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ABSTRACT W 

To achieve areal density of 1 Tb/in" in the next generation hard disk drive (HDD), the 

slider has to fly at a height of 3-4 nanometers above the disk surface. To obtain the 

required accuracy of track seeking and following, the same slider may have to possess 

capability of in-situ flying height (FH) measurement. A new slider has been proposed 

and designed with in-situ measurement capability of flying height and mechanical 

impedance of air bearing. 

With proper aerodynamic design, the slider will fly at the prescribed height. Onto this 

slider, a much more flexible cantilever will be built to carry the read/write head at its 

tip. The flexible cantilever, which is driven by PZT film coated on its surfaces, is 

capable of measuring the flying height in real time. The output of the PZT, namely the 

electrical impedance, is used as a signal to sense the flying height. 

Mechanically, this system has three coupling fields, which are related to electrical 

(PZT), structure (cantilever) and fluid (air bearing). In this PhD study, the air bearing 

is modeled as by Fukui model due to its accuracy for describing the air bearing in 

large Knudsen number. Finite element (FE) method was applied to study the 

cantilever, PZT film and air bearing by building a FE model for them. With the well 

established FE procedure, the in-situ flying height measurement capability of the new 

slider has been validated by virtual testing or numerical simulation. The numerical 

results show that there is a good linearity between the flying height and the output 
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electrical impedance. The sensitivity could reach about 1.048 ohm per nanometer 

within a frequency range. 

Moreover, simultaneous sensing and actuation (SSA) method has been applied for 

studying the mechanical impedance of air bearing of new slider design. Based on this 

method, the cantilever, PZT film and air bearing can be viewed as a four-pole device. 

With achieving the transduction matrix of the four-pole device, the mechanical 

impedance of air bearing will be obtained through measuring the output electrical 

impedance of PZT numerically. The results show well consistent with other 

researchers', with more advantages such as easy installment, light loading effect and 

real-time measurement capability. 

Except for the above virtual testing of the new slider design, actual testing has been 

prepared, and the MEMS-based slider prototype has been fabricated. Although this 

prototype was not fabricated successfully due to the limitations of lab equipments and 

time, all these studies give us a clear direction on designing and fabricating the new 

slider for following researchers. 

Index Terms — flying height, head disk interface, in-situ, hard disk drive, air bearing, 

slider, SSA, MEMS, PZT, cantilever, four-pole, finite element. 
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Chapter 1 Introduction 

Chapter 1 

Introduction 

The ongoing growth of the computer industry and the advent of the information super­

high way, high definition television, digital images, digital music etc., generate an 

enormous demand for data storage capacity. To satisfy the greatly increasing data storage 

capacity, several competing technologies are available, such as magnetic hard disk, 

optical disk, and magnetic flexible tape. However, magnetic hard disk technology 

continues to be the primary choice for high performance storage [1]. In the past 5 years, 

the areal density of disk drive storage grew 60% annually. Areal density of the order of 

10 Gb/ in2 is currently in production for laptop drives. Recently, the Read-Rite 

Corporation demonstrated a record areal density of 36Gb/in2, and the next feasibility 

demonstration target for the disk drive industry is lTb/m2. To obtain this areal density 

the required magnetic spacing should be moved to 10 nm or less. Advances in 

nanotechnology with regards to fabrication, characterization, and tribology are essential 

to achieve this areal density [2, 3]. The flying height (FH) is the main part of magnetic 

spacing. FH is the thickness of the air bearing, which is formed when hard disk drive is in 

the working state. A well-designed air bearing surface (ABS) is required to keep the 

slider fly several nanometers above the disk. 

1 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter I Introduction 

As the flying height decreases to a nanometer level, the methods of flying height 

measurement and flying height control should be performed accurately with much more 

modifications. 

In a hard disk drive, the slider plays an important role, as it has a large influence on the 

ability of the hard disk drive. On one hand, a slider with a good aerodynamic design will 

increase the capability of the hard disk drive. On the other hand, the smaller the flying 

height of the slider will be, the larger the capacity of the disk will be. In such a low flying 

height, the contact between the slider and the disk becomes more and more frequently, 

which makes the slider more fragile. To reduce the contact, keeping a constant flying 

height is a demand. For this purpose, we must know the flying height value before 

controlling it. That is the reason we need to measure the flying height when the hard disk 

drive is in operation state. This kind of flying height measurement is called in-situ flying 

height measurement. Knowing the flying height, we can control it by some driving 

mechanisms. Both the method of in-situ flying height measurement and flying height 

control are receiving more and more attentions. In this research, we will focus on in-situ 

flying height measurement. Before introducing the further research, some fundamental 

concepts of hard disk drive will be described briefly in the following sections. 

1.1 Fundamental of Hard Disk Drive 

All the current hard disk drives contain the same elements as shown in Figure 1-1. One or 

more magnetic media hard disks are mounted on a spindle that rotates at a high speed. 
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Chapter I Introduction 

When the hard disk drive is working, the voice-coil actuator controls the suspension for 

track seeking and following. A slider is mounted on the suspension through the gimbal. 

This gimbal is so flexible that the slider can move freely in a certain domain and 

directions. As the high speed of the rotating disk, there will be a thin film air produced 

between the slider and the disk. The slider, disk and the thin film air buildup the head-

disk interface. Figure 1-2 shows the sketch of head-disk interface. Figure 1-3 shows the 

side view of head-disk interface. 

