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Abstract: This paper deals with the tribological reliability and durability  
issues in modern magnetic recording hard disk drives where the slider flies  
over the disk at distances typically less than 10 nm and at linear velocities of 
dozens meters per second. Specifically, we address the slider-disk clearance, 
which is known to have a major impact on HDD reliability. We discuss 
clearance-measuring techniques, the theoretical relationship between the 
clearance and reliability, and the relative contributions of different factors such 
as disk surface roughness, slider dynamic pitch, and disk lubricant properties to 
the overall drive performance. 
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1 Introduction 

As the magnetic recording densities increase, the magnetic spacing, and hence the head 
flying height, must necessarily decrease towards sub-10 nm levels. At the same time, the 
requirements for HDD reliability, such as the Mean Time to Failure (MTTF), continue to 
increase under the competitive pressure from within the disk drive industry and  
from other data storage technologies, such as the flash memory. In regards to this later 
point, HDD designers have managed to increase MTTF ratings from 100 K hours to over 
1,000 K hours in the span of last 10–15 years. This progress has been facilitated by 
increased understanding of the factors that impact slider-disk clearance and by our ability 
to manipulate these factors. 

Further increase in reliability of HDDs is becoming even more difficult, however, and 
it is safe to assume that the slider-disk interface of the future will be exposed to more 
contact than ever before. At the same time, there is increasing pressure to reduce the 
thickness of the protective films to achieve the needed magnetic recording density. 
Higher degree of contact coupled with thinner overcoats means, of course, more 
challenges for HDI designers. 

The following paper focuses on the subject of measuring and maintaining slider-disk 
clearance for high HDD reliability in magnetic hard disk drives where the slider flies at 
typically less than 10 nm. More specifically, we discuss the definition of clearance, 
propose a theoretical model for relating reliability to clearance, review the major 
clearance measuring techniques, and then consider several factors that have a significant 
impact on slider-disk clearance. The main message of this paper is that the slider-disk 
clearance should be treated as the fundamental criteria by which to design a reliable 
magnetic hard disk drive. 

2 Definition of slider-disk clearance 

One good thing about the Head-Disk Interface (HDI) of the modern magnetic Hard-Disk 
Drive (HDD) is that if one could prevent direct slider-disk interaction then one could also 
dramatically reduce the danger of having tribological or other reliability issues. And,  
in order to prevent slider-disk contact, one needs to maintain some minimum clearance 
between the slider and the disk. 

The definition of slider-disk clearance seems to be relatively straight-forward, 
however, this is not so. Figure 1 schematically illustrates the HDI. The nominal minimum 
flying height (also Referred to as simply the nominal flying height) is defined as the 
distance between the disk surface mean and the lowest point of the slider surface mean. 
This definition is used in both theoretical air-bearing Flying Height (FH) modelling and 
experimental FH measurements using optical FH testers. The nominal flying height is 
typically greater than the actual flying height because it does not take into account the 
slider roughness. 
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Figure 1 Schematics of the head disk interface 

 

The actual minimum flying height equals the distance between the mean of the disk 
surface roughness and the lowest point of the flying slider. Considering that roughness  
of the modern sliders is on the order of several Angstroms Rq roughness and on the order 
of several nanometers peak-to-valley roughness (Rpv), one could expect the difference 
between the nominal and actual flying height to be on the order of few nm or less. 

The element flying height is defined as the distance from the disk surface mean to the 
slider surface mean at the location of the read element. The element flying height could 
be slightly higher than the minimum flying height due to the slider pitch and roll and  
due to the slider body curvature (crown). 

Glide height can be defined as a flying height of the slider making first contact with 
the highest disk asperities. Since the practical contact detection techniques require some 
level of slider-disk interference and repeatability, some of the disk asperities will be 
misinterpreted as being lower than their real height and some of them will not be even 
detected. For example, if a batch of 100 disks, which had previously passed glide test, is 
then re-tested, it is generally expected that a small percentage of the initial passers might 
fail the re-test. 

Maximum disk roughness is defined by the highest asperities on the disk surface. 
Glide testing of the disks is typically performed to make sure that there are no asperities 
above the pre-specified glide height. However, sensitivity limitations and statistically 
significant ‘test escapes’ result in the presence of some disk asperities that are higher than 
the glide height. 

