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Numerical Simulation of Thermal Flying-Height Control Sliders to
Dynamically Minimize Flying Height Variations

Pablo A. Salas and Frank E. Talke
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Thermal flying-height control (TFC) sliders have been used for active flying height control of hard disk drives. It is of particular
interest to investigate if TFC sliders can be used to minimize both repeatable and nonrepeatable flying height variations. To that end, the
power input to the heater must be dynamically optimized at each time step in order to minimize changes in flying height. In the current
study, a numerical procedure is implemented to simulate the time dependent response of a TFC slider to changes of the heater element
power input. The dynamic Reynolds equation and slider equilibrium equations are solved simultaneously to determine the dynamic
change in flying height as a function of time. The change of thermal protrusion as a result of the optimized power input to the heater is
computed using a TFC slider finite element model. The reduction of flying height variation is studied using past and present flying height
histories and optimization of the power input to the heater. It is shown that the dynamic approach can be successfully used to minimize
both repeatable and nonrepeatable flying height changes at the hard disk interface.

Index Terms—Active flying height control, heater dynamics, optimal power input, Reynolds equation, slider equilibrium equations,
thermal flying-height control (TFC) slider.

I. INTRODUCTION

T HERMAL flying-height control (TFC) sliders were de-
veloped in order to reduce the flying height of the head

disk interface in hard disk drives [1]–[3]. TFC sliders incor-
porate a thin film resistance heater that can be energized in
order to change the geometry of the air bearing surface near
the read/write element, thereby controlling the spacing at the
head disk interface. Given that dynamic changes in flying height
at the head disk interface are unavoidable, active flying height
control of TFC sliders constitutes a promising technique to min-
imize dynamic flying height variations.
TFC sliders have been used to dynamically compensate for

magnetic signal modulation by employing both time domain
and frequency domain data [4]. It was shown that a decrease
in the magnetic signal modulation can be achieved up to fre-
quencies of 5 kHz. Reference [5] showed that the power input
to the TFC slider heater element can be optimized to minimize
repeatable flying height variations using a feed forward con-
trol approach. The changes in flying height were experimentally
measured using the read back signal in a hard drive, and it was
shown that flying height variations can be decreased by a factor
of three using the optimized power input. Similarly, the opti-
mized response of a TFC slider was simulated using the equa-
tions governing the air bearing and thermal response of the TFC
slider [6]. Excellent agreement was obtainedwith the data-based
approach used by [5], indicating that first order physical princi-
ples can be employed to simulate the time dependent response
of the slider and minimize repeatable flying height variations.
Both studies presented in [5] and [6] assumed that the en-

tire flying height profile for one disk revolution was known
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a priori, and that only the repeatable flying height change was
to be minimized. Since nonrepeatable flying height variations
are also present at the head disk interface, the question arises
as to whether it is possible to use the heater in a TFC slider to
minimize both the repeatable and nonrepeatable flying height
variations of a TFC slider. The goal of the current work is to
simulate the change in flying height as a result of time dependent
changes to the power input of the heater and to investigate if it
is possible to dynamically minimize flying height variations. To
that end, the dynamic Reynolds equation and slider equilibrium
equations are simultaneously solved in order to determine the
dynamics of the TFC slider. The power input to the heater is dy-
namically optimized at each time step to minimize flying height
changes resulting from repeatable and nonrepeatable perturba-
tions. The main statistics of the optimized and nonoptimized
flying height profiles are computed and compared for the two
simulated cases.

II. BACKGROUND

In our previous work [6], active flying height control of TFC
sliders was implemented tominimize flying height variations re-
sulting from repeatable run out. Fig. 1 shows a typical result for
the flying height change as a function of time (a). In addition,
the theoretical (b) and simulated (c) optimized flying height pro-
files are shown in Fig. 1. A feed forward control approach was
used to optimize the power input signal to the heater to minimize
the repeatable changes in flying height. This approach requires
knowledge of the flying height profile in advance and cannot be
used to reduce flying height changes due to nonrepeatable disk
run out.
The objective of the present study is to investigate the use

of TFC sliders to minimize flying height variations assuming
that only the present state and the past flying height history
of the slider are known. Therefore, at any given time, the op-
timal power input to the heater must be determined to minimize
the last measured change in flying height. The sampling fre-
quency is constrained by the time constant of the heater and the
time required for computing and processing the optimal power
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Fig. 1. Flying height profiles for one disk revolution for nonoptimized (a) and
optimized power input to the heater (b), (c). The nonoptimized profile was as-
sumed to be known a priori. Source: [6].

