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Abstract 

Some Tribological Aspects of the Hard Disk Drive Head-Disk Interface for Quasi 

Contact Conditions: Contact Detection, Lubricant Modulation and Wear 

by 

Yung-Kan Chen 

Doctor of Philosophy in Engineering-Mechanical Engineering  

University of California, Berkeley 

Professor David B. Bogy, Chair 

 

The magnetic recording hard disk drive has been one of the most important storage 

strategies since 1956. Among all storage solutions, hard disk drives possess the unrivaled 

advantageous combination of storage capacity, speed, reliability and cost over optical 

strategies and flash memory. Unlike other storage solutions, hard disk drives utilize a 

mechanical interface to perform the magnetic read/write process, and therefore its success 

relies heavily on the stability of the head-disk interface (HDI) which is composed of a 

magnetic transducer carried by an air bearing slider, an air gap of a few nanometers thick, 

and a disk surface coated with multiple layers of molecularly-thin films. This dissertation 

addresses the physics of the interface in terms of contact detection, lubricant modulation 

and wear. 

 

Contact detection serves as one of the core requirements in HDI reliability. The writing 

process demands a strict spacing control, and its accuracy is based on a proper choice of a 

contact reference from slider dynamics and therefore the headsô signal. While functioning 

in a real drive the only feedback signal comes from sensors neighboring the read-write 

transducer, and a high speed head-disk contact is associated with complex structural 

responses inherent in an air-bearing/suspension/lubricant system that may not be well 

explained solely by magnetic signals. Other than studying the slider-disk interaction at a 

strong interplay stage, this dissertation tackles the contact detection by performing 

component-level experimental and simulation studies focusing on the dynamics of air-

bearing sliders at disk proximity. The slider dynamics detected using laser Doppler 

vibrometry indicates that a typical head-disk contact can be defined early as in-plane 

motions of the slider, which is followed by vertical motions at a more engaged contact. 

This finding confirms and is in parallel with one of the detection schemes used in 

commercial drives by magnetic signals. 

 

Lubricated disk surfaces play an important role in contact characteristics. As the nature of 

contact involves two mating surfaces, the modulation of disk lubricant films should be 

investigated to further understand the head-disk contact in addition to the slider dynamics. 

In this dissertation, the lubricant modulation is studied under various contact conditions 

with reference to slider dynamics. It is found that lubricant modulation can be directly 

associated with the sliderôs dynamics in a location specific way, and its evolution is likely 

to affect the sliderôs stable back-off fly -height as the contact is retracted. In addition to 
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modulations at contact proximities, the lubricant response to passive flying and continuous 

contacting conditions are also addressed for different lubricant types and thicknesses. By 

integrating the observations from slider dynamics and lubricant modulations, we can 

establish an insightful understanding towards the transition from flying to the onset of 

contact. 

 

Head wear is also a concern when an erroneous contact detection occurs or imperfections 

from disk surface exists. Typically a protective diamond-like carbon (DLC) layer of 

thickness 1-2 nm is coated over the area of the reader/writer shields, and this film loss poses 

a threat to long term reliability. In this dissertation, in-situ methods of monitoring head 

wear is proposed in two ways. One method is to evaluate the touchdown power variations 

as a measure of spacing increase by DLC wear, which was verified by using Auger Electron 

Spectroscopy, and the other method studies the temperature contact sensor response to 

gauge mechanical wear. The later possesses the advantage of detecting wear without going 

into actual contact, but it may be affected by the location difference between the touchdown 

sensor and wear area. 
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Chapter 1  
 

Introduction 

This chapter briefly introduces the hard disk drive and its head-disk interface, the thermal 

fly ing-height control (TFC) technology, and the objective and the organization of this 

dissertation. 

1.1 The basics of a hard disk drive and its evolution 

The hard disk drive has become the main stream data storage solution since 1950s, and its 

name is associated with its physical architecture: coaxial spinning hard disks. Different 

from other storage strategies utilizing optics or electronics/flash memory, hard disk drive 

belongs to the realm of magnetic storage. Magnetic bits are stored as either ñ0ò or ñ1ò in 

polarity on the magnetic layer on the disk, and the spinning disks allow the magnetic read-

write transducer to access data over the recording surfaces. Primarily due to the rotating 

disks and the necessity to position the magnetic transducer accordingly, the hard disk drive 

involves extensive mechanical engineering, and especially in dynamics, control, mechanics 

of materials, and tribology [1].This dissertation focuses on the tribological aspects in the 

mechanical interface where the magnetic data is written. 

 

To achieve a stable tribological interface in HDDs, the head that carries the read-write 

transducer is required to be precisely positioned with respect to the rotating disk surface. 

A proper separation between the head and disk surface allows effective lubrication between 

fast moving surfaces. The planar positioning of the magnetic transducer can be mostly 

achieved by controlling the rigid-body motion of an actuator; however, the vertical 

positioning is based on a different strategy. In contrast to planar motions, the mechanical 

separation between the magnetic transducers and the fast rotating disks requires a stable, 

adaptive and accurate spacing control to properly position the head at disk proximity. 

 

The requirement for the head to be placed at disk proximity comes from the necessity to 

sense the magnetic signals from recording surfaces. While smaller head-disk spacing 

provides a better signal to noise ratio for the magnetic sensory, the intensity of the magnetic 

fields decrease as the magnetic bitsô physical dimensions shrink, which conversely increase 

the areal density. Because areal density is a direct measure of the capacity, it has been the 
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main indicator of the evolution of the HDD [2]. Under the demand of increasing areal 

density the definition of ñproximityò has evolved from the scale of microns to a few 

nanometers as of today. 

 

Historically, the very first commercial hard disk drive, IBM 350 [3], was used in a 

computer named Random Access Method of Accounting and Control (IBM 305 RAMAC) 

introduced in 1956 by IBM. The RAMAC system was designed to access data (characters) 

stored in magnetic platters in a ñfastò way, with seek times around 600 mille-seconds and 

with a capacity of 5 million 6-bit characters which totals 3.75 Mega-bytes. The method 

used to position the head away from recording media was achieved by planar pressurized 

air bearing sliders at around 20 um spacing. Later a more advanced self-acting 

hydrodynamic air bearing (IBM 1301 in 1962, and Winchester in 1973) was adopted by 

forcing the ambient air flow through a designed air bearing surface (ABS), instead of using 

an external compressed air supply. This improvement made a much smaller head-disk 

spacings possible and paved the way for todayôs commercial HDDs [4], as shown in Fig. 

1.1.1. 

  

Although the basic operating principle for the HDD has not been changed drastically since 

1970, technologies dedicated to the integration of recording media and magnetic sensor 

never ceased to evolve. Such evolution is a combination of the advancement in materials 

(giant magnetoresistive materials [5]), mechanics (heat transfer, lubricant, air bearing 

surface design, etcé) and manufacturing (thin film inductive heads [6] and media [7]). 

Over a nearly 60-year development, remarkable improvements were made in terms of 

dimensions, weight, speed, areal density, cost and reliability. The aforementioned RAMAC 

 
Figure 1.1.1 An early Winchester drive around 1975. It works on 14ò disks and holds a storage capacity of 

20 Mega-bytes. The ñbrown-orangeò material on the disk is the hue of iron oxide particles. Its size is 
considerably huge compared to a more modern Western Digital 3.5ò drive manufactured in 2008 with 40 

Giga-bytes capacity on the top-right of the figure. 
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305 system weighted over a ton and was larger than a residential refrigerator, and it cost 

$3200 for a monthly lease back in the 1960s; now one could easily order a commercial 2.5ò 

mobile HDD that weighs less than half a pound with a capacity of 2 TB for $89. 

Specifically, the term ñproximityò has evolved from 20 µm to around 2 nm under writing 

process. 

 

In fact, many new proposals are made towards a higher overall capacity or areal density in 

HDDs, including bit-patterned media (BPM) (new media technology) [8], two-dimensional 

magnetic recording (TDMR) (read-write architecture) [9], shingled magnetic recording 

(SMR), heat-assisted magnetic recording (HAMR) (new head and media technology) [10] 

and Helium technology. Among them, the Helium-filled drive has been delivered since 

2013 at a capacity of 6TB and up to 8TB in 2014 and 10 TB utilizing Helium with SMR in 

June 2015; and HAMR has entered the development stage from research level. A 

demonstration product from Seagate was presented at INTERMAG 2015 conference 

performing read/write using HAMR technology. 

