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Abstract 

 

Thermal flying-height control (TFC) sliders are currently used in most commercial hard 

disk drives (HDDs) as an approach to increase the HDD’s capacity and reliability. This 

paper reviews our recent numerical studies of TFC sliders’ flying performances, namely, 

the heat transfer between the TFC slider and the disk, the flyability of TFC sliders at 

different altitudes, and the effect of the disk’s lubricant and roughness on the TFC 

slider’s flying stability. We validate previous investigations based on a heat transfer 

model derived from the first order slip theory and identify the instability regimes for a 

TFC slider flying over a lubricated rough disk.
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1. INTRODUCTION 

Hard disk drives (HDDs), the last moving part in state-of-the-art computers, have served 

as the dominant information storage device for more than five decades. With the 

introduction of solid state devices (SSDs), HDDs have lost their dominance in the small-

capacity storage market such as MP3 players and smart cell phones, but HDDs hold 

firmly the massive storage market, such as servers and workstations, for which Terabytes 

of storage capacity is quite common nowadays. To compete with SSDs in the future, the 

HDDs need to have even larger capacities while maintaining their low cost. Regardless of 

the approach to achieving this goal, decreasing the distance between the magnetic disk, 

which is used to store information, and the read-write transducer, which is used to read 

information from and write information onto the disk, is always required. The theoretical 

foundation is Wallace’s law which states that the strength of reading signal decreases 

exponentially with the distance between the magnetic disk and the transducer. This 

distance has been decreasing along with the increase of HDDs’ capacity in the last 

several decades and is now approaching just 5nm. The read-write transducer, made by 

integrated circuit (IC) technology, is embedded in a slider (less than 1 mm in dimensions) 

positioned over the magnetic disk rotating to produce linear speeds around 10 – 30 m/s, 

as shown in Figure 1. The slider is attached to the end of a suspension, which itself is 

connected to an actuator. When data bits need to be read from or written onto the disk, 

the voice coil motor (VCM) drives the actuator to move the suspension so that the slider 

will be positioned over the designated location on the disk. 
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Figure 1 Sketch of a hard disk drive (HDD) and its thermal flying-height control (TFC) 
slider. The slider is attached to a suspension connected to an actuator. The voice coil 
motor (VCM) drives the actuator to move the suspension so that the slider can be 
positioned over a designated location on the disk during a read or write operation. The 
TFC slider has a heater element embedded in the slider and located near the transducer. 
When power is applied to the heater element, the slider protrudes locally near the 
transducer to reduce the distance between the transducer and the disk, which can 
potentially increase the HDDs’ capacity. To reduce potential damage of the disk induced 
by the impact of the slider, a layer of lubricant (~ 1nm) is put on the top of the disk. 
 

For the HDDs’ reliability, the slider needs to fly stably over the disk, i.e., the slider’s 

flying attitude (height, pitch and roll) should change no more than 10 percent when it is 
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positioned over different locations on the disk. This stable flying attitude is achieved 

through a careful design of the pattern on the slider’s surface facing the disk, known as 

the air bearing surface (ABS). The rotating disk drags air (due to its viscosity) into the 

region between the slider and the disk, known as the head-disk interface (HDI), and the 

air gets compressed and rarefied by the slider’s ABS, so that the air pressure on the ABS 

generates a lift force to balance the load applied by the suspension and keep the slider 

away from the disk at a designated distance. The state-of-the-art sliders, known as 

thermal flying-height control (TFC) sliders [1-2], have an embedded heater element near 

the transducer. The spacing can be at a safe distance but during the HDD’s reading or 

writing operations, power is applied to this heater element and, due to the thermo-

mechanical coupling, the slider protrudes locally over a very small area near the 

transducer so that the distance between the transducer and the disk can be further 

decreased. Dynamically controllable TFC sliders have been demonstrated, using a feed-

forward control approach to make the TFC sliders dynamically compensate the magnetic 

signal modulation that is associated with disk waviness [3]. 