Cover Mounting Holes 
(Cover not shown) 

Connector 

Fig. 1-1 Components of hard disk drives (IBM351-K 5400 20GB Disk Drive) 

In all these components, the slider where the read/write elements are mounted is pivotal 

in the hard disk drive. The magnetic read/write elements (the "heads") are attached to the 

ceramic slider that is loaded onto the disk surface by a spring suspension. The air flow 

between the slider and disk generates a thin film air, which is a hydrodynamic air 

bearing. The air bearing provides a small spacing between the heads and the disk. This 
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Chapter 1 Introduction 

small space reduces the contact between the heads and the disk. The thickness of air 

bearing is normally called flying height as shown in Figure 1-3. Each suspension is 

attached to an arm. The arm is then fixed together to form a head stack assembly, which 

is driven by an electromagnetic voice-coil actuator. The heads can be positioned at any 

track on the disk surface. 

Read Write Element 

Fig. 1-2 Sketch of head-disk interface (Figure extracted from Hitachi webpage) 

The hydrodynamic film, or air bearing, that supports the ceramic slider has traditionally 

made up the largest portion of the total spacing between the magnetic media and head. 

The air bearing is needed in order to minimize wear of the two surfaces-the magnetic disk 

and the slider. Ideally, when the disk is rotating at its full speed, the slider does not 

contact the disk surface and thus no wear occurs. In most designs, the slider lands on the 

4 
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Chapter 1 Introduction 

Flying Height 

Fig. 1-3 Side view of head disk interface 

disk when the disk is not spinning. When the drive is turned on, the disk spins up and the 

slider takes off as the air bearing forms. Flying height has much influence on the 

performance of hard disk drives. The larger the flying height is, the less possibility for the 

slider contacting with the disk is. Therefore, we need to enlarge the flying height. But, 

when the flying height is too large or not stable, the data transferring between the head 

and disk becomes slow. Thus, there is a tradeoff for the flying height in order to minimize 

the wear and keep high speed of data transferring. 

Traditionally, the flying height is measured experimentally in design stage. For the past 

several decades, many methods have been developed for measuring flying height [4-17]. 

For example, the white-light interferometry method was used in 1972 by Lin and Sullivan 

[18] to measure flying height in hard disk drive. They claimed a resolution of 50 nm. 

Many individuals subsequently improved this technique. Best et al. obtained resolution 

down to a few nanometers in 1986. Miu et al. [19] reported on the first use of a laser 

doppler vibrometer (LDV) to study the motion of either the head or the disk. Since then, 

LDV has been used extensively in the study of the slider load/unload process and 

actuation. Methods other than optical ones have also been employed. In 1957, Brunner et 
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Chapter 1 Introduction 

al. used a capacitance probe to measure the flying height. More recently, Berg et ah [20] 

studied spacing during actuation in an actual disk file using a slider equipped with 

capacitance probes. The readback signal modulation from the magnetic transducer has 

also been utilized to measure the spacing variation [21]. The introduction of the 

magnetoresistive read/write element, which gives a signal independence of the relative 

velocity, makes this technique even more powerful, as it allows the measurement of 

steady changes in flying height. One drawback of the magnetic readback signal method 

[22], however, is that the spacing can only be determined at the trailing edge, where the 

head is located. With optical methods, the slider pitch and roll attitude, as well as the 

head-to-disk spacing, can be measured. These methods will be introduced in detail in 

Chapter 2. Although these methods are widely used in current industry, they are not used 

in the actual hard disk drive. Worse more, they are only used in the experimental stage. 

To solve this problem, and to carry out the flying height measurement when the hard disk 

drive is working, a new slider design and an in-situ flying height measurement technique 

have been proposed. Numerical simulation and mechanism study will be introduced and 

discussed in this thesis. 

In the above discussion, we have introduced that the suspension is driven by voice-coil 

motor, such that the read/write element can be located on the expected track. This kind of 

actuation also is called single-stage actuation, as the flying height has lain into nanometer 

domains, the single-stage actuation is not enough for high demand of the accuracy. 

Recently, the dual-stage actuation was introduced. In this method, the read/write head is 

not only driven by the voice-coil actuator, but also by one more actuator. The latter 
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actuator is called dual-stage actuator [23]. For the past years, researchers have developed 

many kinds of dual-stage actuators for more exactly track seeking, track following and 

flying height control in hard disk drives [24, 25, 26]. 

1.2 Proposed New Slider Design 

Figure 1-4 shows the structural of a proposed slider design. A very small tip, or called 

step will be fabricated on the free end of the cantilever. The requirements of this slider 

are: 

(1) A cantilever, together with PZT film coated onto its surface is formed inside the 

slider. 

(2) The cantilever is much thinner and more flexible than other part of slider. 

(3) The flying attitude of slider is mainly determined by the ABS on the slider body. 

(4) The ABS on cantilever has little influence on the flying attitude. 

(5) The flying attitude of the slider body hardly changed when the cantilever deforms. 

Shadow Step 

Cantilever 

(b) Bottom view (a) Three-dimensional view 
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(c) Cross session view (d) Zoom-in view of part A 

Fig. 1 -4 Proposed slider design 

In this figure, a PZT film is coated onto the surface of cantilever. And the PZT is 

sandwiched by two electrical layers. These two layers are used for the output electrical 

signal from PZT. 

