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Dynamic Head-Disk Interface Instabilities With Friction for Light Contact
(Surfing) Recording

Antonis I. Vakis�, Sung-Chang Lee�, and Andreas A. Polycarpou�

Department of Mechanical Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801 USA
Samsung Information Systems America, San Jose, CA 95134 USA

Recent advances in hard-disk drive technology involve the use of a thermal fly-height control (TFC) pole tip protrusion to bring the
read/write recording elements of the slider closer to the disk surface and thus achieve Terabit per square inch recording densities. A
dynamic, contact mechanics-based friction model of the head-disk interface (HDI) that includes roughness and accounts for the TFC
geometry and its influence on the HDI dynamics is presented. The model is based on physical parameters and does not include any
empirical coefficients. Experimental flyability/touchdown measurements were performed and used to examine in detail the HDI contact
criterion in the presence of surface roughness and dynamic microwaviness. Using the model, a procedure is outlined that identifies the
optimal clearance and light contact conditions, i.e., the amount of thermal actuation that minimizes, both, the clearance, as well as the
flying height modulation. Through calculation of the time varying interfacial forces, mean pressure and shear stress at the HDI can be
predicted and used to characterize the contact regime. Based on our results, a light contact regime with reduced bouncing vibrations
and low stresses (thus, low wear) that would enable surfing recording is identified.

Index Terms—Dynamic model, friction, hard-disk drive (HDD), head-disk interface (HDI), thermal fly-height control (TFC).

I. INTRODUCTION

T HERMAL fly-height control (TFC) describes technology
that enables ultra-high density recordings in hard-disk

drives (HDD) by thermomechanically actuating the read/write
elements of the slider closer to the rotating disk surface [1].
Using TFC technology, the slider body flies at a predescribed
nominal flying height of the order of 10 nm away from the
rotating disk surface, reducing the clearance between the
read/write element and the disk surface to less than few nm,
thus, enabling higher recording densities. A dynamic contact
model was developed to account for the exact TFC geometry
that affects the calculation of the nominal area of contact as
well as the dynamically changing separation and interfacial
forces. Measured dynamic microwaviness (DMW), roughness
and material parameters are used as inputs to the dynamic
contact/ friction model.

The improved subboundary lubrication (ISBL) contact model
was implemented in the dynamic simulations [2]. The model
uses physics-based formulations for adhesion, contact and fric-
tion forces with respect to the separation between an equivalent
smooth flat and a rough surface. The forces are dimensional-
ized with respect to the nominal area of contact, which is ana-
lytically calculated for a specific TFC geometry as a function of
protrusion height. Chen and Bogy [3] and Yu et al. [4] have pre-
sented similar models investigating TFC flyability and partial
contact with similar predictions. In the present work the sur-
face roughness and material properties are the only inputs to
the calculation of the interfacial forces, without the use of em-
pirical coefficients. Using the improved dynamic contact model
with the exact TFC geometry, we investigated the identification
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and definition of the contact criterion as a function of surface
roughness. The onset of contact was correlated with touchdown
(TD) experiments using TFC sliders. Using a lumped parameter
2-DOF nonlinear dynamic head-disk interface (HDI) model, we
obtain the instantaneous normal separation , which is used in
the ISBL model to calculate the time varying interfacial forces;
these, in turn, are used to obtain the instantaneous mean contact
pressure and shear stress, which determine stable flyability and
long term wear.

II. 2-DOF DYNAMIC CONTACT MODEL WITH FRICTION

A. Dynamic HDI Model With TFC

In an earlier dynamic HDI model without TFC [2], when
the slider is flying without contacting the disk, a nonlinear air
bearing force is acting together with a linear damping force
on the trailing edge. An analogous air bearing force is acting
on the leading edge of the slider with both the stiffness and
damping terms being linear. Under flying equilibrium condi-
tions, the slider dynamics are dependent upon the air-bearing
and adhesive forces as well as the suspension dynamics. When
contact occurs, a contact force , calculated from the rough-
ness parameters and modeled as nonlinear contact stiffness
and linear damping , together with a friction force , are
added to the force balance at the point of contact.