1.2 A tribological challenge in HDDs: the head-disk interface 

Regardless of which new technology is going to be implemented in HDDs, the tribological 

interface remains a challenge. Current hard disk drives operate with air-bearing sliders 

flying over disks spinning 5400-15,000 revolutions per minute (RPM) with a writing 

spacing around 2 nm or even lower.  The air-bearing sliders are designed to perform the 

read-write process in a flying condition without contacts. A long-term non-contact 

recording at disk proximity relies on successful ABS design and media integration. The 

magnetic transducer is commonly referred to as the ñheadò, which is always carried by an 

air bearing slider. Therefore, mechanically a head and a slider are viewed as an integrated 

unit. The interface between the head and the disk is called the head-disk interface (HDI). 

 

The air-bearing technology in the HDI allows the slider to fly stably at a few nanometers 

away from the disk surface.  There are two measures of the flying height; one is the 

magnetic spacing and the other is the physical spacing, and they differ by the protective 

layers on top of the magnetic media.  

 

A disk substrate, the ñhard diskò, is usually made of an aluminum alloy or glass, and it is 

coated with various under layers and a magnetic layer of approximately 20-30 nm thick.  

On top of the magnetic layer is the diamond like carbon (DLC) layer ranging from 15Å to 

25Å and on top of that a perþuoropolyether (PFPE) lubricant layer of 9Å to 16Å in 

thickness. The read-write portion of the slider surface is coated with a 10Å to 20Å DLC 

layer. Each layer comes with its own roughness that is not negligible in view of the 

nanoscale contact.  From the mean top surface of the magnetic layer to the read-write head 

under the DLC layer is termed the magnetic spacing. From the mean top surface of the 

PFPE lubricant layer to the mean top of the DLC layer on the read-write portion of the 

slider is called the physical spacing. 
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The typical physical spacing for sliders in current products is about 5 nm to 10 nm with 

modulations around one nanometers or lower [2, 11, 12], depending on the ABS design 

and the corresponding RPM. The general low flying attitude makes the DLC and PFPE 

layers of special importance.  DLC layers and PFPE layers provide a reliable wear and 

corrosion resistant protection for the soft magnetic layer. PFPE lubricant layers featuring 

low surface energy and high chemical stability provide good surface protection in the event 

of contacts, and produce a long-term non-contact tribology interface. 

 

In addition to the air bearing, the nanoscale mechanical spacing is maintained together with 

a delicate suspension structure that positions the slider with a given load against rotating 

media. Suspension design plays an important role in controlling the sliderôs dynamic 

response to environmental disturbances as well as in precision track positioning. A slider 

is bonded to a suspension through a gimbal structure, and therefore in component level 

experiments a slider/suspension combination is often referred to as the head-gimbal-

assembly (HGA). A detailed explanation for a typical HGA can be found in [13]. 

 

In this dissertation we are mainly concerned with the effects of the TFC induced physical 

clearance change and the corresponding slicer and lubricant dynamics. 

 

The challenge in studying the HDI is to understand the physics that cannot be directly 

observed through optics or electronic microscopy due to the extremely narrow physical 

spacing. We can, at best, perform experiments that are designed to measure relevant 

quantities and deduce the physics from the results. An interesting yet challenging feature 

of the research in HDI is fact that the HDI involves a several interfaces of materials with 

dimensions ranging from a few angstroms to tens of micro-meters. The separation of the 

length and possibly time scales can make simulations/experiments hard to accomplish. 

1.3 The thermal fly ing-height control technology 

 
Figure 1.3.1. Zoomed section of the read-write portion on the ABS. Left part of the metal stripes are reader 

shields, and the writer return poles are on the right. 
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Traditionally the reduction of the sliderôs flying height was achieved by the ABS design. 

However, the reduction of the flying altitude by the ABS design brings the whole sliderôs 

trailing end to almost the same level, causing more of the ABS to interact with surfaces 

below through intermolecular forces, electrostatic forces, topography modifications and 

direct contacts.  A recently commercialized technique is the thermal flying-height control 

(TFC) technology. The TFC architecture uses a resistive heating element to deform a local 

region around the read-write head portion (Fig. 1.3.1) of the slider, bringing it closer to the 

disk [14, 15]. The physical spacing may be controlled by changing the power supplied to 

the TFC heater, and the control is capable of producing nanometer variations in physical 

spacing using powers in milliwatts. 

 

One of the designs of the ABS and the heater used here is shown in Figs. 1.3.2. In general 

the heater protrusion is a very ñbluntò bulge because its horizontal dimensions are on the 

order of tens of microns whereas its vertical dimensions are in tens of nanometers. Fig. 

1.3.2 (b) shows a representative ABS pressure profile with an 11 nm thermal protrusion. 

Fig. 1.3.2(c) shows a representative thermal protrusion with a maximum height around 11 

nm on the trailing edge of the ABS. 

 

Although TFC technology improves HDI reliability and spacing control, it complicates the 

mechanics of the HDI by introducing a non-negligible amount of heat flux into the existing 

mechanical interface. A thermal protrusion has to be optimized in terms of location, 

geometry, associated actuator power and the induced temperature field. Since the thermal 

problem has to be solved in a mechanical interface, a TFC slider inevitably involves 

thermo-mechanical coupling in modeling and experiments. 

 

From research point of view, the local protrusion provides a confined area of contact, and 

this feature is very useful in studying the dynamics and wear in the HDI. Because the local 

protrusion can be viewed as a probe, TFC sliders can be devised as a fast probing technique 

that may be used to explore different properties of lubricants and DLC layers at ultra-high 

shear rates.  
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Figure 1.3.2 (a) Photograph of one of the ABS designs used in this dissertation, (b) simulated ABS pressure 

and (c) the representative heater protrusion profile at a maximum height of 11 nm. 
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1.4 Objective of this work 

The objective of this dissertation is to advance the knowledge of the head-disk contacts by 

investigating the interactions between the top lubricant layers on the disk surface and the 

air bearing slider over various contact regimes by experiments with simulation. 

1.5 Organization of the dissertation 

This dissertation is composed of seven chapters. Chapter 1 gives a brief introduction of 

HDD basics, the HDI, the TFC technology, the dissertation objective and organization. 

Chapter 2 provides a preliminary outline to the study of HDI. It presents fundamental 

methodologies of instrumentation and experiment design as well as rationales for the 

following studies covered in this dissertation. Chapter 3 focuses on slider-disk contact 

detection using slider dynamics at contact proximity as a transition from flying to light 

contacts. Multiple degrees of freedom in slider dynamics are measured using fine focusing 

lens and dedicated numerical simulations are used to support and interpret the experimental 

findings. In Chapter 4 the slider dynamics is further analyzed to characterize head-disk 

contacts. It is found that head-disk contact detection is sensitive to slider/media match and 

a reliability measure is proposed to evaluate media performance. Chapter 5 investigates in 

detail the slider-disk contact in the view of lubricant modulation. Chapter 6 discusses the 

head wear caused by slider-disk contacts beyond the touchdown power level. Two TFC-

based methods are proposed and calibrated to monitor the amount of head wear. The newly 

proposed method using a temperature sensor attempts to measure head wear without 

incurring contact. Chapter 7 concludes the dissertation by summarizing the significant 

observations/findings and proposing future works. 
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Chapter 2  
 

Preliminary study of the head-disk 

interface with TFC slider 

This chapter presents a preliminary investigation of head-disk interaction. It reports 

different interference stages of slider contact against lubricated surfaces in terms of slider 

dynamics. In addition to the findings from experiments and simulations, detailed 

description of the experimental setup and the specifications of the equipment and 

experimental samples are provided, if applicable. Part of this chapter is devoted to 

explaining the calibration procedure of the optical surface analyzer (OSA) as well as its 

importance in quantifying the PFPE lubricant thickness changes. 

2.1 Introduction  

A successful read-write process relies on a stable HDI. Driven by storage demands, the 

ever increasing areal density dictates a lower flying height. Before TFC technology was  

implemented into commercial HDDs, the efforts in advanced ABS design were focused on 

achieving a low fly-height slider that can operate without contacts throughout its designed 

lifespan. Nonetheless, a flying height of 5 nm or below had been a threshold for stability 

because of surface roughness and force interactions. Decreasing the spacing below 5 nm 

often produces instabilities. Instabilities at disk proximity are attributable to intermolecular 

forces, electrostatic forces and menisci formation, to mention a few [16]. Although 

instability is not desirable in industrial applications, it is of academic and research interest. 

Prior to 2008, most experimental instability investigations were done by bringing the head 

to the disk surface through either reducing the RPM of the disk or the ambient air pressure 

in a chamber [17].  

 

The way instabilities were studied reflects a problematic nature of a low fly-height slider: 

a massive contact/interference area, even considering the trailing edge only, can 

significantly scale up the attraction force. In view of the disk, a low fly-height slider with 

relatively large areas at disk proximity also enhances the lubricant transfer from the disk to 

the slider. The introduction of TFC technology resolves these disadvantages by reducing 
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the proximity area through the use of localized joule heating, resulting a confined thermal 

protrusion that reduces the flying height only locally. 

