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ABSTRACT 

Dual-stage actuation is an important technology 
enabler for advancing hard disk drive (HDD) capacity and 
performance.  With smaller track pitches and larger 
disturbances due to increased spindle speeds, future dual-
stage actuators will need to overcome the bandwidth 
limitations faced by the current suspension-based devices.   
The proposed quasi-shear mode piezoelectric 
microactuator provides a cost-effective solution which 
can be implemented at the wafer-scale.  We demonstrate a 
prototype with a measured stroke of 1.6 nm/V at 50 kHz.  
Furthermore, a second actuation mode is proposed to 
minimize pressure loss at the air-bearing surface by 
independently controlling the necessary gap width 
between the slider body and read/write head. 
 
INTRODUCTION 

The demand for higher data storage capacities with 
lower access times has driven the hard disk drive (HDD) 
industry to continually find new strategies for servo 
hardware improvement.  As areal density is pushed down 
toward 10 Tb/in2, track pitch scales down to about 16 nm 
[1] resulting in a 1.6 nm maximum allowable 3σ position 
error.  At the same time, data rate requirements have 
necessitated higher and higher spindle speeds so that 
considerable airflow-induced vibration now shows up at 
frequencies of 15 kHz and higher [2].  These competing 
constraints are very difficult to meet with a conventional 
voice-coil motor (VCM) which typically exhibits a 40 
dB/decade roll-off around 100 Hz.  This had led to the 
development of various dual stage actuation schemes to 
increase the overall servo bandwidth as shown in Table 1. 

 
Table 1: Dual-stage bandwidths demonstrated to date 
based on the frequency of the primary system mode. 

Location Mechanism Bandwidth Ref 
Suspension Piezoelectric 5 kHz 4 
Slider Electromagnetic 1 kHz 5 
Slider Electrostatic 2 kHz 6 
Slider Piezoelectric 9 kHz 7 
Head Electrostatic 20 kHz 8 

 
The HDD industry is currently employing 

suspension-based piezoelectric microactuators similar to 
those first prototyped by Mori [3].  Since then, servo 
techniques have been developed to accommodate track 
pitches reported as low as 20 nm [4].  However, further 
improvements are limited because suspension-based 
microactuators still contain many flexible modes at 10 
kHz and up, making disturbance attenuation in this region 
nearly impossible.  For this reason, several collocated 
actuators have been proposed to eliminate the Abbé offset 
between the actuator and the head.  The first type is the 
actuated slider, proposed by Tang [5].  At the time, a track 
width of 500 nm could be followed. Subsequent 

prototypes have reported track-following capabilities 
down to 250 nm by using piezoelectric actuators to 
achieve 9 kHz bandwidths [6,7]; however, these devices 
remain bulky and difficult to integrate into conventional 
head-gimbal assemblies.  Thus, recent interest has turned 
to head-based  microactuators which have demonstrated 
bandwidths over 20 kHz [8] and are likely candidates for 
wafer-scale fabrication beneath the read-write elements of 
the head, as shown in figure 1. 

 

 
Figure 1: Proposed head-based microactuator can be 
embedded beneath the read/write elements to position 
head while minimizing air-bearing gap 
 
QUASI-SHEAR MODE DEVICE 

Piezoelectric microactuators have the advantage that, 
unlike their electrostatic counterparts, particle 
contamination will not lead to catastrophic failure.  
Furthermore, they tend to exhibit greater and more linear 
actuation forces.  Previously, Yanagisawa proposed the 
use of a piezoelectric element poled in the shear direction 
and embedded between the slider body and the read/write 
elements [9].  But poling a piezoelectric material in the 
d15 shear direction is very difficult at the production level 
because it requires a large poling field perpendicular to 
the drive electrodes.  One alternative is to stack layers of 
piezoelectric material actuated in the d31 transverse 
direction to approximate a shear motion as layers slide 
past one another [10].  But these d31 types of actuators all 
require gaps in the air-bearing surface. 