The model presented in [2] was modified such that the lowest
point of the TFC protrusion becomes the point of contact. The
TFC protrusion is modeled as an ellipsoid that has a fixed base
profile with its height relative to the bottom of the slider being
the only changing variable. The exact shape of the TFC geom-
etry (bulge) could be accurately predicted using, for example,
finite element analysis. Using such data, one can then extract the
geometry of the top surface of the bulge that is engaged during
contact and use it to construct the ellipsoidal TFC model, as
done in the present work. The TFC geometry model is charac-
terized by four parameters: , , and . For
the specific TFC design used in this work, the half-width
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Fig. 1. Schematic of slider showing the TFC pole tip protrusion (exaggerated
size) with relevant dimensions and displacements from the roughness mean
plane.

Fig. 2. Free body diagram of the 2-DOF dynamic contacting system. (a) Flying
condition. (b) Contacting condition.

was measured to be equal to 3 ; the distance of the TFC el-
lipsoid from the trailing edge was equal to 8 ; and,
the width in the direction perpendicular to the plane (shown in
Fig. 1) is equal to 50 . The TFC bulge height
varies between zero (no actuation) and 15 nm (maximum actu-
ation). The TFC protrusion height is of the order of few nm as
opposed to the TFC base dimensions that are of the order of few

; hence, the TFC protrusion height is greatly exaggerated in
Fig. 1. The contact and friction forces are acting on the lowest
instantaneous point of the TFC protrusion, whose position can
be accurately described in terms of a fixed reference point such
as the trailing edge.

Fig. 2 depicts the 2-DOF dynamic model of the HDI with
the TFC protrusion along with the interfacial forces developed
during different characteristic states. The first state, labeled as
flying condition, is characterized by the slider flying over the
disk without contact under the influence of the air-bearing and
adhesive forces. The adhesive force is acting on the TFC situ-
ated close to the trailing edge as shown in inset a) of Fig. 2. The
second state, labeled as contact condition, occurs when the TFC
contacts the disk based on the established contact criterion. In
this case, in addition to the air-bearing and adhesive forces, con-
tact and friction forces are also acting on the TFC as shown in
inset b) of Fig. 2.

B. ISBL Interfacial (Contact- Adhesion-Friction) Models

The interfacial model including roughness was presented
elsewhere, e.g., [2], and is used to calculate the adhesion,
contact and friction forces as well as the real area of contact

using roughness, material and lubricant properties. The model
does not assume a predefined friction coefficient value but
instead calculates it directly from the interfacial forces. The
total adhesive force is calculated from the individual asperity
contributions using a statistical Greenwood-Williamson-type
(includes plastic deformation) roughness model. The total
adhesive force combines the contributions from non-contacting
asperities, lubricant contacting asperities (lubricant layer is
strongly adhered to the surface), and elastically and elasti-
cally-plastically deforming asperities.

The total normal contact force calculation considers the con-
tribution of elastic, elastic-plastic and fully-plastic contacts. The
model assumes that the lubricant layer is displaced during con-
tact and the contact force is not affected by the presence of the
thin lubricant layer, i.e., the contact force is due to the asperity
deformation. Further improvements in the model should also
include the lubricant contact/friction forces. The total friction
force is calculated based on the contributions of elastically and
elastically plastically deforming asperities. The real area of con-
tact is calculated from the contributions of elastically, elastically
plastically, and fully plastically contacting asperities.

C. Air Bearing Stiffness and Model Parameters

The complex nature of a slider air bearing is best described by
three degrees-of-freedom, i.e. vertical, pitch and roll motions,
through a generalized Reynolds pressure field equation beneath
the air-bearing surface. A 2-DOF model including the vertical
and pitch modes is adequate for capturing the basic dynamic
air-bearing behavior [2], which is adopted in this work. In the
present model, it is assumed that the slider maintains the same
flying height, equal to the nominal value of 11 nm, throughout
the actuation of the TFC protrusion until contact is initiated.
This simplifying assumption allows for the use of a constant
rear air bearing stiffness , which can be calculated from the
natural frequencies of the air bearing. As discussed in [5] and [6]
the air bearing dynamics are affected by the thermal behavior of
the TFC, something that is not considered in the present work.
Nevertheless, since the model is using experimental TD mea-
surements to correlate with the model predictions, some of these
complex effects are indirectly captured by the model. As the
main goal of this study is to use a physics-based dynamic con-
tact model to predict and friction under light contacting
conditions, the present assumption is justified.

The natural frequencies of the specific air bearing used in
the present study were found to be 119.1 and 304.8 kHz for
the first and second modes. Modal analysis was then used to
calculate the pair of front and rear air bearing stiffness values
that yielded the corresponding natural frequencies of the system.
These, together with additional model parameters are summa-
rized in Table I.