When a slider is flying above the disk surface during HDD's working state, air bearing is 

formed between slider and disk. Lift force from the air bearing is created to make the 

slider fly above the disk surface. The aerodynamic behavior of the air bearing is governed 

by classical Reynolds equation, which will be introduced in detailed in Chapter 2. The 

sensor, which is consisting of a flexible cantilever and a patch of PZT film, is also flying 

above the disk surface. So the cantilever, PZT film, air bearing and disk will construct the 

head disk interface (HDI). The flying height of the slider is same as the thickness of the 

air bearing at tip of the cantilever. At this moment, when a certain voltage with a 

prescribed frequency is input to the PZT, it will expand in the length direction due to its 

piezoelectricity. This expansion will cause the cantilever to be deformed. Due to the 

cantilever's deformation, the shape of the air bearing will be modified, which leads to the 

variation of the aerodynamic lift force produced on the cantilever. At the same time, 

because of the deformation on the cantilever, the inverse piezoelectricity will occur. This 

inverse piezoelectricity results into the variation of the output of PZT. The flying height 
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of the slider will affect this output. Different flying height will cause different output of 

PZT film. To study the detailed relationship between flying height and this output, the 

HDI is viewed as a coupled multi-field problem which is consisting of electrical (PZT), 

structure (cantilever) and fluid (air bearing). For simplification, a stiffness matrix (1-1) is 

used to represent this system. 

(1-D 

The matrix (1-1) represents the system of head disk interface, in which E represents the 

electrical part, S represents the structural part, F represents the fluid part, and C1-C6 

represents the coupling parts. In this project, the coupling field problem has been solved 

by a package using finite element (FE) method. Moreover, the novel slider, with in-situ 

flying height measurement capability, has been designed and fabricated by MEMS 

technology. We also know that there exist three fields in the whole system, electrical 

(PZT), structure (cantilever) and fluid (air bearing). In this research, we will find out the 

relationship between the output of PZT and the flying height. Here, the output of PZT 

will be the electrical impedance Ze, which is defined as the ratio of the voltage U over the 

current I. U and I are the output voltage and output current of PZT respectively. That is 

Ze=U/I (1-2) 

1.3 Objectives 

The objectives of this project are: 
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1. To develop a 1-D finite element program for solving a coupling field problem between 

air-bearing, cantilever and PZT response, as well as compare the results from the 

developed finite element program, ANSYS, CML-lst order and CML 2nd order analysis. 

2. To develop some SSA applications on PZT cantilever/slider assembly. In our study, in-

situ flying height measurement and in-situ mechanical impedance measurement are 

realized. 

3. To explore the fabrication of the new slider by MEMS technology. 

1.4 Scopes 

The scopes of this project are to: 

1. Derive the finite element matrix for the air-bearing, cantilever and PZT film 

respectively in its local coordinate. Then transforming the specific matrix into a global 

coordinate is a must to solve the coupling field problem. In our solution, the global 

coordinate is selected as same as the local coordinate of the air-bearing. Most of the 

numerical computational codes are written in MATLAB language, and some of the codes 

are written in FORTRAN. After the FE program has been developed, verification of these 

FE program is carried out through some simplified models. 

2. Apply the sensor (PZT cantilever) to realize in-situ flying height measurement in the 

new slider design and build up a four-pole model of the cantilever together with PZT film 

as a sensor to measure mechanical impedance of air bearing. 

3. Fabricate the slider with new design. Here MEMS technique is adopted. Firstly, a well 

mechanical structure design is carried out. The difference between the new slider and the 

10 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter I Introduction 

traditional slider lies on the PZT cantilever, which is used to realize the in-situ flying 

height measurement and in-situ mechanical impedance measurement. Since there is not 

mature product like this, deposition of the PZT on the cantilever is carried out by MEMS 

fabrication technique. Thermal analysis is carried out during MEMS fabrication due to 

the large temperature variation. Then mask for MEMS fabrication is designed, which 

helps the alignment of the wafer. At last, hand on slider fabrication is carried out. 

1.5 Outline of Thesis 

This thesis is organized as follows: In Chapter 2, a comprehensive literature review will 

be carried out to study the existing methods of flying height measurement, air bearing 

model and SSA method. In Chapter 3, finite element method will be used to simulate a 

PZT cantilever flying above disk surface. In this chapter, the derivation of finite element 

matrix for the coupling field system is introduced in detailed and the validation of the 

finite element package will be carried out through several simplified models. Then, in 

Chapter 4, the capability of in-situ flying height measurement of the new slider design is 

verified through ANSYS and the developed finite element package. In the following, the 

applications of the finite element package are used to virtually test the in-situ mechanical 

impedance measurement capability of new slider, which is shown in Chapter 5. In the 

same chapter, the MEMS fabrication of the proposed slider for actual testing will be 

shown. Even we could not obtain a good prototype through the fabrication due to 

limitation of lab equipments and time, these fabrication techniques will be served as 

guidance for the following researchers. In Chapter 6, the conclusions, including 
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contributions, achievements and limitations, will be given. Some remarks for future 

research are also given. At the end of the thesis, some detailed design and analysis of the 

MEMS fabrication will be shown in the Appendix. At the same time, the cause of the 

failure of slider fabrication will be discussed and some recommendations for the future 

slider fabrication will also be given. 