 

The heater element is surrounded by thermal insulators, and additional thermal shields 

are inserted between the heater and the writer, as shown in Figure 1. This complex 

structure does not lend itself to analytical studies of the slider’s deformation induced by 

the power applied to the heater, and numerical approaches are instead widely used, which 

lays the foundation for designs of TFC sliders. 
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Juang et al. [4], and Juang and Bogy [5], proposed an iterative numerical approach, 

which has now become de facto, to calculate the TFC slider’s deformation at a given 

heater power. This approach iterates between two steps: in the first step, the air flow field 

and the air pressure inside the HDI are obtained by solving a compressible lubrication 

equation for the particular ABS design and operating parameters; in the second step, the 

finite element method is used to calculate the slider’s deformation induced by the power 

applied to the heater element with the heat flux and the air pressure on the ABS being 

boundary conditions. 

 

In Juang et al. [4] the slider’s deformation induced by the air pressure on the ABS was 

neglected. This effect was later considered by Juang et al. [6] and numerical results for 

the thermally actuated flying-height as a function of the heater power agrees well with 

experiments, as presented in Ref. [6]. 

 

Based on the iterative approach, Zhang et al. [7] studied how the ABS designs affect the 

TFC slider’s performances, such as flying attitude, and found several general guidelines 

to improve them: reducing the air bearing pressure, reducing the size of the thermo-

mechanical actuation area, and decoupling the peak air bearing pressure area from the 

thermo-mechanical actuation area. Li et al. [8] later studied how to design the thermal 

insulator to improve the TFC sliders’ efficiency. They found that reducing the insulator’s 

thermal conductivity and increasing its thickness are helpful. Aoi and Watanabe [9] 

numerically and experimentally studied how the power applied to the heater element 
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affects the distance between the transducer and the disk. They found that the relationship 

between is nonlinear and the distance is mainly affected by the slider’s thermal protrusion. 

 

Zhou et al. [10] proposed an improved heat transfer model considering the effect of 

ambient temperature for the calculation of heat flux in the HDI. Based on this model, 

Zhou et al. [11] studied the temperature effect on the TFC slider’s flying performances, 

which, as they found, can be attributed to the temperature dependence of air’s viscosity, 

mean free path and thermal conductivity. 

 

The present paper mainly focuses on numerical investigation of a TFC slider’s flying 

performances and serves as a review of our recent work on this topic. It is organized as 

follows. In Section II, the theoretical background and the numerical procedure for 

studying a TFC slider’s performance are detailed and the numerical results are compared 

with experiments.  Section III discusses the TFC slider’s flying performance at different 

altitudes that cause different ambient pressures. Section IV discusses a TFC slider flying 

over a lubricated rough disk (one with root mean square (RMS) surface roughness of 

about a nanometer). A summary and conclusions are presented in Section V. 

 

2. THEORY AND NUMERICAL PROCEDURE 

2.1 Generalized Reynolds Equation 

The classical two dimensional Reynolds equation is a reduced Navier-Stokes equation 

under the condition that the characteristic scale of the air flow channel along one 

direction is much less than the other two and the Reynolds number of the flow, Re, is 
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much less than 1, where Re=UL/ν, U is the characteristic speed of the flow, L is the 

characteristic length of the slider, and ν is the kinematic viscosity of the fluid [13-14]. 

Both of the assumptions hold for the HDI: the air gap thickness, which is everywhere less 

than a few micrometers, is much less than the slider’s length and width, each of which is 

on the order of millimeter; Re<<1 since the disk’s linear speed is on the order of 10 – 30 

m/s and the air kinematic viscosity is around 10-5m2/s.  