Take-Off Height (TOH), which is also known as the Glide Height Avalanche (GHA) 
corresponds to the lowest flying height attainable by a given slider on a given disk  
in a given drive. TOH is a result of slider interaction with the rough and wavy disk, 
where the waviness is an intrinsic property of the disk, disk clamp effects, etc. In order to 
determine the TOH, one typically needs to set a threshold value for the parameter  
being measured, such as relative change in voltage, number of counts, etc. Therefore, 
TOH values are somewhat impacted by the actual measurement procedure. Also, inspite 
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of its name, TOH is typically measured while the disk velocity is decreased and not 
during slider take-off. 

Using Figure 1 and the above explanations, the slider-disk clearance could be defined 
in several different ways: 

• The absolute clearance. The distance between the lowest point of the flying slider 
and the highest disk asperity (maximum disk roughness). In other words, the 
absolute clearance refers to the smallest physical gap between the disk and slider 
asperities. For example, if the slider is considered as absolutely smooth, the absolute 
clearance would correspond to the distance between the nominal minimum flying 
height and the maximum disk roughness. If the glide test could reliably detect the 
very tops of 100% of all disk asperities then, for a smooth slider, the absolute 
clearance would correspond to the distance between the nominal minimum flying 
height and the glide height. 

• The effective clearance. The distance corresponding to the drop in the flying height 
between the nominal flying condition and the TOH. The effective clearance is not 
defined by the highest asperities on either disk or slider but corresponds to the 
predominant contact state (Khurshudov and Ivett, 2003). 

One comment regarding the role of the lubricant in defining slider-disk clearance is 
needed. In current drives, lubricant thicknesses are on the order of 1–2 nm, which 
represents a significant fraction of the slider-disk clearance. Previous work has shown 
(Khurshudov and Waltman, 2001; Waltman and Khurshudov, 2002) that this effect could 
be quite significant. Figure 2 schematically illustrates how the lubricant under the slider 
can be ‘thinned’ by the ABS pressure. 

Figure 2 Air-bearing pressure impacts on the lubricant thickness and slider-disk clearance 

 

Figure 3 (Waltman and Tyndall, 2002) shows calculated change of the lube thickness. 
Lubricant thickness decreases in response to the ABS pressure applied to it. While the 
thickness decreases, the disjoining pressure increases until it equals the ABS pressure and 
the film thickness reaches its equilibrium. Therefore, the actual flying height is offset up 
from the COC surface mean by the fraction of the lubricant thickness displaced (see in 
Figure 3). This does affect the magnetic spacing but not the physical one since the offset 
does not impact the clearance. 
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Figure 3 Lubricant thicknesses under the air-bearing as a function of the ABS pressure calculated 
from the dispersive component of the PFPE film disjoining pressure 

 

3 Clearance measuring techniques 

There are several major techniques for measuring slider-disk clearance (Khurshudov and 
Ivett, 2003; Wallace, 1951; Shi et al., 1987; Klaassen and van Peppen, 1994; Schouterden 
et al., 2003). These include: 

• Acoustic Emission (AE) based technique 

• Variable Gain Amplifier (VGA) based technique 

• Thermal Asperity (TA)-based technique 

• read-back signal-based technique. 

Other techniques, such as the capacitance-based methods (Briggs and Herkart, 1971;  
Suk et al., 1992) are also available but require significant modifications of the drive and 
are outside of the scope of this paper. 

The AE technique is based on measurements of elastic stress waves propagating in 
solids from such sources as zones of elastic or/and plastic deformation, cracks, etc.  
The AE sensor, which is built around Piezo-Electric Crystal (PZT) crystal, is placed near 
the source of the elastic stress waves (near the slider-disk interface). The signal is usually 
conditioned (amplified and filtered) to obtain the highest signal-to-noise ratio and to 
‘target’ some specific frequency ranges of interest. For example (Khurshudov and Ivett, 
2003), AE sensor was attached to the actuator screw on the top cover of the drive or to 
the actuator arm of the upper suspension inside the drive. The signal was amplified by 
40 dB and filtered out below 600 kHz and above 3 MHz to ‘view’ the slider body 
resonance frequencies (which start from about 1.2 MHz). 

