laser doppler velocimiter
(LDV). Fig. 3 shows the frequency responses of the PZT
sensing configurations, along with that of off-track displace-
ment measured by the LDV. When the sensing elements were
separated, their signals contain many modes including non-
off-track modes that barely appear in the LDV measurement.
However when the elements are interconnected to cancel com-
mon signals, the non-off-track modes vanish from the sensor
signal.

Mode cancellation was incorporated into the thin-film sen-
sor design by joining the metal interconnects in such a way
that the difference between the voltage across two symmetrical
sensors could be measured. The bottom electrodes were con-
nected and grounded and the voltage difference between the
top electrodes was measured. Fig. 4 shows the interconnect
layout to achieve this.



FELIX AND HOROWITZ: INTEGRATION OF THIN-FILM STRAIN SENSORS INTO HARD DRIVES 1711

103 104
−40

−30

−20

−10

0

10

20

30

Frequency (Hz)

M
ag

ni
tu

de
 (

dB
)

INTERCONNECTED

SEPARATED

LDV OFF−TRACK

OFF−TRACK
 MODES

Fig. 3. Experimental transfer functions between VCM excitation and various
sensor measurements, demonstrating mode cancellation with interconnected
sensors, compared to the LDV measurement of off-track motion only.

Fig. 4. Layout for interconnecting thin-film sensors to achieve non-off-track
mode cancellation.

3) Dual-Stage Actuators: The term dual-stage refers to
actuators in a HDD added to complement the VCM actuation
and increase servo bandwidth. Among the many designs
for dual-stage actuation in HDDs is the PZT-actuated sus-
pension. The typical configuration uses two pieces of bulk
PZT sheet material bonded symmetrically to a portion of
the suspension, as seen in Fig. 2. Application of oppositely
poled voltage to each PZT element induces a yawing motion
in the suspension which can be used to cancel off-track
disturbances. This design often involves making the struc-
ture more flexible to achieve adequate stroke. The trade-
off with this approach is that the more compliant structure
has higher amplitude vibrations in response to disturbances.
Moreover, bulk PZT actuator elements add complexity to the
suspension assembly process. However, the overall simplicity
and mechanical robustness has been favorable, so we used
this well-established actuation platform in conjunction with
our strain sensors with the goal of demonstrating feedback
control.

III. FABRICATION AND CHARACTERIZATION

A. Process Flow

Fig. 5 illustrates the process flow for fabricating ZnO strain
gages on steel suspensions, which was based on the process

(a)
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(e)
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(h)
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(j)
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Fig. 5. Fabrication process flow for instrumented suspensions.

developed in [10]. The 35 µm thick, 100 cm diameter, 304
stainless steel wafer has a rough surface from a microfabrica-
tion standpoint. Furthermore, it is flexible, conductive, subject
to oxidation, and presents problems with thermal expansion
differences. Throughout many of the processing steps, the
flexible wafer was bonded to a silicon handle wafer using a
drop of water. First, a 0.5-µm thick layer of spin-on-glass
(SOG) was deposited onto the steel substrate. This served
to planarize the surface, protect it from oxidation during
subsequent processing, and electrically insulate the substrate
from the sensors. Next, a 0.17-µm thick aluminum layer was
evaporated onto the wafer. A second SOG layer promoted
adhesion of the ZnO and smoothed out the stress gradient
between the aluminum and ZnO (Fig. 5a). A smooth surface
was critical for subsequent ZnO deposition. The process for
depositing the ZnO film was RF magnetron sputtering. The
deposition rate with 200 W forward power, 3.5 mTorr oxygen,
and 3.5 mTorr argon and a substrate temperature of 300 °C
was approximately 0.8 µm per hour. Films of 0.8-1 µm
have demonstrated adequate piezoelectric properties for this
sensing application [10]. Residual stresses after sputtering
the ZnO caused significant warping of the steel substrate.
Care was taken to mechanically constrain the flexible wafer
during film deposition, lithography, and wet etching in order
to prevent bending and cracking [31]. The ZnO sensors were
patterned using a wet etch consisting of a 10:10:200 ratio of
phosphoric acid, acetic acid, and water, respectively (Fig. 5b).
The underlying SOG layer was etched in a 90%/10% mixture
of SF6/O2 plasma using the ZnO as a mask (Fig. 5c). After
this, the bottom Al electrode and leads were patterned and
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Fig. 6. Photograph of an actual sensor near the hinge of a suspension
prototype. The dark strip on the left is undercut from steel etch.

SENSOR

PZT ACTUATOR

Fig. 7. Hinge geometry and completed instrumented suspension prototype.

wet etched using potassium ferricyanide, potassium hydroxide,
and water in a ratio of 10:1:100. (Fig. 5d). A third SOG
layer provided insulation (Fig. 5e). Contact holes were etched
in this SOG layer (Fig. 5f). A second layer of aluminum
was evaporated and patterned to defind the top electrode and
interconnects (Fig. 5g). One more layer of SOG provided
passivation and protection of the sensors (Fig. 5h). Finally,
all the layers of SOG outside of the area of the sensor were
etched (Fig. 5i). The steel wafers were bulk micromachined
at Hutchinson Technology, Inc. (HTI), using a proprietary
process to define the suspension geometry (Fig. 5j). HTI
assembled the instrumented piece into a suspension prototype
that incorporated bulk PZT elements for actuation. A photo-
graph of a completed sensor is in Fig. 6. The area of the sensor
is about 0.2 mm2. Fig. 7 shows the outline of the etched steel
hinge and its location in a finished suspension prototype.

