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The flying height (FH) change during a track-seeking motion becomes of significant concern for ultralow flying sliders. The presence
of nanoscale adhesion forces, such as intermolecular and electrostatic forces, can adversely decrease the FH and even cause head-disk
impact. A quasi-static approximation of track-seeking motion is proposed here, which if sufficiently accurate can substantially decrease
the computation time over that required for a dynamic analysis. The track-seeking performances of four different air bearing surface
(ABS) designs are numerically investigated by the quasi-static approximation, and the results are compared with those computed by the
CML Dynamic Simulator. The former gives good agreements with the latter but with much less computation effort. The effects of various
factors causing FH changes are presented and compared quantitatively. The effective skew angle is found to be the dominant factor, but
the inertia effect is also not negligible. Two designs, called Scorpion III and IV, designed previously as active FH control sliders, are found
to exhibit an enhancement in track-seeking performance, compared with two other conventional ABS designs.

Index Terms—Flying height, hard disk drives, head-media interface, intermolecular and electrostatic forces, track-seeking motion.

I. INTRODUCTION

AFLYING height (FH) of less than 5 nm is required for
ultrahigh density recording. For such ultralow flying

sliders the changes in FH during track-seeking motions not
only cause signal loss, but also significantly increase the risk of
head-disk contact. Moreover, the presence of nanoscale adhe-
sion forces, such as intermolecular and electrostatic forces, can
cause dynamical instability. In order for a reliable head-disk
interface to be maintained the FH change and contact between
the slider and disk have to be avoided. Different air bearing
surface (ABS) designs can perform quite differently during the
track-seeking process. Therefore, the dynamic track-seeking
performance of air bearing sliders is becoming of increasing
importance. A better understanding of the factors that cause FH
change should help improve the ABS design to achieve better
track-seeking performance.

Cha et al. [1] studied the FH change during seek operation
for transverse pressure contour (TPC) sliders. They suggested
that at high seek velocities the skew angle effect dominates over
the inertia effect but there was no quantitative comparison be-
tween the cases with and without inertia effects due to the dif-
ficulty of measuring FH during track-seeking and the absence
of proper dynamic simulators. Liu and Soh [2] experimentally
investigated the effects of track-seeking velocity on air bearing
skew angle, air flow speed and flying performance of TPC and
Tri-pad sliders. The effects of the slider’s inertia and accelera-
tion were not considered. Chen and Bogy [3] conducted a nu-
merical study of the track-seeking dynamics of two different
sliders using the CML Dynamic Simulator. They found that the
two sliders had distinct dynamic characteristics. The Dynamic
Simulator included the inertia effect and provided more compre-
hensive simulations of track-seeking dynamics but it required
much more computation time.

Digital Object Identifier 10.1109/TMAG.2006.880461

In this paper, we propose a quasi-static approximation of the
track-seeking motion, which includes the effects of slider in-
ertia, effective skew angles and nanoscale adhesion forces in the
head-disk interface (HDI). We first compare the track-seeking
simulations of four ABS designs by quasi-static approximation
with those obtained using the CML Dynamic Simulator on a
smooth disk surface. Then we quantitatively study the effects of
various factors on the FH change.

II. THEORETICAL BACKGROUND AND NUMERICAL METHODS

A. Air Bearing Slider and Suspension Dynamics

The equations of motion of an air bearing slider flying over a
rotating disk are

(1)

where , and are the vertical displacement, pitch, and roll,
respectively. and are the moments of inertia, and
are the positions of the slider’s center of gravity, and
and are the force and moments exerted on the slider by the
suspension. For track-seeking motions, and include the
contribution of the inertia forces. The pressure distribution is
calculated by solving the generalized Reynolds equation. is
the ambient pressure and is the area of the ABS.