input to the heater. It is desirable to obtain the highest possible
frequency response in order to effectively minimize all flying
height variations.
The transient response of the TFC slider can be fully deter-

mined by the equations governing the dynamics of the slider, i.e.
the pressure distribution of the air bearing surface and the heat
transfer at the head disk interface. The time dependent Reynolds
equation, which governs the air flow at the head disk interface,
is given by

(1)

where represents pressure, is the spacing between slider and
disk, is the rarefaction term, is the viscosity, and is the
velocity of the disk, respectively. It is convenient to replace the
product of pressure and spacing by a single variable [7]

(2)

The slider equilibrium equations are given by

(3)

where , , and represent the vertical translation, pitch and roll
angles of the slider, respectively; , , and represent the
slider mass and moments of inertia; , , and represent
the damping coefficients; , , and represent the stiff-
ness coefficients; represents the coordinate of the slider
center of gravity; represents the coordinate of the slider
center of gravity, and , , and represent the external
forces and moments. The relationship between spacing and

vertical translation, pitch and roll angles of the slider is given
by

(4)

At low flying heights, the effect of intermolecular forces be-
comes increasingly important. Analytical studies have shown
that flying height modulation due to short range intermolecular
forces can be reduced using a piezoelectric actuator located at
the slider [8]. In the current work, van der Waals intermolec-
ular forces, calculated using the Lennard-Jones potential model,
were integrated over the slider surface and added to the pressure
forces (3) following the model described in [9]. More complex
models that take into account the effect of contact, adhesion and
friction forces due to interaction between contact asperities at
ultralow flying heights (see [10] and [11]) will be implemented
in future investigations.
Heat conduction has been shown to be the dominant heat

transfer process between the slider and the air bearing [12].
Therefore, the heat flux at the head disk interface can be de-
termined as follows [13]:

(5)

where represents the thermal conductivity of the air; and
are the temperature of the slider and the disk, respectively; is
the spacing between slider and disk; is the local mean free path
of air; is a constant equal to ;
is the thermal accommodation coefficient; is the ratio of

the specific heat and is the Prandtl number. The heat flux
is a function of the flying height, which is computed using the
Reynolds equation and the slider equilibrium equations.

III. DYNAMIC AIR BEARING SIMULATOR

In order to determine the time dependent change in the flying
height of a TFC slider as a result of changes to the power
input to the heater, the time dependent Reynolds equation
and dynamic slider equilibrium equations need to be solved
simultaneously. Reference [14] used the Newton-Raphson
method to simultaneously solve the Reynolds equation and
slider equilibrium equations for the steady state case. It was
shown that a computationally efficient implementation of the
Newton-Raphson method can be obtained by paying careful
attention to the way the global matrix is stored in memory. In
the present work, the Newton-Raphson method is used to solve
the Reynolds equation and slider equilibrium equations for
the dynamic case. First, the equations were discretized using
the finite element method. Using the Galerkin method and
divergence theorem [15], the finite element formulation of the
Reynolds equation (2) can be expressed as follows [7]:

(6)
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where and represent the weight and shape functions, re-
spectively. By using the relationship between spacing and the
slider’s degrees of freedom (4), (6) can be expressed in terms
of the slider displacement and the rotational degrees of freedom
vector using symbolic notation, as

(7)

By discretizing the time derivative and using backward Euler
implicit integration, (7) can be expressed in terms of the un-
known quantities at time and known quantities at time
as follows:

(8)

where the superscripts , refer to the time step. In order to
solve (8) using the Newton-Raphson approach, a Taylor series
expansion is performed at time . After dropping higher
order terms, the following linear equation is obtained

(9)

The subscript represents the iteration number while and
denote the change of and at each iteration, i.e.

(10)

The derivative of the nonlinear function with respect to
that results from the Taylor series expansion is given by [7] as

(11)

For simplicity, the subscripts and superscripts are omitted
from (11). It is understood, however, that and are evaluated
at the current iteration and time step . Similarly, taking
the derivative of with respect to , three equations (each cor-
responding to each degree of freedom of the slider: , , and )
are obtained

(12)

The slider equilibrium equations can be discretized in a sim-
ilar manner. The Newmark method [16], a widely used time in-

tegration method, is employed to integrate the slider equilibrium
equations. In the Newmark method, the updated slider displace-
ments and velocities are given by

(13)

where and are referred to as the predictor-corrector vari-
ables and and are the Newman parameters. By writing the
acceleration and velocity in terms of the displace-
ment , and substituting the resulting expressions into (3),
the slider equilibrium equations can be written in symbolic form
as

(14)

where , represents the
addition of mass, damping and stiffness terms, represents
the forces and moments that result from the air bearing pressure
integration, denotes the external forces and moments and

represents the resulting forces and moments from the pre-
vious time step , i.e.