 

While the TFC technology currently enables a lower writing spacing of around 1-2 nm, it 

requires an additional understanding of the concept of contact so that a desired spacing, say 

2 nm, can be precisely set. Therefore, contact detection serves as one of the most important 

internal calibration procedures in a HDD, and contact detection is not expected to be 

performed more than about 10 times during a driveôs lifespan.  

 

Since the most obvious way to determine head-disk contact is to cause it, a head-disk 

contact is then inevitable, and its understanding is essential for HDD reliability. Prior to 

establishing the most sensitive detection scheme, an overview of slider-disk contact 

behavior would benefit the research starting from a fundamental investigation. One way to 

understand head-disk contacts is to perform an in-situ slider-disk interaction while 

monitoring it from flying to the initiation of contact and beyond that to a more severe 

contact. One reason for studying the slider-disk interaction beyond contact is to probe the 

possibility of contact recording. Contact recording, means the mechanical spacing is 

reduced to zero, and this is one way to maximize areal density under existing perpendicular 

media recording (PMR) [2, 11]. 

 

One idea proposed for contact recording was called ñsurfingò which is considered to be 

theoretically possible for a sliderôs thermal protrusion to skim through the lubricant layer 

but not contact the carbon layer [25, 26 and 27]. Nonetheless, surfing is seldom 

experimentally observed with all supporting data, including slider dynamics, interfacial 

forces and lubricant modulation [29]. In this chapter, ñexperimental surfingò is defined and 

its feasibility is evaluated. The characteristics of bouncing including the onset of contact 

and the corresponding oscillation modes are explained with simulation support. 

2.2 Experimental Setup 

The experiments are performed on a stage capable of making in-situ measurements using 

an acoustic emission (AE) sensor, a laser Doppler vibrometer (LDV) and an OSA, which 

is based on high resolution scanning ellipsometry [18] (Fig. 2.2.1). The AE sensor detects 

the elastic-stress waves in the actuator arm transmitted from the slider and suspension 

caused by slider-disk contacts, the LDV measures the vertical velocity of the slider at the 

its trailing edge center (TEC), and the OSA monitors the modulation of the lubricant layer 

coated on the disk surface [20].  

2.2.1 Laser Doppler Vibrometer 

The LDV used here is made by Polytec Inc. and it contains three main parts: the electronic 

controller (OFV-3000), the interferometer (OFV-512), and the probe head (OFV-101). The 
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controller performs the signal processing and decoding. The interferometer hosts all of the 

optics and the laser. The probe head focuses the laser spot to the desired dimension. The 

OFV-512 is a differential interferometer, and when it is used in ñsingle endedò mode, the 

reference end must be optically grounded with a calibrated mirror, which may not be used 

interchangeably with other similar LDVs. A proper fiber alignment is required to give an 

output power at 1 milliwatt (mW), and it is a good measure of the systemôs condition. 

2.2.2 Acoustic emission sensors 

The AE sensor is composed of a piezoelectric plate of lead-zircon-titanate (PZT) with 

conductors on its faces, and it is designed to detected high frequency (> 10 kHz) elastic 

wave signals that propagate through the slider-suspension structure. AE sensors are very 

sensitive even though the signal is quite small, and a proper pre-amplifier plus an amplifier 

are required to perform contact detection. The AE sensors used in this chapter are 

manufactured by Acoustic Emission Technologies (AET). The gain setting on the amplifier 

is also important for obtaining reliable results. Too large a gain picks up too much 

environmental noise while too small a gain loses the sensitivity. In the contact detection 

 
 

Figure 2.2.1 The experiment setup contains (a) LDV, (b) AE sensor and (c) OSA for in-situ measurements. 

(b) 

(a) 

(c) 
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application the contact signal shows a repeatable result at gains equal to 50 dB with a 

multiplier of 0 on the amplifier panel. Larger gains can make false detections by amplifying 

electronic noise. AE sensors manufactured by Physical Acoustics Corporation are used 

from chapters 3 through 6, in addition to the AET sensors. 

2.2.3 Optical Surface Analyzers (OSA) 

The OSA used in this research was manufactured by Candela Instruments around 1998 and 

this model is based on the Candela-2100 but with a more advanced scanning head that has 

the feature of the Candela-5100, such as the scribe and topography channels, and it is 

installed in an open platform, capable of adding other measurement tools on an air table. 

The planar resolution is better in newer models; however, the vertical resolution stays 

equally good between the different models. 

 

The OSA is an optical tool that uses ellipsometry to investigate thin film profiles. The film 

being scanned must be transparent to some degree so that the phase shifts of the reflected 

laser beams can be analyzed, and a calculated ñreflectivityò is produced as a result of the 

film thickness. The OSA has several different channels, and each of them is optimized for 

certain features on the film [18]. 

2.2.4 Load cell and strain gauge 

The load cell refers to an assembly of beam structures that can sustain loads, and strain 

gauges glued to the machined surfaces on the beam. The load cell used in this experiment 

is scavenged from a HGA holder made by TTi Inc. The signal conditioner is from Vishay 

Precision Group. The strain gauges were configured as a Wheatstone bridge circuit. 

2.2.5 Data acquisition and flying-height control 

The data were acquired by a National Instrument (NI) USB-6211 DAQ device and a high 

speed PCI acquisition board by Measurement Computing (PCI-DAS4020/12). NI USB-

6211 is used to feedback control the TFC voltage by sensing the voltage from its analog 

output terminals. The PCI-DAS4020 features simultaneous data acquisition up to a 20 

MS/s sampling rate and is used to capture dynamic signals from the slider. A customized 

Labview program is written to calculate and control the TFC power with sub-mW 

resolution; a software, Ultrafast, developed by TTi Inc., is used to control PCI-DAS4020 

at an acquisition rate of 1MS/s. 
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2.3 Calibration Procedures for the Optical Surface Analyzer 

In this work, we use the Q phase of the OSA, which is an optimized combination of P 

polarization and S polarization lights at an incident angle close to the Brewsterôs angle, to 

perform PFPE film thickness measurements. However, the OSA can only present the 

relative ñreflectivityò all over the surface to the machineôs optical ground, thus a calibration 

procedure is essential in converting the OSA readings to the true thickness variation of a 

specific type of film. 

2.3.1 Sample Preparation 

The samples were manufactured with the help of Western Digital Corporation (WDC). 

Eight disks with bare DLC layers were first made for background scans, and then the same 

disks were dip-coated with Z-Tetraol lubricants to produce thicknesses from 9Å to 20 Å. 

The disk substrates were glass of 0.8mm thickness and 65mm in outer diameter and 20mm 

in inner diameter. The lube thicknesses were measured using Fourier transform infrared 

spectroscopy (FTIR) in WDC. 

2.3.2 Calibration Procedure 

Eight disks with bare DLC layers (no lube) were first scanned using the Q phase channel 

on both sides. The reason for scanning the DLC layers is to collect the background 

variations due to the waviness and roughness of the disk. Since the background variations 

and waviness are disk surface dependent, the eight disks with 16 surfaces were marked 

with different patterns using the scribe function on the OSA scanning head for reference. 

 

 
Figure 2.3.3.1 Representative diagram showing the Pre/Post Lube calibration procedure. 



13 

 

The 16 surfaces were later sent back to the media site of WDC where they were dip-coated 

with Z-Tetroal lubricants from 9Å to 20 Å. Each surface was then re-scanned with the 

lubricants on it. The scanning radii were from 20mm to 24mm (middle radii, MD) with 4 

microns resolution in the radial direction and approximately 4~5 microns in the 

circumferential direction. The averaged reflectivity reading of the un-lubed DLC disks at 

the MD was recorded and subtracted from the lubricated ones on the same surface with 

references to the scribed marks. 

 

The differences in the readings before/after dip-coatings result from the different 

thicknesses of lubricants less the DLC contributions on the background. The 16 differential 

readings were analyzed by least-squared linear curve fitting, and the slope of the linear 

approximation line is the reflectivity/Å conversion ratio. This calibration procedure is 

called the Prelube/Postlube method 

2.3.3 Calibration Results 

The analyzed result is shown in Fig. 2.3.3.2. A good calibration result was obtained and it 

supports the feasibility of using the OSA for measuring PFPE film thickness variations. 

Theoretically different types of PFPE films may have different reflectivities, and to 

precisely describe the amount of lubricant modulation a calibration should be performed 

using the specific PFPE lubricant of interest. The negative slope results from the fact that 

the thicker the lubricant layer, the less reflective light will be detected by the OSA. This 

result is used as a reference number for all Fomblin-Z PFPE lubricants later in this 

dissertation.  However, the variation between lubricant types may not exceed an error of 

15% [22], and the calibration is more system-specific. 