The AE-base technique is best suited for measuring the difference between the 
minimum flying height and somewhere between the glide height and the TOH.  
It is potentially capable of detecting individual contacts – like is done during glide 
testing. However, it is almost impossible to do on a drive-level. Also, the AE signal does 
not, unfortunately, carry information about the clearance change in terms of the vertical 
distance. Therefore, this information should be measured separately (i.e., from the 
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magnetic spacing change) or derived from the known slider altitude or velocity 

sensitivity. 

The Variable Gain Amplifier (VGA) based approach is a convenient way to 

characterise magnetic spacing change in the drive. It does not require attaching external 

cables to the HDD and all measurements could be done ‘over the bus’. Figure 4 shows a 

schematic of a generic channel Input, Output, and Compensation Circuit (Oscilloscope 

connection is shown for the reference only). The ‘VGA ranging circuit’ (see Figure 4) 

amplifies, conditions, and digitises the input analogue signal and passes data to the 

Digital Finite Response (DFIR) filter. 

Figure 4 Schematic of the channel input, output, and compensation circuits. Scope connection  

is shown for the reference only 

 

If the read-back signal is ‘intercepted’ at RDX/RDY points (or ‘C’ or ‘capacitor’ points 

in Figure 4), the V
in

* = 100 × V
in

. Therefore, any change in V
in

 scales proportionally and 

could be measured using the oscilloscope. By observing this change and using the 

obtained data as an input for the spacing loss equation (Wallace, 1951), one can derive 

the change in magnetic (and physical) spacing with an accuracy on the order of 

Angstroms. However, this requires attaching probes to the drive and is not. An alternative 

measure of the spacing change can be obtained from the gain change in the internal drive 

circuitry, which conditions the raw read-back signal from the disk in order to keep its 

amplitude (and shape) within some optimal range. For example, if the read-back signal is 

too weak (e.g., the magnetic head is flying too high), then the VGA circuit increases the 

signal or gain. If the signal is too strong (e.g., the head is flying too close to the disk), the 

VGA circuit will reduce signal amplification. Therefore, the VGA signal change is 

proportional to the magnetic spacing change, and the change in VGA signal can be often 

attributed to the flying height change. Since the exact relationship between the input 

voltage and the output digital VGA value is defined by the channel design, which can be 

quite complicated. It makes it difficult to reconstruct voltage values with a high degree of 

accuracy. In addition, VGA circuitry suffers from high sensitivity to temperature. 

Therefore, while being convenient for mass production, the VGA-based approach is not 

always the most accurate. 

When the slider is flying in the absence of interference with the disk, mean VGA 

value is stable and the standard deviation of the VGA signal is small. However, when the 

slider begins to interfere with the disk, the frictional force pitches the slider forward 

thereby increasing the magnetic spacing (Figure 5). The VGA signal, typically, increases 
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while the channel circuitry is attempting to compensate for this increase in magnetic 

spacing. This is how the contact could be detected. 

Figure 5 Slider altitude decreases with decreasing air pressure causing eventual contact with the 

disk. Frictional forces generated during the contact tend to ‘pitch’ the slider forward 

and, therefore, increase VGA signal 

 

The VGA technique is the method of choice for measuring the clearance between the 

minimum flying height and the TOH. It is incapable of detecting individual contacts 

(unless they are strong enough to disturb the air-bearing) but carries all needed 

information about the clearance change in terms of the vertical distance. 

A Thermal Asperity (TA) is an event registered when the Magneto-Resistive (MR) 

read element of the slider touches the disk surface. Since this contact takes place at high 

speed, some element heating takes place and the baseline of the read-back magnetic 

signal moves away from its neutral position. This base-line shift occurs very quickly  

(on the order of a fraction of a millisecond) and decays quickly due to cooling of the MR 

stripe. However, the temperature rise can be significant enough that the electrical 

resistance of MR stripe changes far beyond the allowable range. This increases the signal 

beyond its saturation threshold thus making it unreadable to the drive’s circuitry.  

One part of the read channel is designed to deal with ‘on-the-fly’ detection and correction 

of the TA events (see Figure 4). This type of error could be intermittent (recoverable, or 

‘soft’) or permanent (‘hard’). TA events have a degrading effect on drive performance 

and reliability. However, TA-detection is a useful technique to study slider-disk 

interactions, or, more precisely, interactions between the MR element (see Figure 1) and 

the highest disk asperities. Like the AE-based technique, TA detection does not carry 

information about the clearance change in terms of the vertical distance. 