(15)

Performing a Taylor series expansion of (15) around the vari-
ables at the current iteration and time step , one obtains
the following expression:

(16)

where the derivatives of with respect to and can be
obtained by first rewriting the air bearing pressure integrals in
(3) in terms of , and then deriving with respect to and

(17)

(18)

The discretized Reynolds equation (9) and slider equilibrium
(16) can be combined together and written in symbolic matrix
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notation, resulting in the final system of equations to be solved
by the Newton-Rapshon approach

(19)

The above coupled system of equations is solved in an iter-
ative fashion until convergence is achieved, i.e., until and

are less than a specified error. Details of the general algo-
rithm and solver implementation used to store and solve (19) in
a computationally efficient way can be found in [14].

IV. SIMULATION OF TFC SLIDER TRANSIENT RESPONSE

It was shown previously by [6], that a quasi-steady approach
can be used to compute the air bearing pressure and flying height
as a result of time dependent changes to the TFC heater ele-
ment. They assumed that the air bearing reaches equilibrium
(steady state) much faster than the TFC slider reaches its thermal
equilibrium, i.e., for a given power input to the TFC heater, the
steady state Reynolds equation and slider equilibrium equations
can be solved iteratively at the current time step until equilib-
rium is reached. Once equilibrium was obtained, the numerical
simulation was advanced to the next time step where the power
input to the TFC heater might have changed. At the new time
step, the air bearing pressure and flying height were computed
again using the steady state Reynolds equation and slider equi-
librium equations until convergence was obtained.
In the current work, a similar approach is implemented for the

full dynamic case. The basic simulation procedure described by
[17], [18] is used to determine the thermal protrusion of the TFC
slider. For a given power input to the heater at the current time
step, the time dependent Reynolds equation and dynamic slider
equilibrium equations are solved using the approach described
in the previous section to determine the air bearing pressure and
the flying height of the slider. The computed pressure and flying
height are then used to calculate the heat transfer coefficient be-
tween the air bearing and the slider using (5). The computed heat
transfer coefficient is employed as a boundary condition for the
finite element model of a TFC slider. For this step, LS-DYNA
[19], a commercial finite element code, was used. A transient
thermal structural finite element analysis was performed to de-
termine the change in the TFC slider thermal protrusion from the
current time step to the next time step as a result of the power
input to the heater element. Once the geometry of the air bearing
surface has been updated, the air bearing pressure and flying
height at the new time step can be determined. At the new time
step, the power input to the heater might have changed, resulting
in flying height changes as a function of time. The entire proce-
dure is repeated at each new time step, as illustrated by Fig. 2.
The typical time step used for the air bearing simulator .

V. OPTIMAL POWER INPUT FOR TFC SLIDER

In order to minimize flying height variations, the power input
to the heater must be optimized as a function of time. There-
fore, the dynamics of the heater element must be estimated first.

Fig. 2. Schematic representation of TFC slider time dependent response simu-
lation procedure.

The generalized realization algorithm (GRA) [20] is used for
such task. The GRA approach allows identifying the relation-
ship between the flying height response and the power input to
the TFC heater by determining the state space matrices A, B,
and C. The computed state matrices are then used to estimate
a discrete model that closely matches the response of the actu-
ator. The estimated discrete model is then used to determine the
optimal power input signal to the heater element that minimizes
the change in flying height at a given time step. Details of the
GRA algorithm implementation can be found in [5].
For the flying height optimization, only flying height data at

the present and previous time steps are assumed to be known.
Therefore, the power input to the heater needed to minimize the
change in flying height measured at the current time step is given
by

...

(20)

where represents the change in flying height as a result of a
given power input to the heater represents the total number
of sampled points in the time domain, and , , and are the
state space matrices determined using the GRA algorithm. At
low flying heights, the air bearing can exhibit highly nonlinear
behavior. A power input step was used to estimate the dynamics
of the heater actuator for small spacings. The order of the esti-
mated discrete model can be selected to fit the heater actuator
response using the GRA algorithm. It was found that a third de-
gree order model was able to capture the air bearing dynamics of
the TFC slider at low flying heights [6]. One sample time-delay
is assumed for the discrete model, i.e. a full time step is needed
for the heater actuator to reach the optimal flying height needed
to minimize the flying height change at the current time step.
From (20), the relation between flying height change and power
input can be expressed in matrix form as follows:

(21)
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Fig. 3. Schematic representation of flying height , thermal protrusion and
desired flying height as a function of time.