 

However, due to the rarefaction of the air (high Knudsen number, where Kn = λ/h, or the 

mean free path divided by the local spacing), the continuum theory underlying the 

Navier-Stokes equation does not hold in the entire HDI. A measure of the validity of the 

continuum theory is the Knudsen number of the flow, which should be less than 0.01 [15-

16]. Since mean free path of air at standard conditions is about 65 nm and the air gap 

thickness in the HDI ranges from a minimum 5nm to around 1μm, the Knudsen number 

is on the order of 1 to 10. The first attempt to obtain an extended and applicable Reynolds 

equation was to supplement the Navier-Stokes equation with first order slip boundary 

conditions on the slider and the disk [17]. But this extension is not sufficient for today’s 

sliders.  So along this line, more refined slip boundary conditions were proposed and used 

to derive extended Reynolds equations [18-22]. Due to the limitation of the constitutive 

equations used in the Navier-Stokes equations, all the above slip boundary conditions 

only extend the applicability of the Reynolds equation to a Knudsen number around 0.1 

[15-16], which is still too low for its application in the state-of-the-art HDI. 
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The more accurate approach to describe the flow of a rarefied gas is to use the Boltzmann 

equation [23-24]. This equation involves a complicated integral of the collisions between 

molecules, which prohibits analytical studies for most problems. Instead, model 

Boltzmann equations, which replace the complicated integral with some simple models, 

are widely used. One model equation, known as the BGK-Boltzmann equation [25], has 

the benefits of having a simple form and giving results agreeing quantitatively with 

experiments [23]. Since the characteristic speed of air flow in the HDI, which is on the 

order of the rotating disk’s local linear speed, is much less than the speed of sound in air, 

the BGK-Boltzmann equation can be linearized. Fukui and Kaneko [26-28] first derived 

from the linearized BGK-Boltzmann equation a governing equation for the air flow in the 

HDI and wrote this equation in a form similar to the classical Reynolds equation. This 

equation is now known as the generalized Boltzmann equation and its dimensionless 

form is 
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where X= x/L, Y =y/L, x is the distance along the slider’s length direction, y is the 

distance along the slider’s width direction, L is the slider’s length, P=p/pa, p is the air 

pressure in the HDI, pa is the ambient air pressure outside the HDI, H=h/hm, h is the air 

local gap thickness in the HDI, hm is a reference air gap thickness, T=ωt, t is time, ω is 

the disk’s angular frequency, 2/6 maxx hpLUμ=Λ  and 2/6 mayy hpLVμ=Λ  are the bearing 

numbers along the x and y directions, Ux and Uy are the  disk’s speeds along the x and y 

directions, and Qp is the dimensionless mass flow rate of the Poiseuille flow part as 

discussed below. 
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Equation (1) essentially reflects the conservation of mass. Fukui and Kaneko showed that 

the total mass flow rate in the HDI is a linear combination of contributions from the 

Couette flow part and the Poiseuille flow part. They provided a database for calculating 

the Poiseuille contribution, but use an approximate analytical formula to calculate the 

Couette part. Kang [29] later introduced a database for the flow rate of the Couette flow 

part. However, numerical results based on Kang’s database are almost identical to those 

based on Fukui and Kaneko’s database [30], and, given its simplicity, Fukui and 

Kaneko’s approach is still widely used. Based on our experiences, the correct 

implementation of Fukui and Kaneko’s database is critical to the successful solution of 

the generalized Reynolds equation. Thus we employ the original database proposed by 

them, instead of using some simplified (and thus only agreeing with Fukui and Kaneko’s 

database approximately) databases [31-32] proposed in later publications. 

2.2 Heat Transfer in the HDI 

The heat transfer between a TFC slider and a disk at different temperatures is difficult to 

solve, and is not yet fully understood. The first attempt was to solve the continuum 

Navier-Stokes equation and the energy equation with first order slip boundary conditions 

for both the velocity and the temperature on the disk and the slider [33-34]. This 

investigation showed that the heat transfer in the HDI consists of the heat conduction 

between the slider and the disk due to their different temperatures and the heat dissipation 

due to the air flow. It also showed that the latter contribution is negligible when 

compared to the heat conduction part. This finding together with the derived analytical 

formula for the heat conduction between the slider and the disk at different temperatures 
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has been widely used as the foundation for calculating the heat transfer between the TFC 

slider and the disk.  