 
Figure 2.3.3.2 The calibration result using the Prelube/Postlube methods. The slope of the linear fitting line 

is -0.0217% with R2=0.9739 
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2.4 Methodology 

In order to investigate the slider-disk interaction and to find the interference levels of 

interest, we implemented a series of experimental schemes to identify the slider-disk 

contact characteristics. A Polytec LDV, an AE sensor and an OSA are used to monitor 

dynamic signals from the slider and lubricant surface. 

2.4.1 Experimental schemes 

Experiments were performed using the TFC power control with a custom programmed 

Labview code and a USB-6211 multifunctional data acquisition board with a voltage 

follower circuit. We observed three distinct dynamical phases during a continuous stair-up 

TFC power scheme (Fig. 2.4.1.1), and the three power schemes are used to investigate the 

dynamics at each phase. The LDV measures the vertical velocity signal of the slider at the 

trailing edge center (TEC) from its back-orifice on the suspension (Fig. 2.4.1.2). Contacts 

are identified by the touchdown power (TDP), which is based on the abrupt modulation in 

the AE signals. 

 

The first test scheme applied a step-up power history with 30 milli seconds (ms) dwelling 

time at each power step from 0 mW to a certain power level that demonstrates a typical 

light touchdown in the AE signal. With this scheme, we are able to detect and define the 

TDP, set up the particular power levels of interest and observe the overall light contact 

dynamics. 

 

The first test scheme provides three phases that characterize the light touchdown, including 

the value of the TDP, and the power range within which each phase is defined. Therefore, 

we can choose three distinct power values that are representative of each phase: TDP-5 

 
Figure 2.4.1.1 Step-up power history with 30 ms dwell time 
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mW (P1), TDP+5 mW (P2) and TDP+55 mW (P3) which represent phases I, II and III 

respectively. In the second test scheme, the power history was similar to that in the first 

test scheme but remains at each distinct power level, P1, P2 and P3, for 1000 ms to 

investigate the slider dynamics at each level. The dwelling time at each power step is 30 

ms for P1 and 15 ms for P2 and P3. The reason for the dwelling time change in this scheme 

is to demonstrate that the change from 15 ms to 30 ms is sufficiently long for the system 

to reach its steady state at each power step as suggested by the repeatable experimental 

results. 

 

To explore more of the physics of phase III we set up the third test that is similar to the 

second scheme but with P3 at TDP+65 mW and P1 at TDP-5 mW kept fixed for twelve 

minutes to investigate its stability and interactions with lubricants. 

2.4.2 Numerical simulation 

While the slider-disk interaction has been experimentally identified using AE, LDV and 

OSA, the frequency spectrum presented by the LDV requires a physical explanation. Most 

experimental studies attribute these observed vibration modes to the sliderôs 1st pitch and 

2nd pitch modes by experience and rationale, but in this dissertation a numerical simulation 

using a detailed HGA model together with the effect of the ABS is implemented to further 

understand these experimental modes. 

 

The numerical simulations essentially follow the approach proposed by Zeng [30] but with 

slight modifications. A full finite element model of the HGA with the air bearing is subject 

to harmonic analysis to determine the frequency responses of the entire dynamical system. 

The stiffness of the air bearing is evaluated for 18 nm of TFC protrusion, where the slider 

is still flying, and this is incorporated into the HGA model as an elastic element with one 

end fixed at the sliderôs mass center and the other end fixed at the disk node. This full 

model is chosen to represent the same suspension and ABS designs as those used in the 

experiments. A 10 mN excitation force is applied at the sliderôs TEC in the in-plane 

   
 

Figure 2.4.1.2 (left) Part of the suspension from the ABS sideôs view (in the background) (right) Top view 

of the suspension in part. TEC is marked using a red circle, where the LDV takes the measurement. 
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direction (x-direction) for the 1st case, and in the out-of-plane direction (z-direction) for 

the 2nd case. 

2.4.3 Data processing 

The signals from AE, LDV and OSA are processed using a customized code in MATLAB. 

The AE and LDV signals were both analyzed in the time domain and frequency domain. 

In the time domain, the oscillating nature of the dynamic signals was characterized using 

3-sigma over each 15-30 milliseconds period.  In the frequency domain the spectra are 

calculated using a fast Fourier transform (FFT) at each power step. The results are 

comparable with those obtained using the TTi data analyzer, Ultrafast, and MATLAB 

program. Friction force is processed by a moving average over each power step. 

 

The OSA images were acquired by its computer at circumferential acquisition rate around 

2 MS/s. For accurate film modulation studies, a background image before each test is 

performed and is subtracted from the modulated lubricant images to remove the 

background noise, disk clamp chuck induced distortions and disk run-outs. 

2.5 Results and Discussion 

In this section the results obtained from the different experimental schemes are discussed. 

2.5.1 Slider dynamics and acoustic emission sensor 

It was revealed from the first test scheme that a light touchdown contains three distinct 

phases. As shown in Fig. 2.5.1.1(a), phase I contains low AE and LDV signals, and phase 

II begins with sharp spikes in the AE signal and then drops to a certain level that is much 

larger than in phase I. In the same period, the LDV signal grows gradually and has similar 

trends in magnitudes as the AE signal. In phase III, the amplitudes of both of the LDV and 

AE signals reduce to nearly constant values that are small compared with those in phase II 

but still somewhat larger than in phase I. For the time domain analysis, we use three times 

the standard variation of a vibration signal over a period to quantify the magnitude of the 

vibration, and it is termed as the 3ů. Since the power history remains constant for 30 ms at 

each step, we can compute the 3ů plot over every 30 ms period for both the AE and LDV 

signals with respect to each power step, as shown in Fig. 2.5.1.1(b), where the three phases 

are clearly presented. We therefore define the TDP as the power where the first AE spike 

is observed in its 3ů plot. Furthermore, with the joint-time frequency analysis using the 

FFT with resolution of 0.0625 kHz, we can also observe three distinct phases in the 

frequency domain that correlate well with the phases classified in the time domain, as 

shown in Fig. 2.5.1.1(c). In the frequency domain results in Fig. 2.5.1.1(c), phase I shows 

no obvious peaks even with the heaters turned on. However, phase II, which starts with 
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sharp AE spikes in the time domain, is rich in frequency content. Within its first 3 mW 

increments beyond TDP, a peak with frequency of 133 kHz and its second the third 

harmonics are observed. These peaks are soon suppressed at higher powers, and are 

replaced by two frequency peaks appearing at 234 kHz and 377 kHz. In the middle of phase 

II, stronger and more stable peaks located at 234 kHz and 390 kHz are observed, and in the 

late phase II, the peaks around 234 kHz gradually disappear and the peaks around 390 kHz 

shift slightly to a higher value at 395 kHz with a suppressed magnitude. Phase II shows a 

complex frequency content as well as transition, and it correlates well with the vibration 

time domain signals. In phase III, only the high frequency content from phase II remains 

with relatively low magnitudes, and it is consistent with the low AE and LDV signals in 

the time domain. Fig. 2.5.1.1 shows good agreement in the dynamical phases between the 

different measurement methods. 

 

 
Figure 2.5.1.1 (a) Dynamic signals in time domain and (b) the 3ʎ of time domain signals with 

corresponding powers (c) the frequency spectrum at different powers 
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It is shown by the second test scheme that three phases and their dynamical characteristics 

are clearly presented by P1, P2 and P3. For P1, which is 5 mW below the TDP, we see no 

time domain signal changes and no obvious peaks in the frequency domain; thus it is 

termed the ñflying stateò even when the heater is on as shown in Fig. 2.5.1.2(a). For P2, 

which is 5 mW beyond TDP, a rich frequency content is observed, as shown in Fig. 

2.5.1.2(b). As indicated in the first test scheme, initially a peak at 137 kHz is excited as 

well as its harmonics, and then it is soon replaced by two dominant peaks at 234 kHz and 

382 kHz when the power is kept at P2. Phase II, where a rich frequency content and 

vibration signals are observed, is therefore termed the ñbouncing stateò. For P3, the 

transitions of peaks and time domain signals in the power up process correlate well with 

previous observations, and only a weak, yet distinct frequency peak at 391 kHz, remains 

when the power level reaches P3, as shown in Fig. 2.5.1.2(c). It is worth noting that in 

phase III, the frequency domain results indicate a slightly higher frequency vibration mode 

than the bouncing state without the 234 kHz mode, meaning that the contact condition 

experiences a significant change in transition from phase II to phase III. Another 

observation from the time domain signal also suggests that a steady but weak vibration 

occurs in this phase. 
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Figure 2.5.1.2 Comparison of dynamical behaviors in both time domain (left) and frequency domain (right) 

at different heater powers (a) P1, (b) P2 and (c) P3, respectively. Dominant peaks are indicated by arrows. 
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2.5.2 Lubricant response 

It is found from the twelve-minute test using the OSA, P1 shows negligible lubricant 

modulation while P3 shows prominent lubricant modulation right under the thermal 

protrusion area. Such modulation evolves with time, as directly shown in Fig. 2.5.2.1, 

where the lighter yellowish area indicates a thinner lubricant layer and darker area 

represents accumulation. The in-plane resolution of the OSA images are of micron meters. 