One of the key constraints in designing a head-based 
microactuator is that the air-bearing surface at the trailing 
edge of the slider cannot have any large gaps.  Otherwise, 
the pressure necessary for fly-height stiffness will be 
dramatically reduced.  On the other hand, the force 
required for a microactuator to shear a continuous air-
bearing surface would be prohibitively large and a gap 
will be necessary.  If it were possible to control the width 
of the gap to within approximately 1 nm at about 100 µm 
upstream of the trailing edge, the pressure drop in the air-
bearing would be negligible [11].  To independently 
control this gap along with head position, a quasi-shear 
mode (QSM) microactuator is proposed, as shown in 
figure 2.  
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Figure 2: With the proposed device, alternating sets of 
pillars can be actuated either (a) anti-parallel for quasi-
shear actuation or (b) parallel for air-bearing gap control 
 
PROTOTYPE DESIGN 

The prototype QSM device consists of two 
components, denoted A and B in figure 2.  Component A 
is the piezoelectric base of single-crystal lead magnesium 
niobate lead titanate (PMN-PT) pillars.  These pillars are 
60 µm wide and approximately 250 µm tall.  Component 
B consists of a flexible hinge structure and a dummy 
read/write head.  The pillars are poled and actuated along 
the [001] direction of PMN-PT to maximize the 
longitudinal piezoelectric constant, d33.  The displacement 
of each pillar can be expressed as: 
 
 Δx = d33V     (1) 

 
where V is the voltage applied across each pillar. 
Measurements for bulk PMN-PT were taken using a laser 
doppler vibrometer (LDV) to obtain a piezoelectric 
constant of d33=1900 pm/V. The length of the base is 
extended so that an area on top of each pillar is created for 
wire-bonding to them individually.  When the pillars are 
actuated in parallel, as shown in figure 2b, the 
displacement can be estimated to be approximately 1.9 
nm/V in the direction which controls the gap in the air-
bearing surface.  When the pillars are actuated anti-
parallel from one another as shown in figure 2a, the 
hinges will convert the longitudinal extension of the 
pillars into a shear motion in the read/write head. Figure 3 
shows a 2D model of this motion predicting a shear 
displacement of 1.5 nm/V. 
 

 
Figure 3: 2D piezo-elastic model of quasi-shear motion 
normalized with 1V and -1V applied at the top of 
alternating pillars and grounded at base.  

Figure 4: Prototype fabrication process flow can be 
broken down into two parts consisting of steps (a) through 
(j) for the top hinge/head structure and (k) through (m) 
for the underlying piezoelectric pillars 

 
PROTOTYPE FABRICATION 

A silicon substrate was patterned and 8x4 µm pillars 
were created using deep reactive ion etching (Fig. 4a).  
The photoresist was removed and a 250 nm Cr/Cu plating 
base was sputtered (Fig. 4b). Then a 14 µm copper 
sacrificial layer was electrodeposited at 230 nm/min in 
TechiCopper FB (Fig. 4c).  This sacrificial layer was then 
planarized using 320, 400, and 600 grit paper after which 
it was polished with a cotton wheel and Dico SCR 
polishing compound (Fig. 4d).  The polishing particles 
were cleaned from the surface with detergent and water in 
an ultra-sonic bath. Then a 300 nm Cr/Ni plating base was 
sputtered (Fig. 4e) and 10 µm SPR 220 thick resist was 
used to electroform 4 µm thick flexures (Fig. 4f, 4g).  The 
resist was removed in acetone and the Ni plating was 
removed with a low temperature ion mill process (Fig. 4h, 
4i).  Finally, the individual read/write chips were diced 
and the copper sacrificial layer was removed in Cu APS 
100 (Fig. 4j). 

Bulk PMN-PT was purchased in the [001] orientation 
with Cr/Au electrodes pre-sputtered. This material was 
bonded to the Si handle wafer using conductive epoxy 
(Fig. 4k, 4l). This was to avoid thermocompression 
bonding which would require a smooth PMN-PT surface.  
The pillars were then defined using a 35 µm dicing blade 
with a 60 µm kerf, 4 µm grit size, and 1 mm exposure. 
Cutting at a depth of 250 µm resulted in arrays of pillars 
with isolated top electrodes and one continuous bottom 
electrode (Fig. 4m).  As seen figure 5, the resulting pillars 
have a higher aspect ratio than what is generally observed 
with inductively-coupled plasma etches of a similar 
material, lead zirconate titanate (PZT) [12, 13]. 

The final assembly was completed using a Karl Suss 
FC 150 flipchip bonder.  High strength Devcon epoxy 
was dispensed onto the Ni flexures from the top chip so 
that an epoxy droplet formed on each of them.  This was 
then aligned and brought into contact with the Au 
electrodes on the PMN-PT pillars and a test bond was 
performed to verify that the epoxy successfully wetted 
both surfaces.  The epoxy cured for 30 minutes and took 
an additional 3 hours to harden. The assembled device 
was then mounted on a printed circuit board (PCB) and 
Au interconnects were wire-bonded from the PCB to each 
individual pillar as shown in figure 6. 