 

The analytical formula for the heat conduction derived from the first order slip theory 

happens has the same form as that derived from some approximate method for solving 

the Boltzmann equation, such as the moment method [35-36], and, to some extent, agrees 

with experiments and other numerical studies [37]. According to this equation, the heat 

conduction between the slider and the disk is: 
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where k is the thermal conductivity of air, σT is the thermal accommodation coefficient of 

the ABS, γ is the heat capacity ratio of air, Pr=μCp/k is the Prandtl number of air, μ is the 

dynamic viscosity of air, Cp is air’s specific heat capacity at constant pressure, λ is the 

mean free path of air, and Ts and Td are the slider’s and disk’s temperature, respectively. 

 

Chen et al. [38] compared the heat conduction calculated using Equation (2) with 

experiments and found that they do not fully agree. In view of the fact that the mean free 

path used in Equation (2) is defined in a free space without boundaries, they then 

proposed a remedy by introducing the effect of the presence of the slider and the disk into 

the calculation of the mean free path. The heat transfer calculated from Chen et al.’s [39] 

formula agrees with both experiments and other widely adopted numerical results. 

3.3 Numerical Procedure and Comparison with Experiment 
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The numerical procedure for studying the TFC sliders’ flying performance involves two 

steps: in the first step, the generalized Reynolds equation is solved by a finite volume 

method (FVM) to obtain the air flow field and the air pressure field [40]; in the second 

step, the heat transfer on the slider’s ABS is calculated and, together with the air pressure 

on the ABS, serves as the boundary conditions for the calculation of the slider’s thermo-

elastic deformation due to the power applied to the heater element [41]. The finite 

element method (FEM) implemented in a commercial software ANSYS [42] is used in 

the latter step. 

 

As shown in Figure 2, numerical results based on Equation (1) and those based on Chen 

et al. [38] improved model compare well with experiments with the latter model slightly 

better. The difference between the predictions from the two models is less than 5% and 

thus the previous investigation based on the first order slip theory is sufficiently accurate. 

The agreement with experiments also validates our iterative approach for the 

investigation of TFC sliders. 



 12

 

Figure 2 Comparison of numerical prediction and experiments for the flying height loss 
at the read-write transducer. The flying height loss is defined as the difference between 
the slider’s flying height with the heater turned on and that with the heater turned off. 
Here model 1 refers to the original model based on the first order slip theory and shown 
in Equation (2), while model 2 refers to Chen et al.’s [38] model with an improved 
calculation of the mean free path used in Equation (2). 
 

3. EFFECT OF ALTITUDE ON TFC SLIDERS 

A TFC slider’s performances can be effectively evaluated with use of the iterative 

approach described in Section 3.3. One useful application is to investigate the effects of 

ambient conditions on the slider’s performances since flying-height fluctuations due to 

environmental factors (such as pressure drops on airplanes) may result in head-disk 

contact, and thus damage the read/write transducers. In this case, environmental factors 

affect the air flow in the head-disk interface, as well as the heat flux across the HDI. This 

further complicates the coupling between the ABS geometry and the air bearing cooling. 
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Figure 3 shows the thermally actuated flying-height (FH) for a Femto-sized 

(0.85×0.70×0.23mm) slider at different heating powers for two altitudes (sea level and 

3km) obtained from both simulations and experiments. In simulations, the effects of 

altitude change is accounted for by modifying the ambient pressure and mean free path 

used for solving the generalized Reynolds equation and heat flux across the HDI.  

Experimentally, an altitude chamber is utilized to adjust the ambient pressure. 

Simulations predict a slightly increased actuated flying-height, which agrees 

quantitatively with experiments. 
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Figure 3 Actuated flying height at different heating powers for sea level and 3 km 
altitudes. Both simulation and experiment results are included. 
 