The CML Dynamic Simulator was developed to solve the
generalized Reynolds equations coupled with the dynamics of
the slider body and a lumped parameter suspension, where the
suspension is represented by flexure stiffness and damping co-
efficients. By using the simulator, we can obtain the dynamic
flying attitude of a slider during track-seeking motions. How-
ever, since the time step used in the dynamic simulation is usu-
ally on the order of s, it requires considerable com-
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putation effort to conduct one track-seeking simulation with an
average seeking time of 11 ms.

B. Quasi-Static Approximation of Track-Seeking Motion

In order to reduce the computation effort of track-seeking
simulations and quantitatively study the contribution of various
factors on the FH change during track-seeking, we carried out a
quasi-static approximation of the track-seeking motion. Instead
of simultaneously solving the Reynolds equation and the equa-
tions of motion at each time step, we solve the Reynolds equa-
tion under static suspension loading with consideration of the
seeking velocity and slider inertia at different radial positions
during track-seeking. The change of seeking velocity causes
changes of skew angle and air flow speed and direction. The ge-
ometrical skew angle refers to the angle between the slider’s lon-
gitudinal axis and the track direction. The effective skew angle is
the angle between the slider’s longitudinal direction and the rel-
ative disk velocity which is the resultant vector of the disk track
linear velocity and the slider’s seeking velocity. As the seeking
velocity increases, the difference between the geometrical and
effective skew angles increases.

The acceleration of the center of gravity of a slider during
track-seeking can be expressed as

(2)

where and are the tangential and normal components, re-
spectively. and are the angular velocity of the arm and the
arm length of the VCM actuator, respectively. The tangential
component is also referred to as the seeking acceleration. Since
the inertia effect of the suspension has minimal effect on the roll
angle and FH, only the inertia of the slider is considered in this
study. The additional torques exerted on the slider body due to
these inertia forces can be written as

(3)

where and are the mass and thickness of the slider.

III. RESULTS AND DISCUSSIOKONS

A. Air Bearing Designs and Track-Seeking Performances

We study the track-seeking performances of four negative
pressure ABS designs. The first design, depicted in Fig. 1(a), is
a five-pad design labeled ABS I. It was designed using an opti-
mization algorithm [4] for a nearly uniform 5-nm FH across the
disk. The second and more complicated design is shown in Fig.
1(b) and labeled ABS II. The third and fourth designs, named
Scorpion III and Scorpion IV, were designed as controlled-FH
sliders with thermal and piezoelectric nanoactuators [5], [6], re-
spectively. For a controlled-FH slider, the FH is about 10 nm
in the off duty cycle and is reduced to nm during reading
and writing by applying either a current or a voltage to an ac-
tive element, such as a resistive heating element or piezoelectric
material. As shown in Fig. 1(c) and (d), the areas of their cen-
tral trailing pads have been significantly reduced to increase the
actuation efficiency. The high pressures generated at the side
rails of Scorpion III and IV support the sliders and help achieve
high stiffness, especially in the roll direction. The increase of
roll stiffness can effectively reduce variations of roll angle due
to inertia forces. Therefore decreases in the minimum FH are

Fig. 1. Four ABS designs used in this study. (a) ABS I. (b) ABS II.
(c) Scorpion III. (d) Scorpion IV. (Color version available online at
http://ieeexplore.ieee.org.)

Fig. 2. FH changes during track-seeking motion. The maximum seek
acceleration is 637 m/s . (—– Dynamic ID->OD, – – – – – Dynamic OD->ID,
—–o Static ID->OD, —–o Static OD->ID). (a) ABS I. (b) ABS II. (c) Scorpion III.
(d) Scorpion IV. (Color version available online at http://ieeexplore.ieee.org.)

held to a minimum. Also, these features help generate high pres-
sure and large negative force, which are expected to reduce the
sensitivity of the FH to the change of skew angle.