Therefore, the thinning/thickening of lubricant layers can be viewed as an averaged 

measure over a large number of molecules, considering a typical Z-Tetraol moleculeôs 

length is at tens of nanometers. Significantly, the lubricants deform into a cross profile with 

two ridges and one groove. The overall lubricant thickness is 12 Å, and the mobile layer is 

6Å thick. Carefully calibrated OSA readings show that the profileôs peak to valley 

thickness change is about 1.2 Å, as shown in Fig. 2.5.2.2, which suggests the interaction 

between the thermal protrusion and the lubricant only exists in the mobile layers of the 

lubricants. Thus, we designate phase III as the ñsurfing stateò. 

 
Figure 2.5.2.1 OSA raw data showing lubricant depletion under Phase III at 3 minutes, 7 minutes and 12 

minutes separately. 
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2.5.3 Numerical simulations 

The systemôs frequency responses in the z-direction at the sliderôs mass center for the two 

cases are shown in Fig. 2.5.3.1(a). It is interesting to note that the dominant dynamical 

modes vary with the direction of the excitation force. In particular, for the x-direction 

excitation the dominant modes have frequencies at 122 kHz and 152 kHz. On the other 

hand, the 324 kHz mode becomes dominant under the pure z-direction excitation. 

Therefore, it is reasonable to expect that different modes become dominant at different 

touchdown stages as the force combinations vary with touchdown status. Fig. 2.5.3.1(b) 

shows the nodal lines corresponding to the modes shown in Fig. 2.5.3.1(a). Comparing 

these results with the observations in the experiments, we conclude that the repeatedly seen 

peaks around 130 kHz to 140 kHz are related to the peaks located at 122 kHz and 152 kHz, 

and because the nodal lines are located at the trailing edge of the slider, as shown in Fig. 

2.5.3.1(b), these modes are considered related to the sliderôs first air bearing pitch mode.  

The high frequency components around 377 kHz to 395 kHz are evidently related to the 

324 kHz peak obtained in the simulation, which has a nodal line located at the leading edge 

as shown Fig. 2.5.3.1(b), and is associated with the sliderôs second air bearing pitch mode. 

The frequency of this mode is 50~70 kHz lower than what is seen in the experiments. 

However, considering that the simulation is done on an air bearing stiffness evaluated at a 

flying state, we expect this frequency to increase by several tens of kilohertz if we further 

push the slider to touchdown. Another interesting observation is that the experimental 

mode at 234 kHz, which is neither a pure air bearing mode, nor a pure suspension mode, 

also is found in the simulation with a nodal line located closer to the trailing edge of the 

slider and off the slider body where we can conclude it is a suspension-air-bearing coupled 

mode and is able to be excited under certain conditions. Not all peaks obtained from the 

simulations are observed in the experiments because the real excitation force components 

may not be as simple as those applied in the harmonic analysis. Nevertheless, the 

simulations do explain why different modes show up at different touchdown powers, and 

 
Figure 2.5.2.2 Lubricant modulation profile along the radial direction ranging from 4 minutes to 12 

minutes in phase III. 
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they recover the modes observed in the experiments that cannot be explained by using 

either simple air bearing or suspension models. 

2.5.4 Interfacial friction force: comments on the feasibility of surfing 

In order to determine the repeatability of the surfing phenomenon, several HGAs were 

studied under high TFC powers to observe surfing. While the phenomenon of surfing can 

be repeated on different HGAs, the required additional TFC power beyond TDP varies 

among them. These values range from 15 mW to 120 mW. In addition to the large 

variations in surfing power (with relatively similar TDPs around 70-80 mW), the frictional 

forces are non-negligible during a surfing sate. It is worth noting that even though both the 

LDV and AE signals dropped to significantly lower values than in its bouncing state, the 

strain gauge signal stays at the value prior to entering the surfing regime. It means a strong 

surface interaction is still present, but with much smaller vibration amplitudes. 

Interestingly, the friction force does not increase monotonically with the power. Even 

though the friction force stopped increasing, the existence of the friction force suggests a 

possible development of wear if a slider stays in surfing for a long time. The non-negligible 

friction force in the experimental surfing state makes the idea of contact recording via 

surfing less practicable. 

 
Figure 2.5.3.1 Simulation results on (a) frequency response and (b) corresponding nodal lines of dominant 

frequencies plotted on the ABS. The solid line located between 0.8 and 1 indicates the sliderôs trailing edge 

(TE). 
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2.6 Summary and Conclusion 

Three distinctive slider-disk interaction stages are identified experimentally and are 

explained with simulation support. Rich dynamical contents are found in the bouncing state 

and surfing state. 

 

The bouncing state is an important phase in the light touchdown because its frequencies 

reflect not only its inherent air bearing modes but also the suspension-air-bearing coupled 

modes, which may be excited by different interfacial forces. The existence of suspension-

air-bearing coupled modes suggests that under a well-controlled power supply process, the 

bouncing state initiates from extremely light contact induced natural vibrations and 

progresses to a forced vibration condition as the heater protrusion grows. This indicates 

that lubricant-induced vibrations affect the bouncing state.  

 

The surfing state is also supported by multiple in-situ measurements using the AE sensor, 

LDV, and OSA. It is worth noting that we observe the slider reaching its surfing state with 

both AE and LDV signals of low magnitude but with a distinct, slightlyïshifted higher 

second air bearing pitch mode compared with the bouncing state. And most importantly, 

the Angstrom-level modulation of the lubricant surface with heater power higher than that 

 
Figure 2.5.4.1 Data with friction force measured. 
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at the TDP strongly suggests the state of surfing. The suppressed AE and LDV signals 

indicate a stable dynamical phase with light contacts, and the weak second air bearing pitch 

mode suggests that the slider is partially supported by the air bearing.  

 

This chapter classifies the dynamical phases of a sliderôs light touchdown, and most 

importantly it characterizes its surfing state using multiple measurement techniques. The 

measured sliderôs dynamical frequencies in the bouncing state correlate well with the 

simulation results, indicating that suspension-air-bearing coupled vibration modes can be 

excited by different contact conditions with lubricants and thermal protrusion. Therefore, 

it is essential to take the suspension-air-bearing coupling effects into consideration when 

touchdown occurs. It is also crucial to design a reliable and controllable interface for the 

state of surfing, which is defined as having a distinct 2nd air-bearing pitch mode yet having 

low amplitude AE and LDV signals. And the surfing is expected to occur only in the mobile 

layers of ultra-thin PFPE lubricants. The surfing phase with the evolution of deformation 

of mobile layer lubricants with time shown in Fig. 2.4.2.2 suggests that the deformation 

mechanism and mechanical properties of mobile layer lubricants may be essential for future 

theoretical constructions and simulation works of this phenomenon. 

 

Although the surfing condition has been presented with OSA data, there are several 

challenges for such phenomenon to be practically utilized in a real HDI. One challenge is 

that a touchdown power may not be predicted for each HGA, nor the TFC power of a 

surfing state. Therefore, before a stable surfing state being reached, very likely the 

bouncing state will take place. The disadvantages in bouncing state are self-explanatory, 

and the priority in HDI studies should be focused on the detection for contacts without 

exciting the bouncing state. 

 

The second challenge is the difference between the theoretical model that suggests surfing 

and the experimental surfing established in experiments [23, 25, 26, 27, 28, 31, 39]. In 

modeled surfing conditions, several potentials are assumed as a function of spacing and 

lubricant film thicknesses, which can be evaluated arbitrarily as long as they are physically 

feasible. Therefore, an equilibrium may exist, ideally, at any head-disk spacing/film 

thicknesses as predicted. However, such assumptions are usually violated in experimental 

conditions. As suggested in the surfing states observed here, the depletion of the lubricant 

film is at a rate of sub-angstroms per minute. Even for an aggressive TFC overdrive the 

depletion rate should not exceed one angstrom per minute. This means the thermal 

protrusion may not be able to reach a desired interference without the consideration of film 

depletion rate. The experimental surfing, as a result, could be understood as more of a 

steady contact against hard substrates mediated by lubricant films. The effect brought by 

the lubricant modulation in the HDI is another important topic for further understanding. 