Further simulations were conducted to investigate the mechanism of this increased 

flying-height actuation. The actuated flying-height at the transducer can be written as 

TPFHactuated ⋅= α  (3) 
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where TP stands for the thermal protrusion height at the transducer, α is the pushback 

factor (due to the higher pressure caused by the reduced spacing) at the transducer. Here, 

TP represents the degree of deformation of the air bearing due to the heating, while α 

shows how much the air flow in the HDI is affected by the localized protrusion and 

determines what ratio of TP finally contributes to the actuated FH.  

 

In Figure 4 we compare the thermal protrusions for three altitudes at the same actuation 

power. Increased protrusion height is found at the read transducer with increasing 

altitudes. This can be explained by the kinetics of gas molecules in the HDI. At a higher 

altitude, the mean free path of air molecules increases, resulting in fewer molecules 

available in the HDI for energy exchanges. Thus less heat is conducted away from the 

slider, which leads to the increased local protrusion.  
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Figure 4 Heater-induced protrusion under a normalized actuation power of 1.0 at three 
different altitudes: sea level, 2 km and 5km 
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Figure 5(a) shows a comparison of the pushback factors for the slider flying at sea level 

and 4km altitudes. Note that the pushback factors can be affected by the ABS geometry. 

We also simulated the case of the slider with the sea level protrusion but flying at 4km 

altitude, as shown in Figure 5(a), to exclude the effects due to different protrusion 

profiles. Pushback factors are lower for the 4km case with the same protrusion profile. 

With a higher protrusion profile obtained at 4km, the pushback factor is raised, but still 

lower compared with the sea level case. This can be explained by the air bearing force 

plot shown in Figure 5(b). By fixing the slider at an attitude of 12 nm flying-height at the 

trailing edge center, 90 µrad pitch angle and zero roll angle, we obtained the lift forces 

arising from the air flow in HDI for the same three cases as in Figure 5(a). The sea level 

case shows a higher rate of change in the air bearing force, which means a stiffer air 

bearing. In consequence, at a given suspension load, the slider tends to fly higher so that 

the extra part in the air bearing force can be compensated.  Thus, the increased actuated 

flying-height for TFC sliders at a higher altitude is a composite effect of increased local 

protrusion and reduced pushback. 
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Figure 5 Effect of altitude on the pushback factor (Figure 5a) and on the air bearing force 
(Figure 5b) for three cases (i) the slider flying at sea level with the protrusion obtained in 
the sea level case; (ii) the slider flying at 4km with the protrusion obtained in the 4km 
case; (iii) the slider flying at 4km with the protrusion obtained in the sea level case. 
 

4. EFFECTS OF DISK ROUGHNESS AND LUBRICANT 

THICKNESS ON A TFC SLIDER’S FLYING STABILITY 
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Although thermal flying-height control technology provides an effective way of reducing 

the physical spacing locally, the recording scheme using it for hard disk drives still faces 

challenges from the increasing demand for higher areal density. Areal density beyond 1 

terabits per square inch requires less than 1nm for the physical spacing. At this limit, 

contact between the slider and disk becomes inevitable. 

 

A surf-recording scheme, which allows contact between the read/write transducer area 

and the lubricant layer, has been proposed for further reducing the physical spacing while 

avoiding solid head-disk contact [43]. A major concern associated with this scheme is 

that the increasing interfacial force between the slider and disk potentially compromises 

the head-disk interface stability. To explore the feasibility of this scheme, we examine the 

stability in a process of bringing the slider to touchdown by increasing the thermal 

protrusion in small increments. At each thermal protrusion step, we solve for the slider’s 

equilibrium flying attitude, and calculate a 3-by-3 stiffness matrix in the form of 
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where z represents the flying-height coordinate, θ is the pitch angle, φ is the roll angle, F 

is the total force in the flying-height direction, Tθ is the total pitch torque, and Tφ is the 

total roll torque. For the obtained equilibrium flying state to be stable, all 3 eigenvalues 

of this stiffness matrix need to be positive [44]. Otherwise, even if the equilibrium flying-
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state exists for the slider, it can not sustain its stability in response to disturbances and, so 

in the real situation, this can result in an unstable head-disk interface. 