12 
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Chapter 2 

Literature Review 

In Chapter 1, some fundamental concepts of hard disk drive have been introduced. In this 

chapter, the existing methods of flying height measurement and the air bearing model 

will be presented. The SSA method will also be introduced in this chapter. 

2.1 Flying Height Measurement in HDD 

Up to now, optical interference techniques based on the Netwonian ring principle have 

mainly been used for static flying height measurement [27,28,29,30]. Except for the 

optical method, electrical methods similar to the capacitance probe have been utilized for 

dynamic flying height measurement [31]. Other methods, such as acoustic emission (AE) 

method, thermal acoustic (TA) method, strain gauge method, and magnetoresistance (MR) 

thermal response method, are also used in flying height measurement [32, 33]. In these 

methods, a monochromatic light source or a white light source was utilized to measure 

flying height by detecting the bright or dark fringe position on an air bearing surface or 

by comparing the color fringe with a series of standard unicolors corresponding to known 

spacing. Although these methods are very practical, their accuracy is questionable in the 

spacing range below 0.2 jUm , and they present difficulties in measuring dynamic spacing 

fluctuation. 
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In an effort to solve these problems, Fleischer [34] first combined the photo-electrical 

detection technique with the optical interference technique. The measurement of the static 

characteristics of slider was fulfilled. In this technique, the interference intensity variation 

was detected through a focused infrared laser cavity. Nigam [35] improved the laser 

interferometric technique by employing a visible (He-Ne) laser as a light source. With 

this technique, flying height fluctuation resulting from suspension resonance could be 

measured successfully up to 2-kHz range. 

Since Nigam's work, various flying height measurement techniques based on the photo­

electrical conversion of interference intensity have been introduced. One typical aspect of 

these techniques involves determination of the wavelength. The light with such a 

wavelength could produce maximum and/or minimum interference intensity at a certain 

spacing by monochromatric scanning of a incident light wavelength. Another typical 

aspect concerns detecting the position, in which intensity indicates the maximum or 

minimum value along the surface of the air bearing. By detecting such a position, the 

spacing of leading or trailing edge could be extrapolated. The former is restricted, 

however, in its capability to measure the minimum spacing because of the limitation in 

shortening the wavelength. The latter also offers insufficient resolution since it produces 

few intensity peaks. 

The Laser Doppler Vibrometer (LDV) [36,37,38], which can be used to measure the 

motion velocity of objects, is another optical method for evaluating the dynamic 

characteristics of the slider. Using LDV, Miu and Bogy measured transient motion in the 
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slider caused by crater-like imperfections and sputtered rectangular aluminum oxide steps 

on the medium surface. These results were compared with the numerical results obtained 

directly from solving the modified Reynolds equation in the time domain. LDV is seen to 

be quite suitable for measuring the dynamic characteristics of a slider on a real medium, 

and is useful in directly evaluating the performance of the equipment. However, 

concerning to surface irregularities in the medium such as bumps, some difficulty exists 

in accurately measuring slider's relative motion. In addition, in order to attain an accurate 

transient response, it is absolutely essential to carefully eliminate all lower frequency 

disturbance components resulting mainly from medium run-out. 

Against this background, Ohkubo and Kishigami [39, 40] presented an accurate spacing 

measurement technique which focuses a visible laser into a minute cavity on the slider 

and disk interface, and electrically detects the interference intensity change, which 

corresponds to the spacing variation. In this section several methods to measure flying 

height will be briefly reviewed. 

2.1.1 Optical Interference Method 

Optical interferometry has long been used for the accurate measurements of flying height. 

The principle of the method and its application for measuring flying height will now be 

described. The basic concept is shown in Figure 2-1. A monochromatic light beam is 

directed to pass through a transparent flat glass disk. Some light is reflected from the 

lower surface of the disk, and the rest passes into the air bearing. This part of the light 
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reflects from the slider and is imaged into a detector that could be a photodetector or the 

human eye. Figure 2-1-la shows the two optical paths merging at the detector P. Our 

monochromator 
/ 

/ ' s p l i t t e r 
n—^ 

\ \ image plane 

• ' / 

7X 
quartz disk 
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slider 

Fig. 2-1 Optical method for measuring flying height 
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Fig. 2-1-la Parallel-plate interferometry for flying height measurement 
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Fig. 2-1-lb Intensity variation (fringes) as a function of head-disk separation 
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interest is in knowing the intensity of resultant light detected at the detector P as the 

distance h between the disk surface and the slider surface varies from low to high values. 

The intensity detected at P is due to the interference of two optical waves, one along the 

path ADP and another along path BCEP, given by 

/, =lx+I2-2jTJlcosS (2-1) 

where Ix and I2 are intensities of two optical waves. The phase angle difference 5 

between two paths is proportional to the difference in path lengths between ADP and 

BCEP. The value of 8 can be derived simply from the geometry shown in Figure 2-1-1 a 

and using Snell's law of refraction for angles sin 6 and sin 6 . Assuming /, = 12, the plot 

of intensity at the detector as a function of flying height is as shown in Figure 2-1-lb. As 

the value of h approaches — (called first order) or — (second order), the intensity is 

A 
maximum, while at 0, —-, and A the detected intensity is zero. These intensities can be 

shown as fringes on a plot or by video imaging. The slope of the periodic curve in Figure 

2-1-lb shows that the sensitivity of the measurements will be very small at maximum and 

minimum intensities, that is, at peaks and valleys of the curve, while it will highest at 

1 3 
locations of highest slope, h = —A,—A,.... For many years, the wavelength of light was 

8 8 

sometimes selected to optimize measurement sensitivity for a given flying height. A 

standard source for these experiments is a mercury arc monochromator with a wavelength 

(A) of 545 nm. The first-order optimized point for maximum sensitivity in this case is 
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(—A) or 68 nm. Measurements of flying height can be made at several points along a 
8 

slider's rails. The accurate flying height at the head's position location can be computed 

based on the sliders geometry and the calculated pitch and roll angles. 