The maximum seeking acceleration is 637 m/s for all of the
four ABS designs and the other parameters, such as velocity,
radial position, geometrical and effective skews are determined
by the length of the VCM actuator and the distance between the
pivot and the center of the disk according to specifications of
each product. The simulation starts with an outward seek that
is followed by an inward seek, thus completing a full-stroke
seeking loop. For the outward seeking process of ABS I, the
slider is first accelerated to 2.55 m/s in 4 ms, followed by 1 ms
of constant velocity, then it is decelerated to zero velocity in 4
ms. During the seek the geometrical skew angle changes from

to degrees. For the inward seek, we simply reverse the
outward seeking process. Although the actual seeking profile in
disk drives may be different, the major characteristics of track-
seeking motion are contained in the profiles used in this study.

Fig. 2 illustrates comparisons of gap FHs during the corre-
sponding full-stroke seeking loop between dynamic simulations
and the quasi-static approximations. It is seen that for all the de-
signs the quasi-static approximations demonstrate good agree-
ments with the dynamic simulations. The inertia effect is clearly
seen in the FH curves. The Scorpion III and IV sliders exhibit
extremely small FH, pitch and roll variations, which can signifi-
cantly reduce the risk of head-disk contact during track-seeking
motion.

B. Factors Causing FH Change

To investigate the contributions of effective skew, inertia and
air-flow speed to the FH change, we performed quasi-static sim-
ulations of the ABS I slider with different combinations of the
various factors. Fig. 3(a) shows the minimum FH change when
the slider moves from ID to OD. The curve labeled “Track-fol-
lowing” shows the FH without seeking. The curve labeled “with
roll and pitch torques” includes the effects of tangential (roll
torque) and normal acceleration (pitch torque), effective skew
and air flow speed. This is used as a baseline for comparing
the contributions of the factors. It is observed that the FH drops
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Fig. 3. Effects of the effective skew, inertia forces, and air flow speed on
the FH changes of ABS I from ID to OD. (Color version available online at
http://ieeexplore.ieee.org.)

about 1.5 nm near the MD. The effect of effective skew angle
on the FH drop is the difference between the curve “Track-fol-
lowing” and the curve “w/o inertia.” It is clearly seen that the
skew angle change is the dominant factor that causes the FH
change during track-seeking. The contributions of the other fac-
tors are shown in Fig. 3(b). The error is defined as the ratio of
the FH difference to the baseline value. The result without the
inertia effect has an error of 12% near the radial position of 19
mm, which is attributed to the roll angle change. The effect of
centrifugal forces caused by normal acceleration has an error of
less than 5% and the effect of the change of the air flow speed
has an error of less than 2%.

In order to study the effect of intermolecular and electrostatic
forces on the minimum FH during track-seeking motion we per-
formed quasi-static simulations for ABS I and Scorpion IV with
a 4-nm actuation stroke in the presence of these forces. The ef-
fect of intermolecular forces was included with a nominal value
of the Hamaker constant and the elec-
trostatic forces were added with different electrical potentials
( and V) between the slider and the disk. The
minimum FHs of ABS I and Scorpion IV are shown in Fig. 4(a)
and (b), respectively. It is seen that the FH of ABS I drops over
30% near the radial position of 19 mm while Scorpion IV ex-
hibits a much smaller and more uniform FH drop of less than
10 %. The improvement of the Scorpion ABSs on track-seeking
motion is primarily due to their insensitivity to skew angle and
their extremely high roll stiffnesses.