1170



 
Figure 5: High aspect-ratio walls were scribed in PMN-
PT using an ultra-thin dicing blade with slow feed rate 

 

 
Figure 6: Completed device showing direction of motion 
and perpendicular face upon which motion was measured 
using a laser doppler vibrometer (LDV) 

 
EXPERIMENTAL RESULTS 

The prototype device was actuated at different 
frequencies in the shear direction.  The base of the chip 
was raised to 18V above the common ground to which all 
other equipment in the experiment was connected.  Then a 
nominally 1.5VAC sinusoidal signal was generated with a 
dynamic frequency analyzer.  An amplification circuit 
was built with two operational amplifiers to boost the 
signal to 15VAC and invert it so that two signals are 
generated with a 180° phase offset between them. These 
signals are then connected to interconnects on the PCB 
corresponding to the alternating pillars on the device. 

The response of the device is then measured with a 
laser doppler vibrometer (LDV) focused onto the side of 
the dummy read/write head as shown in figure 6.  The 
size of the laser beam is approximately 0.5 mm.  A large 
and smooth surface is required to achieve the necessary 
reflectivity to obtain a reliable measurement of velocity 
from which displacement is obtained.  The reconstructed 
displacement signal is then fed back into the dynamic 
frequency analyzer to obtain frequency response data 
shown in figure 7. 

 
Figure 7: The frequency response and directionality of 
the device was characterized in terms of shear mode 
stroke, fly-height error and out-of-plane error. 
 

 
Figure 8:  The independence of parallel (fly-height gap 
control) and anti-parallel (shear mode) actuation was 
characterized in terms of their respective frequency 
responses. 
 

In order to obtain the actuator stroke in shear motion, 
the actual actuation voltage had to be measured. Due to 
the impedance mismatch with the amplification circuitry, 
an actual voltage of 6.8 VAC was measured. For an LDV 
feedback gain of 500 nm/V this means that the frequency 
response of -40 dB at 10 kHz corresponds to an actuator 
stroke of 1.1 nm/V. The measured stroke over the entire 5 
to 50 kHz range varies from 0.4 nm/V (at 5 kHz) to 1.6 
nm/V (at 50 kHz). 

Figure 7 also shows the effect that the shear motion 
has upon the fly-height and air-bearing gap. For these 
measurements, the entire device was rotated so that the 
LDV was focused upon the appropriate surface of the 
device.  Except in the region below 10 kHz, where the 
noise is too great to accurately measure the frequency 
response, there is a marked 40 dB offset between desired 
actuation direction and the two other directions. This 
means that the directionality of the actuator is at least 
100:1 and it may be even higher because the signal at -60 
dB falls below the noise floor of the experimental setup.   

To verify that the air-bearing gap can also be 
controlled independently of shear motion, the LDV was 
focused upon the top surface and the same parallel 
actuation signal was fed to the device. As seen in figure 8, 
there is again a 40 dB offset between the desired air-
bearing gap direction and its effect upon the shear motion 
of the device yielding 100:1 directionality for this mode.  
This verifies that the two different actuation modes are 
indeed independent. 
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It should be noted that none of the peaks appearing in 

the frequency response correspond to the first system 
mode of the QSM actuator because there is no observed 
roll-off over the region of interest. It is possible that this 
effect is the result of standing waves occurring within the 
piezoelectric pillars. Furthermore, there is a very clear 
trend of increasing gain with increasing frequency for 
both parallel and anti-parallel actuation modes. These 
trends are not observed in bulk material because for larger 
geometries roll-off due to standard mechanical resonances 
occurs below 1 kHz. However, more investigation is 
necessary to determine the underlying cause and nature of 
these trends. 

 
CONCLUSION 

A quasi-shear mode piezoelectric device is shown to 
provide a stroke on the order of 0.4 to 1.6 nm/V for the 5 
to 50 kHz frequency range. For actuation voltages of 5V 
this corresponds to a stroke as high as 16 nm, the width of 
one track at 10 Tb/in2. Furthermore, if the actuation stroke 
is 16 nm, the 100:1 directionality ensures that an air-
bearing gap of 1 nm can be controlled to within 0.16 nm. 

Since PMN-PT is a ferro-relaxor and will gradually 
lose its piezoelectric properties with increasing 
temperature [14], a more temperature-stable material like 
lead zirconate titanate (PZT) will have to be used. To 
achieve equivalent or higher stroke, the pillars could be 
fabricated from a d33-poled multilayer stack using the sol-
gel deposition method [15].  
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