As was mentioned above, the read-back signal can be ‘intercepted’ at the RDX/RDY 

points (or ‘C’ or ‘capacitor’ points in Figure 4), and any change in V
in

* can be  

used to obtain the change in magnetic spacing from the Wallace spacing loss equation 

(Wallace, 1951): 

∆h = ln(V
in

/V
in0

) λ / 2π 

where ∆h is the change in magnetic spacing, V
in0

 and V
in

 are the read-back signal 

amplitudes before and after the spacing change respectively, and λ is the wavelength  

of the written signal. 
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By using this technique in the same way as described earlier for the VGA-based 
clearance measurements, one can measure changes in the magnetic spacing with 
Angstrom accuracy. The Wallace equation-based technique is the best method  
for measuring the clearance between the minimum flying height and the TOH. It is 
incapable of detecting individual contacts (unless they are strong enough to disturb the 
air-bearing) but carries highly-accurate information about the clearance change in terms 
of the vertical distance. 

An ideal clearance-measuring technique should be able to detect both the occasional 
and predominant contacts quantitatively and also be internal to the drive. Table 1 
compares the techniques discussed above and compares their applicability for contact 
detection. As is clear from the table, none of the available techniques satisfies all the 
requirements of the ‘ideal technique’ and, depending upon the specific objective, some 
combination of these techniques might be required. However, if the right technique  
(or techniques) is used, then the clearance between the slider and disk could be quantified 
with high accuracy. 

Table 1 Comparison of the head-disk contact detection techniques 

Detection capabilities 

Technique 
Absolute clearance 
(occasional contact) 

Effective clearance 
(pre-dominant contact)

Clearance 
quantification Comments 

AE Yes* Yes No External to the drive 
VGA No Yes Yes** Internal to the drive 
TA Yes Yes No Internal to the drive 
Wallace No Yes Yes External to the drive 

*Available for spindle-level glide-height measurements. 
**Signal change correlation to the spacing change could be quite complex and not  
as accurate as that of the Wallace-based approach. 

4 Theoretical evaluation of the clearance impact on reliability 

This chapter focuses on the theoretical aspects of the slider-disk clearance and on the 
clearance relationship to the failure rate of the real drive. 

The main premise used in the following discussion is that those slider-disk interfaces 
that operate in contact (‘with interference’) are destined to fail while those interfaces with 
‘non-zero clearance’ will operate without failure. 

There are two major noteworthy exceptions: 

• Not all HDD failures are directly related to the lack of clearance. One example is 
those failures caused by electrical and electrostatic phenomena (ESD, EOS) in the 
drive and at the HDI. These types of failures are highly unpredictable and are 
practically impossible to incorporate into this model. 

• Not every interface built with ‘non-zero clearance’ is completely failure tolerant. For 
instance, particulates or chemical contamination at the HDI can result in an 
unexpected clearance loss, and, hence, failure. Again, these types of failures are 
highly unpredictable and are very difficult to model. 



 

 

   

 

   

    Slider-disk clearance characterisation and optimisation 243    
 

    
 
 

   

   
 

   

   

 

   

       
 

We begin by assuming that the flying height distribution of the sliders in the assembled 
drives is normal. Figure 6(A) shows an example of the well-designed interface with the 
lowest-flying slider of the total population being above the highest detected disk 
asperities (GHA). The nominal flying height of this population or the mean of the 
population FH distribution (µ) was chosen to be about 10 nm with the standard deviation 
(σ) of 0.8 nm. The nominal (mean) clearance of the entire slider population is denoted as 
Z0 and is defined as following: 

Z0 = FΗ – GHA. 

If we follow our earlier assumption, this combination (Figure 6(A)) of the FH distribution 
and disk parameters would translate into ‘zero-failures state’. 

It is always desirable to design and build a slider-disk interface in the fashion 
mentioned above. However, a combination of requirements to fly lower with each new 
product generation, coupled with the mass-production environment with less than 100% 
inspection capabilities, requires more realistic drive designs that could be characterised as 
the design ‘with interference’. 

Figure 6 Cumulative failure rate is a function of the slider population interference with the disk. 
Failure is assumed when head flies below the glide avalanche (FH < GHA) 

 

Figure 6(B) shows the case of minor interference where the tail of the slider FH 
population overlaps with the disk GHA level. This figure also shows that the cumulative 
failure rate for this HDI equals the cumulative probability of a head being a part of the 
population that belongs to the shaded area of the probability density function. 