 

As thin as the PFPE film is, at the molecular level it may not be able to be fully depleted, 

even under a high TFC overdrive power. The lubricant-DLC bonding is strong enough to 

withstand head-disk contacts; however, it does not guarantee full lubricant coverage over 

the DLC layer. Lubricant depletion can cause less lubricant coverage, leading to asperity 
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contacts between the disk and sliderôs DLC layers [32]. As a result, the third challenge for 

surfing is mechanical wear.  Wear monitoring and control is critical for a reliable HDI. 

 

Although surfing and bouncing are not desired in the HDI, this chapter indicated three 

important topics for future studies: contact detection, lubricant modulation and wear. 

Contact detection will be discussed in chapter 3, the effects of lubricant modulation will be 

addressed in chapters 4 and 5, and chapter 6 presents the head wear study. 
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Chapter 3  
 

Thermal protrusion-induced sliderôs 

flying height modulation at contact 

proximity 

This chapter presents detailed measurements using the LDV to capture the sliderôs behavior 

at contact proximity in order to understand the sliderôs dynamics at the onset of contact. 

With the introduction of TFC technology, contacts were made by thermal protrusions. To 

study the dynamics at proximity, a more sophisticated data acquisition scheme and 

sampling rate were adopted. The sliderôs dynamics was captured using a fine-focusing laser 

interferometer which decomposed the sliderôs rigid body motion into three degrees of 

freedom. Numerically the sliderôs displacement fields under different forcing conditions 

are carried out using FEA, CMLAir  [36] and CML parameter identification program [37].   

3.1 Introduction  

Thermal protrusion induced slider-disk contacts have been widely investigated 

experimentally, theoretically, and by simulations. Slider dynamics at contact were 

experimentally explored at different interference heater powers using laser Doppler 

vibrometry (LDV) [38], [39]. These investigations indicated a certain correlation between 

the sliderôs vertical dynamic signals and a modulation of the disk lubricant layer in the 

regime of contact. However, in drive-level applications, the dynamics at first contact or 

approaching contact is of more interest. Recently several studies have focused on 

identifying the excitation source of the contact signal using LDV [30] and acoustic 

emission (AE) sensors [40]. In component-level studies, AE sensors are often used to detect 

contact-induced elastic waves. The contact criterion varies according to the researchersô 

preferences, but it is usually based on the increase in the magnitude of the AE signalsô root 

mean square (RMS) value over a period of time [40], [41], or a sudden spike in a time 

domain window [38], [39]. Therefore, the correlation between the increase in the AE signal 

and the interference between the head and disk surface requires further investigation. In 

this chapter, we use a direct observation of the sliderôs dynamics to choose the threshold 
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manifesting a transition from proximity to contacts. 

 

Moreover, among the recent studies regarding HDI contacts the LDV was applied at several 

locations according to the researchersô choices: trailing edge, trailing edge center [38], [39], 

leading edge [42], suspension or gimbal legs [30]. A recent paper [30] reported the different 

touchdown stages by making separate measurements on the trailing edge center and gimbal 

legs. This suggests that the slider's vibration measured with LDV is indeed location 

sensitive, and a more realistic description of slider motions may be obtained by observing 

the sliderôs dynamics in multiple dimensions [43]. It is thus essential to understand the 

sliderôs dynamics by taking measurements at multiple locations of the slider body, in order 

to provide a determination of which location deserves the most attention for determining 

the early onset of contact. 

 

In this chapter, the sliderôs dynamics at contact proximities are measured at the TEC, 

leading edge center (LEC), and in the down-track direction (DTD) to investigate the 

sliderôs behavior in transition from flying to light contacts. Such light contacts are also 

found to be disk surface dependent. Results show that the instabilities in the DTD and LEC 

are more sensitive to the transition from disk proximity to the onset of contact than on the 

TEC. At the defined contact event, DTD modulation dominates the vibration in the in-plane 

direction whereas the LEC modulation dominates the vertical instability, leaving the TEC 

rather stable. The higher sensitivity to contact events in the DTD with little modulations 

on TEC suggests that the DTD modulations can be used as a contact detection criterion 

prior to severe TEC modulations that can cause mechanical wear. 

 

Numerical simulations were implemented to investigate the thermal protrusion induced 

slider-disk modulation at contact proximities. Two different HGA designs were used to 

study the transient dynamics of sliders in transition from flying to the onset of contact. 

Simulations considering both air-bearing and suspension designs were carried out using 

finite volume (CMLAir) and FEA (ANSYS).  

 

Experimental results and simulations are in good agreement, and therefore reasonably 

explain the possible source of instabilities and its associated excitable modes. The results 

also suggest that the dynamics varies among the HGA designs. 

3.2 Experiments 

Experiments were performed on a customized spin-stand capable of executing in-situ 

measurements with an AE sensor, an LDV and an optical surface analyzer (OSA) which is 

similar to the stage used in chapter 2 but with certain modifications to improve accuracy 

of the contact study. 
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3.2.1 LDV measurement system update 

The OFV-512 with OFV-3000 LDV setup was capable of finding slider dynamics under 

different contact conditions. However, when a more dedicated measurement is aimed at 

discovering the subtle transition from flying to the onset of contacts, its resolution is limited 

to the analog controller, OFV-3000. In this regard, a digital controller, OFV-5000 with 

digital decoders VD-06 and VD-09, was used for slider dynamics in this dissertation 

hereafter. The VD-06 and VD-09 have cut-off frequencies of 350 kHz and 1 MHz, 

 
Figure. 3.2.1.1. Experimental setup for in-situ measurements on (a) vertical dynamics, and (b) down-track 

dynamics. 
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respectively. However, it was verified by the VD-09 that the dynamics of interests were 

below the frequency bandwidth of 350 kHz, so only the results using the VD-06 are 

presented in this chapter. 

 

Besides the improvement of the digital controller, an update in laser interferometer can also 

increase the signal to noise ratio by integrating an in-line camera and a close-up lens that 

provides a finer focus spot. The OFV-534 interferometer with a 5X/10X microscope lens 

was used to provide in-situ laser spot images and a spot of 5-7 um in diameter at a working 

distance around 30-50 mm. 

 

Figs. 3.2.1.1 (a)-(b) show the vertical measurement configuration and down-track 

measurement configurations separately. The locations of the laser spots on the head-

gimbal-assembly (HGA) used in the measurements are shown in Figs. 3.2.1.2 (a)-(c). 

 

Another solution that provides a similar solution is to use OFV-512 and a microscope lens 

OFV-130-5 that can focus the measurement spot down to 5 micron. In this configuration, 

an external camera with proper optics is required to visualize the laser spot as shown in 

Fig. 4.2.2. 

3.2.2 Visualization of the laser spot 

Realizing that slider vibration possesses multiple degrees of freedom, we set up the proper 

optics for visualizing the laser spot. For the OFV-534 with in-line cameras, no additional 

setup is required. However, if a fine-focused laser spot is to be visualized, care needs to be 

taken. The Navitar lens assembly with a 1.33x adapter (model # 1-61448) and a fine 

focusing body tube (model # 1-61449) were used to provide a field of view (FOV) for 2.00 

mm by 2.67 mm with a working distance around 92 mm and a magnification rate of 2.4x. 

Such FOV was determined together with the diagonal CCD dimension (1/2 inch) of the 

 
Figure. 3.2.1.2. Laser spots focused on (a) TEC, (b) LEC, and (c) DTD. The brightest red dots are the 

focused laser spots, which are surrounded by scattered lights. 
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corresponding digital camera, Hitachi KP-D50 was used in this dissertation. Laser spots 

are usually smaller than could be observed, due to the scattering light. There are two ways 

to enhance the contrast of the laser spot. One is to use fiber optics to locally lighten the 

neighboring space of the HGA; the other way is to apply optical filters to reduce the glare 

and enhance the contrast. A long wavelength pass color filter from THORLABS, 

FGL665M, was used in this dissertation with the OFV-512/OFV-551 interferometer. 

3.2.3 Data acquisition update 

An updated data acquisition is used in this chapter. The data acquisition and TFC heater 

power supply are controlled by use of a customized MATLAB program synchronizing 

the TFC heater power supply and dynamic signal acquisition to the spindle index. All 

dynamical data were acquired using a National Instrument (NI) data acquisition card, 

PCI-6110, at 5MS/s sampling rate, and the heater power was feedback-controlled by an 

NI USB-6211. 

 

The PCI-6110 can perform 5MS/s sampling rate simultaneously for 4 analog input 

channels. This important feature assures no delay between acquired dynamic signals.  A 

diagram representing the data acquisition scheme is shown in Fig. 3.2.3.1. On PCI-6110, 

the analog input engine is triggered by feeding an OSA spindle index into the PFI0, and 

 
Figure. 3.2.3.1. Representative data acquisition diagram used in this chapter. On PCI-6110, AI 0-3 are 

synchronized analog input channels. 
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the analog input and output engines are then synchronized via RSTI0. The synchronized 

analog output channel, AO 0, is then used as a pulsed trigger for USB-6211ôs analog 

output engine. The USB-6211ôs analog input engine is later triggered after the data 

acquisition command. This procedure ensures the same timing on the spindle index, PCI-

6110 data acquisition and the TFC heater power supply. 