D. Identification of Contact Criterion

TFC TD experiments were used to investigate the onset of
contact and its definition as used in the rough surface contact
model. Contact herein is defined as occurring when the separa-
tion (measured from the mean of asperity heights of the two
rough surfaces) is smaller than , where is determined
from the TD experiments, and is typically less than 3 ( is the
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TABLE I
DYNAMIC MODEL PARAMETERS

equivalent root-mean-square roughness). In earlier models, the
value of was selected to be equal to 3 [2], based on theoret-
ical considerations alone. A contact criterion represents
0.3% probability of contact (for a normal distribution of asperity
heights), which is practically undetectable in a HDI system.

Based on TD experiments with 11 nm nominally flying
sliders, the measured TFC protrusion height at which contact
was detected was found to be 9.8 nm. To align the measured
onset of contact, with the contact criterion in the dynamic
contact model, contact was defined as the value of in the ex-
pression for which, for a TFC protrusion height of 9.8 nm,
a “sudden” increase in normal vibration was detected, while,
there was no such increase for the previous actuation height of
9.6 nm. A series of dynamic simulations was performed for a
fixed value of 9.8 nm with values ranging from 0 to
2.8. In the model, contact was identified when the separation
becomes less than the contact criterion, i.e., when .
Based on these results, it was found that the contact criterion is
equal to . This means that, for a TFC protrusion height
of 9.8 nm and a combined , contact first occurs
when the separation becomes less than 1.043 nm, while at the
previous actuation height of 9.6 nm there is no contact. A way
of interpreting this contact criterion is to say that there is a

probability of contact (or that 32.8%
of asperities experience contact, for a normally distributed
roughness). This value of the contact criterion was adopted for
the remainder of the simulations where was varied from
0 to 15 nm.

E. TFC Nominal Area of Contact

Using the established contact criterion, the nominal area of
contact was calculated based on the exact TFC geometry and

pitch of the air-bearing. The instantaneous lowest point of the
TFC ellipsoid can come as close as

to the combined rough surface for contact to be
initiated. Therefore, the nominal area at the moment of inception
of contact can be calculated by hypothetically sectioning the
ellipsoid volume with a horizontal plane located at 1.564 nm
upward from the lowest point on the ellipsoid. To this end, the
TFC ellipsoid geometry is characterized relative to the middle of
the trailing edge (a fixed point) using analytical equations. The
cutting plane is also described analytically and the system of
equations is solved to yield the coordinates of the nominal area
of the ellipse in the three-dimensional space. Knowing these
coordinates allows for the calculation of its area, while the only
variable in the system is the TFC protrusion height . For
example, at TFC pole protrusion heights of 5, 10, and 15 nm, the
corresponding protrusion curvatures and nominal contact areas
are 1506, 827, 567 and 124, 68, 47 , respectively.

III. EXPERIMENTAL MEASUREMENTS

All measurements were performed at mid-diameter of a 3.5-
inch disk . Both the dynamic microwaviness
and TD identification (contact criterion) measurements used a
nominal disk speed of 5425 RPM.

A. DMW

DMW is what the flying slider (in this case the TFC protru-
sion) will experience as a dynamic input from the rotating disk.
The content of such signal includes low wavelength disk topog-
raphy (waviness) and possibly system dynamics and is mea-
sured using a noncontact vibration instrument such as a laser
Doppler vibrometer (LDV). An LDV (Polytec PI) with a laser
spot size of 15 diameter was used to measure the disk profile
as the disk was rotated at 5,425 RPM while the laser remained
stationary above the disk at the MD. The velocity decoder of the
LDV was set at 25 sensitivity and the output signal
was high- passed filtered at 10 kHz, corresponding to spatial
wavelengths of 1.95 mm. The highest frequency content of the
DMW was 500 kHz, corresponding to spatial wavelengths of 39

. Precise triggering was accomplished using a separate laser
nanosensor and the data were recorded at 4 MS/s over a distance
of 78.55 mm. The signal was then averaged 100 times and sub-
sequently integrated to obtain the displacement. The standard
deviation of the measured DMW is 0.918 nm. The larger than
expected amplitude is because of the 10-kHz cutoff, which al-
lows higher amplitude larger spatial wavelengths that are “per-
fectly” tracked by the TFC protrusion. One could use a higher
high-pass filter of 20 kHz without affecting the results.