 

For modeling the interfacial forces in the HDI, the most common approach is to combine 

the analysis based on single-asperity behaviors with assumptions of the asperity geometry 

and distribution, as was done in Greenwood-Williamson [45].  Assuming isotropic 

surfaces, the contact load Fc and the adhesion force Fs can be represented as functions of 

the separation d between two contacting surfaces: 

∫
∞

=
d

cnc duuuFAF )()( φη  (4) 

( ) ( )ss nF A F u u duη ϕ
∞

−∞
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where η is the areal density of asperities, An is the nominal contact area, u is the asperity 

height as shown in Figure 6, )(uφ is the asperity height distribution function, and )(uF c  

and ( )sF u  are the contact load and the adhesion force for a single asperity. 

 

The presence of a monolayer of lubricant in the head-disk interface complicates the 

problem. The existence of a liquid in the interface of two solid surfaces may increase the 

adhesion force, and this is often attributed to the formation of liquid bridges. However, 

due to the high relative speed between the slider and the disk in HDI, it is difficult to 

experimentally verify the existence of liquid bridges. Alternatively, Stanley et al. [46] 

developed a sub-boundary lubrication model which is energetically favorable compared 

with the liquid-bridge scheme, when the lubricant has a strong affinity for the disk 

overcoat. This model is applied here to account for the adhesion force due to a monolayer 
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of lubricant. An isotropic surface with asperities having normal-distributed heights and 

spherical-shaped tips of the same radius R is assumed. By restricting the contact in the 

elastic range, the adhesion force is further written as 
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where R is the asperity radius, δγ is the adhesion energy per unit area, ε is the equilibrium 

intermolecular distance, t is the thickness of the lubricant layer, as shown in Figure 6. The 

first integration stands for adhesion forces due to non-contacting asperities. The 

expression for sF  is obtained by integrating the attractive pressure derived from the 

Lennard-Jones potential over a spherical profile. The second integration represents 

contributions from asperities in the lube-contact status and the sF  expression in this case 

is simplified by assuming it to be equivalent to that of a sphere in point contact with a flat. 

The third one represents solid-contact adhesion and the sF  is expressed using the 

classical DMT model [47], where z stands for the separation of the solid surfaces at a 

radius r and is given by: 
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where a=(ωR)1/2 is the radius of the contact region, ω=u-d is the interference, as shown 

in Figure 7. With the elastic range assumption, the contact force Fc can be obtained by 

the Greenwood-Williamson model, which gives: 
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where E is the combined elastic modulus of the two rough surfaces. 

R Mean plane of asperity 
height
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Figure 6 Schematic diagram of slider and disk surfaces not in contact 

 

Figure 7 Schematic diagram of an asperity in solid contact with a plane 

In the simulation, Equations (6)-(8) are normalized with respect to σ where σ is the 

standard deviation of the asperity height. Fs and Fc at normalized separations h=d/σ are 

first obtained by numerical integrations and then tabulated in the CML static solver [48] 

to avoid repeated calculations. For simplicity, the protrusion profile of TFC sliders at 

each protrusion step is not obtained through the iterative approach described above. 

Instead, we first obtained a protrusion profile using the iterative approach with 106mW 

actuation power and take it as a base profile. Increased thermal actuation is then realized 

by increasing this base profile proportionally. 

 

Three lubricant thicknesses (t=0.8 nm, 1.0 nm, and 1.2 nm) are investigated. The 

relationship between the minimum separation d* and the peak thermal protrusion height 
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is shown in Figure 9, where each point represents an equilibrium state solution obtained 

by CML static solver. If the stiffness matrix associated with an equilibrium state has 

negative eigenvalues, it is then marked out by stars. For each lubricant thickness, an 

instability region exists but over different ranges, which are tabulated in Table 1. In this 

instability region there is a comparatively steeper drop in the minimum separation d* 

with increasing thermal protrusion. Figure 10 shows the interfacial forces at different 

thermal protrusions for t=1.0nm, where the instability region is also marked out with stars. 