3.3 Methodology 

Both experiments and simulations are performed to investigate the HGA behavior at 

contact proximity. Different HGA designs and media are used to explore the efficacy and 

repeatability of the method of contact detection. 

3.3.1 Rationale 

Recently it was reported that LDV measurements at the TEC during slider-disk contact 

events revealed two interesting phenomena. One is that the observed TEC vibration 

consisted primarily of the 2nd pitch mode [39, 40, 43]. The other one is that the TEC 

vibration to some degree, could be affected by the gimbal structures at low frequencies 

(<50 kHz) [46]. However, the same measurements were done on the gimbal legs as well 

[30], suggesting that an earlier detection of contact could be observed at that location, 

compared with the responses on the TEC. The above-mentioned studies indicated that the 

LDV-based contact definition may depend on the measurement location, and therefore, a 

more detailed study of the transition from contact proximity to a possible contact event is 

necessary. 

3.3.2 Samples and Experimental Schemes 

The experimental procedures and specifications of the samples are as follows. HDD 2.5 

inch disks covered with a thickness of 1.2 nanometers of Z-Tetraol or Z-Dol lubricants 

with 70% bonding ratio were used. Equivalent linear speeds of flying sliders over disks 

were kept around 22 m/s with approximately zero slider skew. Slider-disk contacts were 

established by increasing the voltage supplied to the TFC heaters, and the voltage pulses 

are referred to as ñTFC pulsesò hereafter. Each TFC pulse started and ended with a 1 ms 

half sine-wave rising or falling profile which was held constant over the duration of 15 ms 

in between. Data was acquired for 25 ms and synchronized with each TFC pulse. AE 

signals were analyzed in real time using the RMS value during the TFC pulsed period as 

contact indicators. The dynamics recorded during the TFC pulse on/off period over the 

same measurement window were used to study how the TFC heaters could affect the slider 

dynamics using both frequency spectra and time domain displacement modulations. All 

slider samples were examined by the scanning electron microscope (SEM) for indications 

of wear. 
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The TFC sliders used in this study were designed to fly at about 11 nanometers passively, 

and with thermal actuation efficiencies ranging from 0.14 to 0.18 nm/mW. The LDV 

measurements were taken at the TEC, LEC and DTD on the same slider sequentially. To 

exclude any concerns about the measurement sequences, the orders were changed over 

different slider samples in the experiments. Furthermore, the variation of contact TFC 

heater power was required to be within +/- 1 mW on the same slider among the change of 

LDV positions, to insure repeatability. Results for the contact powers were measured from 

5 to 10 times at each location when TDP settles down to a variation below 1 mW. The air 

bearing spindle run-out was around +/- 1 ɛm at the test radii. 

3.4 Simulations 

Simulations were done in three separate steps. First, the air-bearing stiffness was evaluated 

using the dynamic air-bearing simulator CML Air and the CML PIP. Second, the air-

bearing stiffness was used together with an ANSYS finite element model of the HGA to 

perform harmonic analyses, by which the mode shapes and frequency response were 

obtained. Third, transient analyses were implemented to find excitable dynamics at 

contacts. 

 
Figure. 3.4.1.1 Suspension design of HGA#1 (a) and HGA#2 (b). TEC is circled in white and LEC is 

circled in red for both figures. 
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3.4.1 Finite Element Modeling 

Detailed finite element (FE) models are used for structural analysis. The reason for using 

FE models is to accommodate the complexity introduced by current HGAs. Although the 

effect of HGAs can be simplified to 6 DOFs or even lower, those models are usually not 

capable of recovering experimentally observed modes. The benefits of FE analysis is 

understood from chapter 2, and in this chapter a similar idea is taken. However, a slight 

modification is made to the slider modeling. Instead of replacing the slider body using a 

single node attributed to element MASS21 with inertia parameters, in this chapter a slider 

body of real dimension and density is built in the model. The sliderôs motions were solved 

by attaching an addition mode to the sliderôs mass center attributed to MASS21 with no 

inertia effects. By adopting this method, the sliderôs inertia effects are retained by the solid 

model and its interaction with disks can be linked through the added node. 

3.4.2 Estimation of the effect of air-bearing stiffness 

The air-bearing stiffness was evaluated at the sliderôs minimum flying-height of around 1.5 

nm with a certain amount of thermal protrusion applied to the ABS. Two HGA designs that 

differ in both ABS and suspension structure were used in the simulation and experiments 

to compare the results. The element type, MATRIX27, in ANSYS is used as the spring 

element that connects the sliderôs mass center and disk node. 

3.4.3 Transient and harmonic analysis 

The applied excitation force was 1 mN for both harmonic and transient analysis. In order 

to simulate the forcing condition at slider-disk contacts, we applied excitation forces  as 

point loads at the sliderôs TEC on the air-bearing surface (ABS). The magnitude of 

excitation force was chosen from the scale of experimental findings in chapter 2. In the 

harmonic analysis, the frequency sweep was from 1 kHz to 400 kHz with 1 kHz increments. 

In the transient analysis, a square pulse of 0.2 ɛs width was used to approximate the 

transient interaction between the thermal protrusion and the media below. 

3.5 Results and Discussions 

In this section the detailed definition of AE-based contact and the general dynamical 

interpretations of LDV and AE signals at contact events are presented and analyzed in both 

the time and frequency domains. The results from Z-Tetraol and Z-Dol samples lead to the 

same conclusion. All sliders used in this chapter showed no SEM detectable mechanical 

wear after the tests. It is noted that the contact events are also referred to as touchdowns 

(TD) by most researchers and the corresponding TFC heater power is called contact power 

or touchdown power (TDP). A heater power level exceeding the TDP is called an ñover-

pushò or ñoverdriveò, and is referred to as a ñback-offò when it is reduced below the TDP. 
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Simulation results from ANSYS are post-analyzed in the frequency domain and the 

corresponding mode shapes of the whole HGA and the slider body are investigated. 

3.5.1 Experiment 

Acoustic emission signals and contact definition 

 

Conventionally, a slider-disk contact event is determined by an increase in the RMS value 

of AE or LDV signals in component-level testing [30], [38]. In this chapter we use a similar 

criterion, RMS value of the AE signal, but with an observation in the time domain to help 

clarify the definition of contacts using a threshold AE RMS value. The contact TFC heater 

power was determined by the AE patterns based on our postulated slider-disk contact 

scenario. In a transition from contact proximity to contact, the disk surface asperities just 

contact the sliderôs thermal protrusion area instead of the process in which the slider 

bounces on the disk. The former represents a light contact condition which is mainly 

attributable to the overall effect of surface asperity distribution and disk run-out [40]. The 

latter is viewed as a more severe slider bouncing. Differing from the light contacts that are 

related to surface features that excite the sliderôs instability at specific disk locations, slider 

bouncing is regarded as the condition when the sliderôs vibration amplitude is large enough 

to cause it to randomly contact the disk surface regardless of the disk surface features. It 

has been reported that disk surface features such as disk waviness (ɛ-waviness and nano-

waviness) can change the head-disk spacing when the sliders fly passively [47], and at the 

much lower spacing considered in this study, the perturbation becomes comparable to the 

fly ing-height and may contribute to the instability. The RMS values of the AE signals used 

to identify the transitions were calibrated for different slider-disk matches, and the AE 

threshold was found to be in the range of 1.15 to 1.3 with normalization to an AE RMS 

value in the slidersô flying state. As shown in Fig. 3.5.1.1 (a), a proper choice of AE RMS 

threshold provides a repeatable contact power, and Fig. 3.5.1.1 (b) shows the corresponding 

time domain history. It is also shown in Fig. 3.5.1.1 (b) that the AE signals, in general, 

contain both periodic and slightly non-periodic contents from one disk revolution to 

another during contact events. The excitation magnitudes are not exactly the same, but the 

periodic signatures are location specific. The non-periodic parts are attributed to the 

slightly varying excitation magnitudes of the location specific AE signals, and also a result 

of transitions from contact proximity to the onset of contact. 
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The justification for defining the transitions using AE is illustrated in Figs. 3.5.1.2 (a)-(c). 

At the defined contact power, the AE signal consists primarily of location specific 

excitations together with minor non-periodic contents, as shown in Fig. 3.5.1.2 (b). 