2.1.2 Capacitance-stripe Method 

The novel capacitance-stripe method was originated by Hegde, Scranton, and Yarmchuk 

[41]. In this method, a special disk and high-speed capacitance amplifier to yield profiles 

of the air bearing surface of a flying slider is used. Richard Sonnenfeld [42, 43] made a 

further research on this method, which make this method can be applied to measure nano-

scale flying height. The capacitance-stripe technique can characterize sliders made of any 

electrically conducting material. A 10-nm-thick 200 urn -wide radial metal stripe is 

sputtered or evaporated onto a disk substrate of insulating material. As shown in Figure 

2-2, when the stripe passes under the rail of a flying slider, the intersection of the stripe 

and rail forms a parallel plate capacitor of area (A) determined by the product of the 

stripe width and the rail width. The distance (h) between these plates is the local flying 

height. One can measure the capacitance between slider and stripe (C) as a function of 

time, solve for plate spacing, and immediately calculate a profile of the flying slider rail. 

One can readily calculate from these profiles trailing-edge flying height. This method 

requires little calibration. The parallel-plate capacitor equation C - £0(A/h) may be 

used with little correction to calculate the spacing. For air, £0 = 8.8(picofarad I meter) . 
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Fig. 2-2 Capacitance-stripe method to measure flying height 

2.1.3 Readback Signal Method 

In this section, the readback signal method for flying height measurement is discussed. 

The associated electronic instrumentation implementing these methods will be referred to 

as readback signal analyzer (RSA). In this method, the flying height measurement 

analyzed here rely on Wallace spacing loss [44] as measured from the change in relative 

harmonic content of the readback signal. Therefore, the first prerequisite is that the 

magnetization patterns recorded in the medium do not change during the actual 

measurement. It is immaterial whether or not this magnetic pattern was written with the 

same head as the read head under test. Neither is it important if the written magnetization 

becomes partially erased, as long as no appreciable erasure takes place during the 

measurement itself. It is also immaterial whether the read head is a Karlquist head, for 

instance, a (MIG) ferrite head, a finite pole tip head (thin-film inductive head), or a 

(G)MR head. It is also unimportant whether or not the magnetization is uniform 

throughout the medium thickness (as Wallace assumed). The measurement method works 

for saturation recording (hard disk drives) as well as for partial penetration recording 

(tape and diskette drives). The nature of the medium is not important either: The method 

works on particulate as well as on thin-film media. 
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If the RSA technique is used in the frequency sweep mode, i.e., the head-disk velocity is 

changed during the measurement, a second prerequisite is that the readback signal path 

must have a "flat" frequency characteristic over the frequency range of interest for the 

measurement. If this is not the case, the measurements can be corrected for a known 

"nonflat" frequency characteristic. This correction will not be discussed in this section. 

A third prerequisite is that the read head, relative to which the flying height is measured, 

must be a linear transducer over the range of signal amplitudes occurring in the 

measurement. Nonlinearity is only allowed in as much as it produces even-order spectral 

harmonic distortion, because the RSA method will only use the odd harmonics in the 

readback spectrum. Thus, amplitude nonlinearity asymmetrical with respect to the signal 

baseline is allowable. This is, the major source of signal distortion in (G)MR heads. Any 

other nonlinearity is allowed only as long as it does not change over the range of signal 

amplitudes encountered in the measurement. 

The RSA method for measuring flying height utilizes two basic measurement techniques: 

the ratio technique and the difference technique. The method is designed to be sensitive 

only to the ratio of the first (fundamental) harmonic amplitude and the third harmonic 

amplitude of the frequency spectrum of the readback signal being the largest two odd 

harmonics in the readback spectrum. This measurement method is, therefore, sometimes 

referred to as the harmonic ratio method (HRM). To arrive at displacements, spacings, 

and clearances, differences are measured before and after the displacement, spacing, or 
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clearance occurred. The HRM constitutes, therefore, an incremental measurement. It is 

inherently calibrated and relies only on the Wallace spacing loss. 

The "before-after" difference can be created artificially. For instance, in a (hard) disk 

drive, one can measure the flying height by measuring the difference before and after a 

spin-up (or spin-down) of the spindle motor. This difference can also be created by 

destroying the air bearing by different means (i.e., pumping down the air pressure in the 

drive or forcing the slider in contact). 

The difference may also occur naturally. For instance, a change in flying height by a disk 

asperity with a positive interaction height can cause the slider to momentarily lift off. The 

resulting flying height change (and associated dynamics) can be measured directly by 

HRM. Another example of naturally occurring differences is the air pressure sensitivity 

of the flying height. 