IV. PROTOTYPE TESTING

A. Experimental Hardware

1) Conditioning Circuit: Due to both material properties
and size scale, the ZnO sensors produced very small currents
in response to external strain, on the order of picoamps. Fig. 8
is a diagram of the circuit, designed to amplify signals in the
frequency range of 1 kHz and 30 kHz where the vibrational
modes of interest are found [10]. An initial buffer stage utilized
a differential input to reduce the common mode noise from
both sensor elements with a gain of 100 to boost signal-
to-noise ratio (SNR). The second stage was a differential-
to-single-end converter with gain of 10, for a total gain of
1000. A high-pass filter was incorporated into the circuit to
prevent low-frequency noise and drift from being amplified.

Fig. 8. Schematic diagram of interface circuit for instrumented suspensions.

SUSPENSION

Fig. 9. E-block and suspension assembly with interface circuit installed.

The circuit transfer function is as follows:

Vs =
!

s R4C2

1 + s R3C2

" !
sC1(2R2 + R1) + 1

sC1 R1 + 1

"
[V2 − V1] (5)

where Vs is the output sensing voltage, and V1 and V2 are the
voltages from the two sensor electrodes.

2) Packaging And Drive Assembly: It was critical to place
the circuit close to the sensors to minimize environmental
noise and parasitic capacitance. Fig. 9 shows the miniature
circuit and a prototype suspension installed on a HDD E-
block. The polyimide HDD flex cables were used to carry
signals from the sensors to the circuit and from the circuit
to pins at the back side of the drive. Two techniques were
used to create the conductive pathways between the sensors,
actuators, instrumentation circuit, and the copper traces on
the flex cable. Conductive epoxy was applied to connect the
rectangular sensor electrode pads, visible in Fig. 7, to the flex
cable traces. Conductive epoxy was also used to connect the
lead from the PZT actuators to the flex cable. Gold wire bonds
connected the surface mount circuit elements to each other and
to the flex cable traces. In both cases, the connections were
potted in non-conductive epoxy to protect, isolate, and relieve
strain from the conductive materials.

The entire assembly was placed in an experimental disk
drive with one disk platter. A small window machined into the
side of the drive allowed access for a laser dopler velocimeter
(LDV) to measure off-track displacement of the read/write
head.
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output and to LDV output. The dotted lines are experimental data and the
solid lines are modeled transfer functions.

B. Open-Loop Measurements

Fig. 10 shows four open-loop transfer functions, from
the VCM and PZT actuators, to the LDV and ZnO sen-
sors, respectively. Overall the prototypes contained more
undesirable vibration modes than is typically seen in a com-
mercial HDD suspension. This was due to irregularities in
processing and assembly, such as the undercut seen on the left
edge in Fig. 6. Also, the bulky instrumentation circuit likely
caused irregular airflow disturbances that are uncharacteristic
of a commercial HDD. However, the resolution of the sensor
measurement is very good throughout the high frequency
range. The modes that appear in both the LDV measurement
and the sensor measurement are the off-track modes of interest.
Several undesirable non-off-track modes appear in the middle
frequency range. Some of these modes may be torsional modes
that cannot be fully cancelled with symmetrical interconnected
sensors. Also, there was likely some mismatch in the two
sensors due to process variations such as film thickness and
etching that prevented perfect cancellation. The frequency
response from the PZT actuator to the ZnO sensor contained
distortion from feedthrough due to the physical proximity of

the PZT actuators and ZnO sensors. This is a common problem
for small-scale sensor/actuator systems, but in this case, the
feedthrough was not a detriment to vibration detection in the
high frequency range of interest.

V. CLOSED-LOOP CONTROL

This section describes experimental implementation of
damping control using the thin film strain sensors. Damping
control is a simple, intuitive control scheme that is powerful
in this application. Because the sampling of these sensors
is not constrained by the rotation rate of the disk, feedback
control can be operated with a much higher high sampling
rate. Moreover, high frequency suspension modes are more
effectively controlled by a dual stage actuator embedded on the
suspension, instead of the VCM. This is because in trying to
compensate for suspension modes, the VCM can excite other
unwanted modes in the E-block assembly. Using a dual stage
actuator to damp high frequency structural modes is sometimes
referred to as inner loop damping. The benefit of this approach
is that it reduces the magnitude of resonant modes in the
high frequency range, effectively improving the open-loop
dynamics of the structure that will be controlled by the VCM.
Then, the outer loop tracking controller that uses the VCM can
be made more aggressive, extending the bandwidth to a higher
frequency range, without violating stability margins around
such resonant modes. Examples of a full tracking controller
that uses an embedded damping control loop can be seen in
[5] and [32].