Once the discrete model for the heater was determined, the
optimal power input to the heater is expressed as follows:

(22)

where represents the vector of measured flying heights and
the desired flying height at which one would like the slider

to fly. Fig. 3 illustrates the different variables presented in (22).
If the input signal is less than zero or larger than the
maximum power input that causes contact with the disk ,
is assumed to be equal to or , respectively.

VI. RESULTS

The flying height profiles with and without the optimized
power input to the heater are shown in Fig. 4. The typical flying
height profile (nonoptimized) was simulated by applying a time
dependent varying force to the pivot point of the slider. The
magnitude of the time dependent force was computed in order to
obtain a flying height profile similar to the experimentally mea-
sured flying height profile shown in Fig. 1(a). The desired flying
height is 2 nm. The sampling frequency for the simulation is
approximately 45 kHz. The mean and standard deviation of the
nonoptimized and optimized profiles are depicted in Table I. As
can be seen from Table I, the standard deviation of the nonop-
timized profile (0.66 nm) was significantly reduced (0.15 nm).
The main reason for the noise observed in the optimized profile
is the sample time delay when applying the power input step,
which means that a finite amount of time is needed for the heater
actuator to reach its flying height target. Therefore, it is possible
to minimize only the overall difference between the maximum
andminimum flying height profile values ( in Fig. 4), but
not flying height changes between consecutive sampled points
( in Fig. 4). The limitation of the applied feedback ap-
proach is illustrated in Fig. 5. At any given time step, the de-
sired thermal protrusion is calculated based on the current
flying height. Once the desired thermal protrusion is reached
at the next time step , it is necessary to recalculate its
value as a result of the flying height variation . Secondary
factors that contribute to the noise observed in the optimized
flying height profile include round off, spatial and temporal dis-
cretization errors in the finite element simulation and modeling
errors of the heater dynamics.
Theoretically, the standard deviation of the flying height pro-

file should be reduced linearly with an increase in the sampling

Fig. 4. Optimized and nonoptimized flying height profiles for one disk
revolution.

TABLE I
MAIN STATISTICS FOR NONOPTIMIZED AND OPTIMIZED

FLYING HEIGHT PROFILES

Fig. 5. Change of thermal protrusion as a function of time and flying height
variation .

frequency. The sample frequency is mainly constrained by the
dynamics of the heater, the computation of the optimal power
input to the heater and the maximum sampling frequency that
can be achieved in practical applications (e.g., sampling fre-
quency of servo sectors). For high bandwidth real-time flying
height control, it is desirable to have the fastest initial response
for the heater. Despite the fact that it takes a relatively long time
for the heater to reach equilibrium, the initial (fast) response of
present flying height control heaters allows for higher sampling
frequencies than the one used in this investigation. The com-
putation of the power input to the heater in real time requires
simple algorithms that can be easily computed to allow high
sampling frequencies. From a practical point of view, a com-
bined approach that uses a feed forward approach to minimize
repeatable flying height variations and real time control to com-
pensate for nonrepeatable flying height variations seems to be
themost effective way to achieve a uniform flying height profile.

VII. CONCLUSIONS

A numerical simulation procedure was implemented to
determine the time dependent response of a TFC slider in
order to minimize dynamic flying height variations. In order to
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compute the flying height of the slider at each time step, the
dynamic Reynolds equation and slider equilibrium equations
were simultaneously solved using the Newton-Raphson ap-
proach. The thermal protrusion of the TFC slider at each time
step was computed by performing a thermal structural analysis
using LS-DYNA, a commercially available finite element code.
The optimal power input to the heater needed to minimize
the last measured change in flying height was dynamically
computed at each time step and applied to the TFC slider. It
was shown that the variation of the nonoptimized profile can
be significantly reduced using real time dynamic control. The
noise in the optimized profile is a result of the time delay of the
heater actuator; however, given the initial (fast) response of the
heater, it should be possible to further reduce the flying height
variations provided it is also possible to increase the sampling
frequency in the head disk interface. The main advantage of the
implemented real time dynamic control is that it can be used to
compensate for both repeatable and nonrepeatable flying height
variations. Furthermore, the algorithm used to determine the
optimal power input to the heater is computationally inexpen-
sive for implementation in commercial hard disk drives.
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