It should be mentioned that there are other ways of using Wallace spacing loss for flying 

height measurement that do not rely on a harmonic analysis. Klaassen and Peppen [45, 46] 

presented a method making use of the resulting changes in the half-amplitude pulse width 

(PW50) of the readback signal. 

As what we have seen, in the quest for higher and higher areal density, the linear density 

is under constant upward pressure. The isolated pulse width is a measure for the 

attainable linear density. One of the factors determining this pulse width is the (vertical) 
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flying height. The flying height is also an important factor in the mechanical reliability of 

the head-disk interface. 

The flying height is an important mechanical parameter that should be verified in a 

completed storage product. Such a noninvasive HRM measurement in-situ can be made 

from the analog readback signal using the signals that occur in the normal recording band 

and that can be written with a ready-to-ship device. 

2.2 Existing Air Bearing Model in HDD 

2.2.1 Reynolds Equation and Slip Model 

In section 2.1, we have introduced the existing flying height measurement methods in the 

current industry. The researches show that quite a good result has been achieved. But to 

clearly know about what happens on the flying slider, we should learn more details on the 

air bearing, which is a layer of thin air flowing between the slider and the disk. The air 

bearing provides the lift force for the slider. During the past several decades, several 

models of the air bearing had been studied. In the following part, these existing models 

will be introduced. The comparisons among them will also be shown in detailed. 

As we know, in the continuum limit, values of parameters such as density and viscosity at 

different points in the domain essentially represent averages of the microscopic behavior 
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in the neighborhood of the point. This assumption eventually leads to the formulation of 

the Navier-Stokes (N-S) and energy equations. The air bearing, a layer of thin air flowing 

between the slider and the disk, is different from the macroscopic flow. The flow is 

rarefied and can be compressible. Thus the air bearing cannot be modeled based on the 

continuum concept and the no-slip hypothesis. The derivation from the continuum state is 

measured by the Knudsen number (Kn) which is defined as the ratio of the molecular 

mean free path (X) to the characteristic domain length (L) and is written as: Kn -AIL. 

When the Kn number exceeds 0.01, the pressure drop, shear stress, heat flux and the 

mass flow rate calculated from the general flow governing equations based on the 

continuum hypothesis are no longer accurate. When the Kn number is greater than 10 the 

flow is in the free molecular region and the appropriate governing equations must be 

determined using kinetic gas theories (see Figure 2-3). A classification of the different 

flow regimes is as follows: for flow with K„ < 10~J, it can be considered as continuum, 

the N-S equations is still applicable; for flow with Kn>\Q, it is considered to be a free 

molecular flow; for flows with Kn between 10"1 and 10, they can neither be considered 

as continuum flows nor free molecular flows. A sub-classification is given in this regime, 

•+u r A A c A 10"3 <K <0.1 , . ... „ , 0A<K <10 C „ with slip flow defined as " and transition flow for " . For all 

current hard disk drives, the " number is approximately in the region of 0.4 to 1.7 and 

there is a need to predict the flow accurately in this regime. 
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Fig. 2-3 The Knudsen number limits on the mathematical models 

The classification is based on empirical information so the limits that classify the flows 

can be different depending on the problem geometry. 

Up to now, there are two approaches for the simulation of rarefied flow. One comes from 

molecular kinetic theory that is particle-based and this is appropriate for high Kn number 

(Kn»l), especially when the flow is in the free-molecular regime. The other approach 

attempts to make approximate corrections to the continuum model. The latter is suitable 

for flows in the slip region that may still be considered to be governed by the Navier-

Stokes equations. However there is still a lack of understanding of flows in the transition 

regime though some models are said to be valid in the whole Kn number regime. This 

section will briefly review the fundamental theories for rarefied flows. 

For 2-Dimensional simulations, the air bearing between the slider and the disk can be as a 

thin film. Assuming the air bearing to be steady, the momentum equation combined with 
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the continuity equation will yield the Reynolds Equation. A sketch of this problem is 

shown in Figure 2-4 where the 2 sliders and the disk are separated by the air bearing of 

thickness h. The Reynolds Equation is a single differential equation relating pressure, 

density, fluid velocities and film thickness. 

Several assumptions are made in deriving the Reynolds Equation: 

•1. Body forces are neglected. 

•2. Pressure is constant across the film. 

•3. No slip at the boundaries 

•4. Lubricant behaves as a Newtonian fluid 

•5. Flow is laminar 

•6. Fluid inertia is neglected i 

•7. Fluid density is constant 

•8. Viscosity is constant throughout the fluid film 

Disk is moving at 
constant velocity U 

Fig. 2-4 Air bearing flow geometry 
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The well-known Reynolds Equation in its most general form can then be written as 

dx 

p/?3 dp 1 3 (ph3 dp 

jU dx J dyy jU dy \ 

= 6l2jt{ph) + ~-[ph{u1 +u2)] + ~[ph{v] +v2)}\ (2-2) 

The boundary conditions are given respectively as: u(x, y,0) = ul , u(x,y,h)-u2 , 

v(x,y,0) = v,, v(x, y,h) = v2, where u are the x-direction velocities and v are y-direction 

velocities. 