B. Roughness Parameters

An AFM was used to measure the roughness of the disk. The
scan size was with 512 512 points at a scan rate of
1 Hz. The roughness data were digitized and exported for ex-
traction of the statistical parameters (root-mean-square rough-
ness , average radius of curvature of asperities , areal density
of asperities , and distribution of asperity heights). Table II lists
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TABLE II
DISK AND TFC MATERIAL PROPERTIES AND ROUGHNESS PARAMETERS

the disk and TFC bulge extracted parameters as well as the com-
bined or equivalent parameters.

C. TD Identification

Flyability measurements were performed using the same disk
location and speed as the DMW measurements. A special pat-
tern was written on a data track of the disk and the signal ampli-
tude was measured for sequential actuation steps until TD was
detected [1]. The actuation resolution was equal to 0.20 nm. TD
was identified using the self-diagnosing (burn-in) mode process
of the HDD at the actuation step where a sudden increase of
normal vibration was detected. The signal amplitudes were then
converted to head media spacing (HMS) values using the pro-
cedure in [1]. Using the results of the TD experiments, it was
possible to calculate the difference in HMS values between zero
actuation and TD. This difference, which is set equal to the TFC
protrusion height, by definition includes any thermal or other ef-
fects from the TFC actuation.

IV. RESULTS AND DISCUSSION

Simulations were performed for a range of TFC protrusion
heights between 0 and 15 nm. The dynamic results—clearance
time histories, interfacial forces, contact pressure and shear
stress—are first presented and then averaged over the steady
state range and plotted against the TFC protrusion height. Time
histories of the clearance for flying (TFC protrusion height of
9.6 nm) and steady, light contact (TFC protrusion height of 11
nm) operating conditions are presented in Fig. 3. In the rough
surface interacting model considered in this work, clearance is
defined as the distance between the instantaneous lowest point
of the TFC protrusion and the disk surface. From the previous
definition of contact, i.e. for contact to occur, the
clearance can be obtained as where is the separation
equal to the difference between the instantaneous values of the
slider displacement and the DMW , while is equal
to 1.043 nm; hence, contact exists when clearance is negative
(onset of contact is at zero clearance). The magnitude of the
negative clearance during contact is termed interference. As
seen in Fig. 3(a), no contact is encountered; however, there
is significant , whereas Fig. 3(b) shows sliding light

Fig. 3. Time histories of TFC clearance. (a) TFC pole tip height of 9.6 nm.
(b) TFC pole tip height of 11 nm.

Fig. 4. Dynamic interfacial forces for 11 nm TFC protrusion. (a) Contact force.
(b) Friction force. (c) Net normal force.

contact without significant bouncing vibrations. The average
interference is 0.6 nm, corresponding to lubricant contact only,
i.e., surfing recording.

As the model can predict stable light contact, which has
also been observed experimentally using TFC technology
[7], next we investigate the interfacial forces corresponding
to these conditions. The contact, friction and net interfacial
forces—time histories for mild, steady contact operating regime
[Fig. 3(b)]—are depicted in Fig. 4, while the corresponding
friction coefficient (friction force divided by the contact force),
mean contact pressure (contact force divided by the real area of
contact) and shear stress (friction force divided by the real area
of contact) time histories, all of which are calculated form the
dynamic interfacial forces, are shown in Fig. 5. The instanta-
neous contact force, Fig. 4(a), has an average value of about 1
mN, while the friction force is slightly higher, thus resulting in
an average friction coefficient of about 1.2, Fig. 5(a). It should
be emphasized that this is a calculated friction coefficient based
on the contacting/sliding asperities and the generated stresses
and there is no preassumed value.
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Fig. 5. Dynamic interfacial parameters for 11 nm TFC protrusion. (a) Friction
coefficient. (b) Mean pressure. (c) Shear stress.

Fig. 6. ������ versus TFC protrusion height showing flying, bouncing,
and steady sliding surfing regimes.

The net interfacial normal force, Fig. 4(c) includes the con-
tact, damping and adhesive forces and its average negative value
indicate a net attractive force due to adhesion. The mean con-
tact pressure and average shear stress at the sliding interface is
of the order of 400 MPa, which is significantly lower than the
values predicted for sliders without TFC technology [8], despite
the lower values of interacting nominal and real areas of con-
tact. The main reason for the lower values is that the interacting
nominal and real areas of contact are lower. Specifically at 11
nm TFC actuation, the nominal contact area is 62 and the
real area of contact is only 2.7 (4.3%).