IV. CONCLUSION

This paper proposes a quasi-static approximation of the track-
seeking motion, which includes the effects of head—gimbal

Fig. 4. FH drops caused by the adhesion forces. (IMF stands for the
intermolecular force; V is the electrical potential across the HDI). (Color
version available online at http://ieeexplore.ieee.org.)

assembly (HGA) inertia, effective skew angles and nanoscale
adhesion forces in the HDI. The track-seeking simulations of
four ABS designs by the quasi-static approximation give good
agreements with those by the CML Dynamic Simulator but with
much less computation time. A quantitative study of the effects
of various factors on the minimum FH change during track-
seeking shows that the effective skew angle is dominant but the
inertia effect is not negligible. Intermolecular and electrostatic
forces were found to add to the FH drop of ABS I during the
track-seeking. However, even with an electrical potential of 0.6
V and intermolecular forces, the FH drop of Scorpion IV re-
mains less than 10%. Even though the FH change and the ad-
verse effect of these forces during track-seeking cannot be com-
pletely attenuated, a properly designed air bearing slider that de-
creases its sensitivity to skews, minimizes these forces and in-
creases the roll stiffness can greatly enhance the track-seeking
performance.

REFERENCES

[1] E. Cha, C. Chiang, and J. J. K. Lee, “Flying height change during
seek operation for TPC sliders,” IEEE Trans. Magn., vol. 31, no. 6, pp.
2967–2969, Nov. 1995.

[2] B. Liu and S. H. Soh, “Effects of seeking velocity on air bearing skew
angle, air flow speed and flying performance of sliders with different
ABS designs,” IEEE Trans. Magn., vol. 32, no. 5, pp. 3693–3695, Sep.
1996.

[3] L. S. Chen and D. B. Bogy, “A numerical study of the track-seeking
dynamics of the 30% TNPS and U sliders on smooth and laser-tex-
tured disks,” Comput. Mech. Lab., Dept. Mech. Eng., Univ. California,
Berkeley, CA, Tech. Rep. 1998-007.

[4] H. Zhu and D. B. Bogy, “Hard disc drive air bearing design: Modified
DIRECT algorithm and its application to slider air bearing surface opti-
mization,” Tribol. Intl., vol. 37, pp. 193–201, 2004.

[5] J. Y. Juang and D. B. Bogy, “Design and Analysis of a Flying Height
Control Slider With Thermal Nanoactuator,” Comput. Mech. Lab., Dept.
Mech. Eng., Univ. California, Berkeley, CA, Tech. Rep. 2006-004.

[6] J. Y. Juang, D. B. Bogy, and C. S. Bhatia, “Design and dynamics of
flying height control slider with piezoelectric nanoactuator in hard disk
drives,” ASME J. Tribol., to be published.

Manuscript received February 13, 2006 (e-mail: jia-yang.juang@hi-
tachigst.com).


	toc
	Effects of Track-Seeking Motion on the Flying Attitudes of Ultra
	Jia-Yang Juang ${}^{1,2}$, Hiroyuki Kubotera ${}^{1,3}$, and Dav
	${}^1$ Computer Mechanics Laboratory, Department of Mechanical E
	I. I NTRODUCTION
	II. T HEORETICAL B ACKGROUND AND N UMERICAL M ETHODS
	A. Air Bearing Slider and Suspension Dynamics
	B. Quasi-Static Approximation of Track-Seeking Motion

	III. R ESULTS AND D ISCUSSIOKONS
	A. Air Bearing Designs and Track-Seeking Performances


	Fig.€1. Four ABS designs used in this study. (a) ABS I. (b) ABS 
	Fig.€2. FH changes during track-seeking motion. The maximum seek
	B. Factors Causing FH Change

	Fig.€3. Effects of the effective skew, inertia forces, and air f
	IV. C ONCLUSION
	Fig.€4. FH drops caused by the adhesion forces. (IMF stands for 

	E. Cha, C. Chiang, and J. J. K. Lee, Flying height change during
	B. Liu and S. H. Soh, Effects of seeking velocity on air bearing
	L. S. Chen and D. B. Bogy, A numerical study of the track-seekin
	H. Zhu and D. B. Bogy, Hard disc drive air bearing design: Modif
	J. Y. Juang and D. B. Bogy, Design and Analysis of a Flying Heig
	J. Y. Juang, D. B. Bogy, and C. S. Bhatia, Design and dynamics o