Under the case of Figure 2-4, when the slider is fixed, the bottom disk is moving with a 

constant velocity U, that is u(x,y,0) = U0, u(x,y,h) = 0, using no-slip boundary 

condition vi and v2 are equal to 0. The Reynolds Equation can be simplified to: 

dx 

rph^dp} 
jU dx 

+ • 
dy 

fph^dp} 
ju dy i2jMh)+Tx{pu«h)\ (2-3) 

Under most cases, the normalized Reynolds Equation is used. The normalizations are: 

h2 L L h2 jua pa pa 

where h2 is the distance between the slider and the disk at the outlet. L is the length of the 

slider, jua , pa and pa are the fluid dynamic viscosity, density and pressure respectively 

at reference temperature and co is an appropriate frequency, in hard disk systems this may 

be the characteristic angular speed. 

In addition two other numbers are commonly used. They are: 

Bearing number A = — ' , 
h P 

(2-4) 
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Squeeze number (for unsteady film) a ~ (2-5) 
h(0)2Pa 

Here the bearing number A can be understood to be a ratio of the Couette flow rate to the 

Poiseuille flow rate, while the squeeze number is a non-dimensional number for unsteady 

conditions. h(0) is the bearing thickness at t=0. 

The non-dimensional form of the Reynolds Equation is written as: 

V» 
rTH3VP^ r) r) 

A — (TH) + a—(TH) (2-6) 
V Y J 

This equation yields accurate results when the Kn number is less than 0.001 which 

corresponds to the continuum flow regime. But as the spacing between the slider and the 

disk decreases such that the Kn number is very near to 0.1, or even greater than 1, 

continuum no-slip boundary condition is no longer valid, as the current slider is flying at 

only a height of several nanometers above the disk. Hence the no-slip Reynolds Equation 

must be modified to take into account of slip at the boundaries. 

There are several models [47-52] available to account for slip depending on the flow 

condition. These models are classified according to the approach they take. The 

following sections will provide a review of models based on the continuum approach. 

Subsequently, models derived using molecular gas dynamics or the Boltzmann equation 

will be presented. 

2.2.1.1 Maxwell's Slip Model 
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Maxwell introduced a slip velocity in 1879 which is given by: 

«, - « , , = 
2 - er 1 / 

5 " a ( ^ , / : 

v p 2RT / 
H w /n 

du) 3Pr(^-l) 
+ 

a«;s 4 YPRTK 

NJ (2-7) 

where n is the normal direction to the wall, Pr is the Prandtl number, y is the ratio of 

specific heats and oY is the tangential momentum accommodation coefficient, qs is the 

heat flux in the normal direction of the wall. The accommodation coefficient av accounts 

for solid surface-fluid interactions. 

When gas molecules impinge onto the solid surface, molecules exchange their normal 

and tangential momentum and energy according to the kinetic model. The extent to which 

the impingement reaches equilibrium is represented by the accommodation coefficients. 

The momentum exchange between molecules and wall is expressed by the normal and 

tangential momentum. In hard disk drive systems, since the length in the width direction 

is infinite only tangential momentum exchange is considered. The tangential 

accommodation coefficient is given by: 

T -T 
vv=- (2-8) 

where r. and rr are the tangential momentum of incoming and reflected molecules, rw 

is the tangential momentum of re-emitted molecules. When crv =0, the reflection is 

specular in that the tangential velocity of the molecule reflected from the wall is 

unchanged. When crv=l, the reflection is termed diffusive since molecules are reflected 

from the walls with zero average tangential velocity. The accommodation coefficients are 
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empirically determined and are functions of the surface and gas temperatures and 

environmental condition. Similarly, the energy accommodation coefficient aT is defined 

as: Oj = 
E,-Er 

E,~EW 

(2-9) 

The accommodation coefficients are usually tabulated for certain interfaces of common 

gases and surfaces but diffuse reflection is likely to happen for rough surfaces which are 

common in engineering applications. The values for <JY and <7T are not necessarily to be 

equal. 

2.2.1.2 Burgdorferi First-Order Slip Model 

Burgdorfer postulated that the slip velocity is a function of the molecular velocity that is 

at a distance of one mean free path away from the wall as illustrated in Figure 2-5. The 

following expression was proposed: 

(2 - <J) . du 
UsUp = / • •A 

a dz z=wall 

IL 

X 

(2-10) 

Fig. 2-5 Control surface for tangential momentum flux near an isothermal wall 
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where 

f = a numerical constant 

a - surface accommodation coefficient 

A, = mean free path of gas 

In most cases, f and a are set to be 1. In the case of the flow shown in Figure 2-5, using 

the Taylor Series expansion, the boundary velocities at the wall can be expressed as: 

u(z - h) = -A— 
dz 

du 
+ • 

+ • 

Kz = 0) = A 
dv 

dz 

v(z = h) = -A 

z=h 

+ • 

(2-11) 

2=0 

dv 

dz 
+ • 

z=h 

The above boundary conditions are then substituted into the momentum equations: 

dx 

dp 
dy 
dp 

dz 

d u 

= 0 

(2-12) 

Assuming the pressure gradients to be constant, Equation (2-12) can be integrated twice 

to yield the velocity distributions as follows: 
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_l_dp 

2/1 dx 

2ju dy 

— z +clz + c2 

1 dp 2 . , 
v = -—Z +d,z + d0 

(2-13) 

where Ci,C2, di and d2 are constants. The constants can be determined by substituting the 

boundary conditions given by Equation (2-10) into Equation (2-11). This yields 

u = — ^ M z 2 -hz-hAj+U, 
2/idxK ' 

v = — T — [z2 -hz-hA) 
2/ndy ' 

f A + z^ 

V h + 2A 
(2-14) 