However, at 1 mW back-off, as shown in Fig. 3.5.1.2 (a), the AE signal contains weaker 

and fewer location specific pulses compared with the contact case. In contrast to the contact 

and 1 mW back-off events, Fig. 3.5.1.2 (c) shows the AE signal when the power is at 1 

mW overpush. The AE signal modulation is much larger over the period with the TFC 

heater powered on, and it no longer features the location specific patterns. The LEC 

displacement modulations also follow this pattern.  We define this as the transition from 

slider-disk contact proximity to the onset of slider-disk contacts. 

 

Time domain laser Doppler vibrometry dynamic signals at contact events 

 

The synchronized and simultaneous data acquisition scheme described above ensures the 

accurate timing with disk revolutions and minimum delays between acquired dynamic 

signals. Fig. 3.51.3 (a) shows a typical measurement result with the synchronized spindle 

index, LDV, AE signals, and TFC pulses. As shown in Figs. 3.51.3 (a)-(b), generally the 

velocity modulations, if observable, occur prior to the AE signals, and this difference 

represents the time delay of elastic wave propagating through the structures to the position 

of the AE sensor. A closer inspection of the LDV signal reveals that the velocity 

modulations at the LEC, though subtle, are larger than those at the TEC, at the same 

locations on the disk. These subtle and location specific velocity modulations also suggest 

 
Figure. 3.5.1.1 A typical AE-based contact detection scheme. (a) Five consecutive TD tests at the same 

contact power with dashed AE threshold line. (b) The corresponding time domain traces with post-

processed LEC modulations. 
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that a transient measure of vibration amplitude rather than an averaged RMS value over 

the entire TFC actuated duration should be used to quantify the instability. More detailed 

comparisons of the time domain results at the TEC, LEC and DTD are shown in Figs. 

3.5.1.4 (a)-(c). The displacement modulations are numerically integrated from the band-

pass filtered (50 kHz-350 kHz) LDV signal, and the AE signals shown are also processed 

through the same filter. The LEC displacement modulations are larger than those at the 

TEC, the same as the velocity measurements; however, the modulations at the DTD are 

even larger than at the LEC, for both velocities and displacements. The above-mentioned 

phenomenon requires a frequency analysis, and an analysis of modulation evolution from 

contact proximity to the onset of contacts to decompose the dynamic contents. 

 

 

 
Figure. 3.5.1.2 AE dynamic patterns transitions from (a) 1 mW back-off to (b) TD to (c) over-push using 

the same HGA in five consecutive power-up cycles. Over-pushes are applied four times after TDs. 

Repeatable patterns could be observed from cycle to cycle, but the location specific patterns vanish at (c). 
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Figure. 3.5.1.3 Typical synchronized measurement results on (a) LEC and (b) TEC. TFC pulses are 

synchronized to spindle indexes. Closed-up figures from 0.0109 s to 0.0115 s are presented to show the 

differences between LEC and TEC velocity modulations in time domain. 
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Figure. 3.5.1.4 Comparison of displacement modulations on (a) TEC, (b) LEC, and (c) DTD with AE 

signals as references. 
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Frequency spectrum analysis and explanations 

 

The frequency spectra for comparing the slider dynamics with/without a TFC pulse are 

obtained using the Fast Fourier Transform (FFT) in MATLAB. An FFT is applied to each 

5 ms period with the TFC pulse on/off. Although the magnitudes of the dynamic signals 

are subtle, the contrasts between the TFC pulsed period and passive flying period are 

obvious. As shown in Figs. 3.5.1.5 (a)-(b), the LEC spectrum features a group of 

conspicuous frequency peaks from 85 kHz to 140 kHz, whereas the TEC spectrum is rather 

silent with weak frequency modulations around 240 kHz and 320 kHz. Fig. 3.5.1.5 (c) 

shows the DTD spectrum, which shares prominent frequency peaks at 86 kHz and 117 kHz 

with the spectrum of the LEC, but it also features a distinguished peak around 76 kHz. Fig. 

3.5.1.5 (d) shows the AE spectrum at contact events for reference. For the purposes of 

slider dynamics discussion, the low frequency components below 50 kHz are not included, 

although they may contain effects pertinent to the TEC dynamics. Compared with a recent 

study [46], the LDV response at the TEC in this paper is considered to be smaller at least 

by half in displacement modulations, suggesting a contact regime of less interference is 

being observed here. In the AE spectrum, the frequency content is observed to be a 

combination of LEC and DTD, suggesting that the AE sensor collects all elastic stress 

waves transmitted through structures to its position, and therefore shares frequency 

contents with the LDV measurements on LEC and DTD in part.  

 

The frequency contents can be further explained by harmonic analysis of the HGA used in 

the experiments, and the simulation procedure is similar to that in recent papers [30], [39]. 

By experimentally comparing the TEC, LEC and DTD spectra, we conclude that the 

frequency peaks ranging from 90 kHz to 140 kHz are related to the 1st pitch modes. This 

range was analyzed in a recent paper [30] using simulation by the finite element method. 

The frequency modes ranging from 75 kHz to 90 kHz are reasoned to be related to 

suspension and air-bearing coupled modes in the DTD. 
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Evolution of flying-height modulation at contact proximities 

 

Next, the maximum 3-sigma value of displacement signals representing the maximum peak 

to peak modulations are analyzed from 14 mW back-off to the contact power. Figs. 3.5.1.6 

(a)-(b) show a representative evolution of displacement modulations and the corresponding 

 
Figure. 3.5.1.5 Frequency spectra on (a) TEC, (b) LEC, (c) DTD, and (d) AE signals at a typical slider-disk 

contact event. 
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AE modulations from 10 consecutive TD tests. The 3-sigma value is chosen from the 

maximum computed 3-sigma values over every 20 ɛs in order to capture the transient peak-

to-peak modulations. The displacement modulations start to grow at around 5 mW back-

off at both the LEC and DTD, which implies that the instability started to occur at 

approximately 1 nanometer away from the contact surface level, which is interestingly 

close to, but slightly smaller than the critical clearance that initiates lubricant transfers [33]. 

Although the LEC and DTD modulations continue to increase as the heater power increases, 

the TEC modulations are almost comparable to those at the flying state with very little 

increase. Despite the modulation amplitude differences among LEC, TEC and DTD, the 

corresponding AE modulation amplitudes are almost identical, which implies that these 

measurements are under similar contact conditions. It should be emphasized that the 3-

sigma displacement modulation in this paper quantifies the maximum transient peak-to- 

peak vibration amplitude over one disk revolution, but it is not an averaged measure such 

as would be obtained using the RMS value over all TFC durations. Much lower modulation 

values would be expected using the RMS value of the LDV measurements. 

 

 

 
Figure. 3.5.1.6 Representative evolutions of (a) maximum 3-sigma displacement modulations on LEC, 

TEC, and DTD; (b) corresponding AE modulations. Solid marks are the averaged value and the error bar 

indicates plus/minus one standard deviation from 10 TD tests. 
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Slider dynamics at the onset of contacts 

 

Using the time domain information, the frequency spectra and the evolution of 

displacement modulation analysis we can interpret the dynamics of the slider from contact 

proximity to the onset of contact. As shown in Fig. 3.5.1.7, modulations at the DTD, LEC, 

and TEC all start to grow when the heater protrusion area is approximately 1 nanometer 

away from the defined contact. However, the modulations grow at different levels of head-

disk spacing. Considering that 1 mW increase in heater power corresponds to 

approximately 1.7 Å decrease in flying-height, the growth rate in a dimensionless factor 

(increase in modulation/decrease in flying-height) is 0.99, 0.57 and 0.06 for DTD, LEC 

and TEC, respectively. The growth rate indicates the sensitivity of the modulations at 

contact proximity, and shows that DTD possesses the highest sensitivity whereas the TEC 

is the least sensitive to contact. The linear growth of modulation suggests a gradual increase 

in the vibrations until the onset of contact at the DTD and LEC, and they are viewed as the 

main contribution to the instability of the AE-based contact detection, whereas the TEC 

modulation plays a less dominant role in terms of slider dynamics during such transition.  

 

The instability at contact proximity has previously been considered to be a result of force 

interactions between the HDI, and it has been extensively reported in numerical 

investigations [16], [48], [49]. Such force interactions are essentially dependent on the 

physical clearance between the sliderôs air-bearing surface (ABS) and disk and therefore 

mainly concentrate on the thermal protrusion area that is close to the TEC. Forces 

dependent on the head-disk spacing are usually reported in the vertical direction but in this 

study the vertical vibration at the TEC is not prominent; instead, the DTD shows a strong 

in-plane motion that suggests the horizontal excitations play an important role in slider-

disk contacts. The direct measurement result of DTD is also consistent with a recent paper 

 
Figure. 3.5.1.7 Modulation growth rate with respect to the decrease in flying-height of LEC, TEC and 

DTD. 
































































































