A rapid growth in the magnitude of the adhesion force is found at this instability region. 

This means the high rate of change in adhesion force at this flying-height range leads to 

the loss of HDI stability. Figure 10 also shows the overlap region between the adhesion 

force curve and the interfacial force curve (a sum of the adhesion force and the contact 

force), which ends at the branching point where the contact force is no longer 

insignificant. The growth in contact force, as opposed to the adhesion force, adds up to 

the air bearing lift, and when this matches the increasing rate of adhesion force, the 

equilibrium state becomes stable again and the instability region ends.    
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Figure 9 Minimum separation d* at equilibrium at different thermal protrusions for 
lubricant thicknesses t=0.8nm, 1.0nm and 1.2nm 
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Figure 10 Interfacial forces at equilibrium for different thermal protrusions for t=1.0nm 

Points with negative stiffness are marked with stars. 

 

Table 1 Extent of the instability regions (IR) for three lubricant thicknesses 

Lube Thickness 

(nm) 

d* at start of IR 

(nm) 

d* at end of IR 

(nm) 

Extent of IR 

(nm) 

t=0.8 1.180 0.326 0.854 

t=1.0 1.385 0.348 1.037 

t=1.2 1.586 0.267 1.319 

 

According to Table 1, a thinner lubricant layer results in a lower critical flying-height for 

the onset of instability, which means the slider can get closer to the disk without losing 

HDI stability. Thus in the so-called lube-surfing scheme, although the limitations on lube 
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thickness may be relaxed since slider-lube contact is allowed, such relaxation is quite 

limited because HDI stability puts another constraint on the lube thickness. 

 

By integrating the probability distribution function of the asperity heights, we get the 

ratio of asperities as a function of contact status, which is shown in Table 2. For instance, 

at t=1.0 nm, the slider is stable until the ratio of contacting asperities increases to 30%. 

Among the 30% contacting asperities only 1% have solid contact. So the slider can be 

regarded as in a surfing state and it is almost impossible to detect solid contact at this 

flying state. But at the starred point where the instability region ends, the ratio of 

contacting asperities grows to 70%, among which 30% are in the solid-contact status. It is 

quite likely that the solid contact at this flying-state can be detected by such means as 

acoustic emission transducers placed on the suspension or by read-back signal variation. 

 

Table 2 Contact status at the instability region (IR) for three lubricant thicknesses 

Start of IR End of IR 

Lube Thickness 

(nm) 
asperities 

in-contact 

Solid-

contact 

asperities 

asperities in-

contact 

Solid-contact 

asperities 

t=0.8 28.1% 3.6% 76.6% 30.9% 

t=1.0 27.8% 1.7% 84.1% 29.7% 

t=1.2 27.8% 0.7% 92.3% 34.2% 

 

V. Summary and Conclusion 



 24

Thermal flying-height control of spacing between the read-write transducer and the disk 

provides insight into what is required mechanically to increase the capacity of hard disk 

drives. In this paper, we first proposed an improved model for calculating the heat 

conduction between the TFC slider and the disk by introducing an approach for the 

calculation of the mean free path of air in a finite space with boundaries. This improved 

model gives results in good agreement with experiments. Numerical prediction of the 

TFC slider’s performances based on the original model and the improved one shows little 

difference and thus validate previous studies based on the original model. We then 

investigated TFC sliders flying at different altitudes and found that altitude induced 

changes in the TFC slider’s actuated flying height can be attributed to the changes in 

local protrusion and pushback from the increased air bearing pressure. We also explored 

the feasibility of the so-called surf-recording scheme with TFC sliders for a storage 

density beyond 1 terabytes per square inch. An instability region was found to occur with 

this recording scheme. The lowest achievable stable minimum flying-height in the surf-

recording scheme is subject to the existence of this instability region and varies with the 

lubricant thickness. 
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