A. Modeling

In a disk drive system the frequency response from each
actuator, ui , to each displacement sensor, y j , can be reasonably
represented by a summation of second order structural modes,
as in

Gij (s) =
N#

n=1

% i j
n ω2

n

s2 + ζnωns + ω2
n
. (6)

In (6), N is the total number of modes; ωn and ζn are the
natural frequency and damping ratio, respectively, of mode n;
and %

i j
n is the modal constant for mode n from ui to y j . The

modal parameters, ωn , ζn , and % i j
n can be estimated using a

single-degree-of-freedom (SDOF) technique such as the circle-
fit method or peak-magnitude method [33]. A number of
modes were neglected in the interest of keeping the order of
the controller manageable. The circuit dynamics correspond to
the transfer function in (5). The feedthrough dynamics were
of the form

G f t = (s + µ1)(s + µ2)

(s + ρ1)(s + ρ2)
. (7)

The parameters in (7) were tuned to match the observed
feedthrough dynamics in the measured transfer function from
the PZT actuators to the ZnO sensors. As for noise levels,
sensor noise was estimated from experiment to be 10 mV
RMS. Off track measurement noise was assumed to be 1
nm RMS, which corresponds to typical PES noise of 2%
of track width, computed for .16 Tbit/cm2 (1 Tbit/in2) areal
density. Fig. 10 shows the model superimposed over the
experimental data.
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B. Damping Control

We employed a robust active mode damping (AMD) con-
troller, similar to that proposed in [5] for a HDD application.
The advantage of this design is its simplicity, relatively low
order, and robustness. The controller was designed in contin-
uous time, and then discretized at the desired sampling rate.
A controller K D,i(s) is designed for each mode at frequency
ωi , as follows:

K D,i(s) =
$

s + ωi
φi

s + βiωi
φi

%!
s + βiφiωi

s + φiωi

"
(8)

where φi and βi are constant parameters to be tuned. The
parameter φi widens the range of increased controller gain
around ωi and effectively adds robustness to frequency shifts
in the mode itself. The parameter βi adds phase lead at the
frequency, ωi and helps stabilize the loop. Reasonable values
for these parameters are 1 < φi < 3 and 5 < βi < 15. An
AMD controller can be designed for Nm different modes. The
overall AMD controller is then

K D(s) =
Nm&

i=1

K D,i(s). (9)

Stability margins were a limiting factor in the damping
control design. As mentioned in Section IV, the dynamics
of the prototype suspension contained modes located close to
each other in frequency. Making the control gain more aggres-
sive around certain frequencies caused the gain and/or phase
margins to be violated near other frequencies. Nonetheless,
it was possible to design a controller that predicted notable
damping around the sway mode at 20.5 kHz. The controller
and plant were discretized using a sampling frequency of
120 kHz, which is aggressive, but still allowed enough time
during one sampling interval (8.3 µ s) for our DSP board to
process the control algorithm.

We successfully implemented the AMD controller on the
experimental hardware. Fig. 11 shows the predicted damping
by comparing the open and closed-loop frequency response
from PZT to ZnO sensor. The experimental result in Fig. 12
matches the prediction very well, indicating that the model
is accurate, and the sensor noise is small. Note that in the
experiment, a notch filter was added and tuned to 34 kHz to
prevent the experimental controller from exciting this large
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mode. The magnitude of off-track vibrations from the sway
mode were decreased by about 6 dB. Fig. 13 shows a power
spectral density of vibrations excited by windage with the
controller on and off. This figure demonstrates the relative
importance of the sway mode, and the significant reduction in
actual off-track motion obtained by targeting this mode. The
PZT control signal was well within its limits, with a maximum
voltage of about 0.2 V. We also empirically observed decent
robustness of the controller, as it tolerated small adjustments in
the overall gain, and small shifts in frequencies without going
unstable. Note that even though the prototype HDD contained
irregular dynamics that precluded the implementation of a
full tracking controller, the attenuation of the suspension
sway mode is representative of what could be achieved in
a commercial drive. For example, the magnitude reduction of
6dB would translate directly to improved stability margin in
a tracking controller.

VI. CONCLUSION

In this paper, we described how ZnO thin-film sensors
were integrated with PZT actuation to fabricate an advanced
hard disk drive suspension prototype. We incorporated inter-
connected sensors for better modal selectivity, and solved a
number of processing and packaging challenges to realize full
integration into a prototype HDD. We demonstrated how this
smart structure can be utilized with simple feedback damping
control to suppress high-frequency vibrations. Although our
prototype exhibited irregular dynamics that limited the control
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authority to a narrow band targeting one vibration mode, air
flow induced off-track vibrations were significantly reduced in
the frequency range of interest. The results described here rep-
resent an important milestone in proving out the instrumented
suspension concept. Recommended future work includes opti-
mizing fabrication processes and circuitry to achieve more
reliable components with better inherent dynamics, incorpo-
rating gain trimming into the interconnected sensors, and
exploring more complete control schemes that utilize multiple
measurements and actuators to demonstrate absolute tracking
improvements.
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