Figure 6(C) shows the case of the major interference when exactly 50% of the 
population of the heads interfere with the disk. One could expect that as many as 50% of 
the population would eventually fail in this case. 

Figure 6(D) summarises the above model as a relationship between the normalised 
population clearance and the cumulative failure rate of the drive population with one 



 

 

   

 

   

   244 A. Khurshudov and G.W. Tyndall    
 

    
 
 

   

   
 

   

   

 

   

       
 

head only. This figure shows that as soon as the interference begins, the failure rate starts 
increasing, but it increases relatively slowly while the interference is on the order of 
1 σ (see area between ‘–3’ and ‘–2’ in Figure 6(D). When the interference increases 
beyond 1 σ (see area between ‘–2’ and ‘–1’ in Figure 6(D), cumulative failure rate starts 
increasing rapidly and this increase becomes almost linear (see area between ‘–1’ and 
‘+1’ in Figure 6(D) until it reaches about 80%, when is slows down. 

Figure 7 applies this model to drives with more than one HDI. Clearly, the more 
interfaces are present in the drive, the faster the failure rate increases with interference. 
Our attempts to compare the above theoretical model with the real-life experience yielded 
good correlation. 

The above theoretical analysis demonstrated how quickly the HDD failure rate 
increases with the loss of slider-disk clearance. This loss is further aggravated by the 
number of HDI in the drive, which is a common way to increase drive’s capacity. 

Figure 7 Cumulative failure rate as a function of clearance change calculated for drives with the 
different number of heads 

 

5 Selected factors impacting clearance 

There are a number of factors that impact the slider-disk clearance. These include 
properties of the disk, such as roughness and lubricant type, thickness and molecular 
weight; properties of the head, such as dynamic pitch, as well as environmental and drive 
operating parameters. We will begin with disk roughness that has a strong impact on the 
HDI clearance. First, we consider the case of ‘non-zero clearance’ (see Figure 6(A), that 
is when the slider population is separated from the disk highest asperities (GHA) by some 
distance. In this case, the only way in which the disk surface impacts the slider is via the 
Inter-Molecular Forces (IMF) that operate within the range of a few nanometers.  
The IMF (predominantly the van der Waals forces) increase as a square of the decrease in 
separation distance. 

In this case, increasing the surface roughness can result in an overall increase in the 
IMF. Thus, a rougher surface has a stronger impact on the slider than a smoother surface 
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since the highest asperities will influence the slider. When exposed to the IMF, the slider 
flies lower and the clearance is reduced. 

A second distinguishable occurs when there some slider-disk interference, e.g., when 
the slider and disk are in some physical contact (Figure 6(B) and (C)). In this case, the 
high disk asperities would ‘prevent’ the slider from coming too close to the disk and, 
thereby, limit the magnitude of the inter-molecular forces operating at the interface. Thus, 
higher disk roughness could be beneficial for the HDI operating in the interference mode.  
This problem was investigated by Khurshudov and Raman (2005). Figure 8 shows 
representative results of tests performed at reduced atmospheric pressure using the same 
slider against several disks that had different roughness while being otherwise identical. 
These experimental data clearly show that the same slider is capable of flying much 
lower before making contact with the disk and has greater effective clearance on the 
rougher disk. This occurs in spite of the fact that the slider-disk interaction typically starts 
earlier (at higher pressures or higher flying heights) for the rougher disks than for the 
smoother disks (Khurshudov and Raman, 2005). 

Figure 8 Correlation between the Take-Off Pressure (TOP) clearance and the disk roughness  
for disks with the same substrate micro-waviness, disk and lubricant structure 

 
Source: Khurshudov and Raman (2005) 

The above results could be also explained from the IMF point of view:  

• Higher disk roughness causes earlier intermittent contact with the slider 
(Khurshudov and Raman, 2005) but manages to prevent the slider from flying  
closer to the disk while the air pressure is being reduced. Therefore, higher 
roughness limits the onset of the intermolecular forces. 