A. FHM and Bouncing Vibrations

The instantaneous dynamic separation can be used to calcu-
late the —while the slider is flying—or bouncing vibra-
tion —during contact—at the TFC protrusion from

(1)

It is perceived that should be limited to less than 10%
for stable flying and reliable recording performance. Fig. 6 de-
picts the and versus TFC protrusion height. This

plot was obtained from multiple time-varying displacement his-
tories over the whole range of 15 nm TFC actuation.

At a TFC protrusion height of 4-7 nm (corresponding to clear-
ances of 5.8 to 2.8 nm) the is about 12.5% and subse-
quently it decreases for lower clearances until initial TD at 9.8
nm of TFC actuation (Fig. 6). Within the next 5 actuation steps
(TFC height of 9.8 to 10.8 nm) significant bouncing vibrations
occur exceeding 20% until stable mild contact is established for
a TFC protrusion height of 11 nm (which corresponds to 0.58
nm of interference, thus operating in the bonded lubricant layer
that is 0.75 nm thick). These simulation results correlate ex-
tremely well with the experimental measurements reported in
[7] who discern three distinct regimes of the slider’s flying be-
havior: “steady flying with adequate clearance, bouncing mo-
tion following the onset of head-disk contact, and steady sliding
in the interference regime [7].”

Based on these results, two possible optimum operating points
could be identified: the first would be at 9 nm TFC protrusion
height (0.8 nm prior to TD) where the is 9% while the
average clearance is 2.4 nm; the second would be at 11 nm TFC
protrusion height (1.2 nm after TD) where the is less than
2% and the interference is 0.6 nm (Fig. 3(b)). The two operating
conditions correspond to the in-flight and in-contact recording
regimes discussed by Liu et al. [5]. The first optimum operating
point corresponding to 0.8 nm of clearance may be sufficient
for Tbit/in recording however is significant and may be
unacceptable. Such an operating point could be reached by ac-
tuating the TFC until the first significant vibrations due to TD
are detected and then retracting the TFC by less than 1 nm to
obtain stable flying with reduced . In contrast, the via-
bility of operating at 0.6 nm interference and less than 2% ,
which could potentially yield even greater recording densities,
depends on the contact severity and thus possible wear. Next,
the dynamic interfacial forces and stresses are analyzed to in-
vestigate contact severity.

B. Mean Contact Pressure and Shear Stress

As discussed above, at a TFC actuation height of 11 nm there
is mild, steady sliding contact. The interference of 0.58 nm is
similar to what reported by Yu et al. [4] who, using a single de-
gree-of-freedom HDI model with a potential energy-based for-
mulation, reported that surfing recording, i.e., slider-lubricant
contact as detailed by Liu et al. [5], corresponds to a stable equi-
librium interference of 0.78 nm.

To gain insight on wear, the shear stress is calculated from the
dynamic interfacial forces as the ratio of . Fig. 7 presents
the trend of the shear stress relative to TFC actuation height
during contact, which increases with TFC actuation past TD.
The same trends are exhibited by the mean contact pressure as
well as the dynamic contact and friction forces, while the real
area of contact remains roughly equal to 2.72 once mild
contact is established and maintained.

The average mean pressure is (and the Hertz
maximum contact pressure is ) while
the shear stress , which is significantly lower than
the bulk DLC shear strength of 7 GPa. Therefore, with these
values, which are smaller than those predicted by Suh et al.
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Fig. 7. Shear stress versus TFC protrusion height from the onset of contact to
the contacting regime.

TABLE III
SUMMARY OF DYNAMIC RESULTS

[8], it is safe to assume that, while the lubricant is displaced
during mild contact, there is not expected significant wear of
the DLC layer. This is also confirmed by the plasticity index (de-
fined as the ratio of reduced Young’s modulus to Hardness times
the square root of ) which is 0.52 (purely elastic contact).
The clearance, , and values are summarized
in Table III for near contact to mild contact or surfing recording
conditions.

V. CONCLUSION

Dynamic simulations were performed using a dynamic con-
tact with friction HDI model that accounts for the TFC geometry
with input from experimental measurements of DMW and disk
roughness parameters. The contact criterion was established in

the model based on information from experimental TD mea-
surements. Two possible optimum operating regimes were iden-
tified for Tbit/in recording densities based on the simulation
results: The first involves the actuation of the TFC until TD
is detected and retracting it by less than a nanometer so that
the is acceptable and sub-nm clearance is achieved. The
second possibility is to actuate the TFC further than TD—but
within the lubricant regime—until mild contact or surfing is ob-
tained with less than 2%. The contact regime is such that
disk wear is expected to be minimal and surfing recording is
achieved.
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