• On the smooth surfaces, the slider flies lower and lower with decreasing pressure 
while the inter-molecular forces keep increasing until the slider ‘jumps’ into contact. 
Thus, roughness could decrease the absolute clearance but increase the effective 
clearance at the same time. 
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• The effect of the slider dynamic pitch angle has also been investigated (Schouterden 
et al., 2003). The dynamic pitch angle is defined as the angle between the disk plane 
and the ABS surface of the flying slider at ambient conditions. It has been shown 
that higher pitch angle could be beneficial for the effective slider-disk clearance and 
the difference in the pitch could translate into the clearance difference on the order  
of 2 nm or more on the same disk surface. The same paper also presents results of 
the on-track durability tests, which show that higher pitch angle has the benefit of 
higher durability. These results could be again explained using the IMF-based 
approach. 

• Higher slider pitch results in smaller ‘effective’ interaction area between the slider 
and disk surfaces and, at small spacing, decreases the total inter-molecular force 
acting between the two bodies. Therefore, increasing the slider pitch angle has a 
positive impact on the effective clearance. 

• The lubricant film can also have a very strong impact on the slider-disk clearance. 
This is due to the fact that disk lubricant is the weakest mechanical element at the 
HDI, and it is exposed to some very strong competing forces such as the ABS  
forces and the inter-molecular forces. The impact of the ABS forces has been  
already discussed above (see Figure 2). The inter-molecular forces operating at the 
slider-disk interface will tend to weaken the lubricant adhesion to the disk surface 
(Waltman and Tyndall, 2002). 

Figure 9 shows the effective disjoining pressure (or the pressure holding the lubricant 
together) is reduced dramatically by the IMF. This will lead to an expansion of  
the lubricant towards the slider and thereby reduce the slider-disk clearance.  
The magnitude of this effect will be dependent upon the clearance, the lubricant 
thickness, and the lubricant molecular weight. The thicker the lubricant film is, the lower 
its disjoining pressure (Waltman et al., 2002). Therefore, it is easier for IMF to expand 
thicker lubricants compared to thinner ones. 

Figure 9 The attractive VDW forces that develop at the HDI reduce the disjoining pressure 
which results in the vertical expansion of the adsorbed lubricant film 

 
Source: Waltman and Tyndall (2002) 
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The effect of the lubricant molecular weight on the slider-disk clearance was investigated 
previously (Khurshudov and Waltman, 2001; Waltman and Khurshudov, 2002). It has 
been shown that the clearance decreases with increasing molecular weight of  
Zdol lubricant. This reduction in clearance scales approximately as the square root of the 
lubricant molecular weight. This is consistent with that expected for the expansion of  
the coil dimensions of the lubricant, which increases with effective radius of gyration. 
The higher the lube molecular weight is, the higher its radius of gyrations will be, and the 
greater its vertical expansion when affected by the IMF. Eventually, when the attractive 
inter-molecular forces become sufficiently large, the lubricant ‘jumps’ between the disk 
and slider thus momentarily reducing the clearance to zero (see Figure 10). This ‘soft’ 
contact has the potential to result in a failure of the HDD. 

Figure 10 The effect of the van der Waals attractive forces between the slider and the disk surface 
on the effective disjoining pressure 

 
Source: Waltman and Tyndall (2002) 

6 Conclusions 

In this paper we have addressed the subject of slider-disk clearance and its effect on HDD 
reliability. We have also discussed clearance-measuring techniques and the contributions 
of different factors such as disk surface roughness, slider dynamic pitch angle, disk 
lubricant properties, etc., on this clearance. 

• We defined slider-disk clearance and differentiated between the absolute clearance 
and the effective clearance. Each of these physical characteristics of the interface is 
important for reliability and each of them requires a different measurement 
technique. 

• We described multiple techniques for the HDD clearance measurement and 
discussed their use in measuring both absolute and effective clearances at the HDI. 
In most cases, a combination of different techniques is required in order to obtain a 
complete picture. 

• We described a theoretical slider-disk ‘interference model’ that can be used to 
predict HDD reliability. This model predicts different cumulative failure rates for 
different interference levels. 
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• Finally, we discuss some of the major factors that impact clearance at the HDI and 
propose the following conclusions: 

• higher disk roughness can be beneficial for the effective clearance but 
detrimental to the absolute clearance 

• higher slider dynamic pitch angle is beneficial to the effective clearance 

• lower lubricant thickness and molecular weight are beneficial to the slider-disk 
clearance. 
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