Replacing the expressions for u and v in the continuity equation and integrating it from 

z=0 to z=h, a modified first-order Reynolds Equation is derived: 

d{ph) d(pU0h) 1 _ d 

dt dx 2 dx 

1 dp 
P 

2/j dx 

fti 
+ Ah' + • 

dy 
J_3p 
2judy 

P 
rh3 " 
— + Ah2 

6 
(2-15) 

2.2.1.3 Hsia's Second-Order Slip Model 

Based on Taylor series expansion the first order expression is only valid when the local 

Kn number is very small. For larger Kn number, second order molecular slip effects can 

no longer be neglected. Hsia proposed including second order terms to refine the 

definition of the boundary conditions for slip velocity as follows: 
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u(z = 0) = U0+A 

u(z = h) = - A— 
dz 

du 
dz 

z=h 

A~ d"u 

;=o 2 dz2 

A2 d2u 

2 dz2 
z=h 

+ • 
z=0 

+ • 

v(z = 0) = A 
dz 

A~ d v 

:=0 2 dz2 

(2-16) 

+ • 

;=0 

v(z = h) = -A 
dz 

A" d'v 

2 dz2 
+ • 

; = / i 

Based on these expressions, the velocity distributions can be obtained similarly as for the 

first order slip model: 

u=-Li£(zi-hz-fd-tf)+u 
2jU dx v ; 

v = ±-dMz2-hz-hA-A2) 
2jU 3y v ; 

V h + 2A 
(2-17) 

Replacing the velocity expressions above in the continuity equation the second-order slip 

boundary lubrication equation is obtained as follows: 

d{ph) d{pU0h) 1 _ d 

dt dx 2 dx 2jU dx P 
rh' \ 

+ Ah2 +A2h + -
dy 

1 dp 
—p 

2judy 

{ti 
+ Ah2+A2h 

(2-18) 

2.2.2 Boltzmann Equation and Slip Models 

The models in Section 2.2.1 assume that the Navier-Stokes equations are applicable for 

the slip and transition regime. Modifications to the governing equations are incorporated 

through the use of slip models at the wall. However as mentioned before, the accuracy 

cannot be guaranteed in the transition regime where the Kn number exceeds the slip limit. 
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Although some of the models proposed reasonable estimates of the load carrying capacity 

in the transition regime, they lack rigorous physical interpretation. In particular, empirical 

parameters or adjustable coefficients are used arbitrary. In this section we will review 

models based on molecular kinetic theory. 

2.2.2.1 Boltzmann Equation 

Neutral gases are usually characterized by short-range interaction forces between 

molecules. In this situation, the Boltzmann equation describes changes of the velocity 

distribution function f (r,c) in space and time, where r is the position vector and c is the 

molecular velocity vector . This equation is based on molecular gas dynamics and gives 

reasonable results for flows with quite high Knudsen number in the near free molecular 

region. The rate of change of the number of molecules in an element is —(nf)dcdr, 

dt 

where n is the number density, dc represents the physical space while dr represents the 

velocity space. In addition, c and r are independent variables if the location and shape of 

the element do not vary with time. There are three processes that contribute to the change 

in the number of molecules within dcdr: 

(1) The convection of molecules across the face of dr by the molecular velocity c 

which may be expressed by: 

-c.<Mldcdr (2-19) 

dr 

The negative sign indicates that this is the net inflow of molecules while the positive 

direction is outwards. 
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(2) Similarly, the convection of net inflow molecules across the surface of dc as a 

result of the external force per unit mass F can be written as: 

-Fm<Mldcdr (2-20) 

dc 

(3) The scattering of molecules into and out of dcdr as a result of intermolecular 

collisions can be expressed as: 

j jn2(ff;-ffl)cr(TdQ.dcldcdr (2-21) 
- o ° 0 

Here the subscript T represents the molecule colliding the test molecule. cr is relative 

molecular velocity and adQ. is the collision-cross section. 

The Boltzmann equation for a simple dilute gas can then be written as 

c • ; — dcdr + F • ± ' dcdr + — (nf)dcdr = J f n2 ( / * /,* - ffi )cr adQdcx dcdr 

(2-22) 

The Boltzmann equation is a complex differential-integral equation which is the 

conservation law at molecular level and it is almost impossible to derive an analytical 

solution. However, at equilibrium state where the gas has a homogeneous and time-

independent distribution, that is — = — = 0, then it is possible to derive a solution for 

dt dr 

which is called the Maxwellian distribution. The Maxwell distribution is a statistical 

description of a molecular chaotic motion of molecular velocities. The Maxwell 
distribution function f0 is: 
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' m ^ 
2 

3 In,/ V..2 . .: , . . ; ) 

/ o = " ^ 7 T « l / M r A " (2-23) 

where the velocity of a molecule is V, with components v,, v2 and v3. The number of 

molecules per unit volume with velocities within the range v,± • / , v2± 2 / , 

v 
<5k ± yL is / 0 (y)c5v1(5v2<5l'3 and n can be obtained by: 

" = j f|/o^virfv2^v3 (2-24) 

2.2.2.2 BGK Model and Slip Problem 

The solution of the Boltzmann equation is, in general, of great difficulty even for cases 

corresponding to the simplest physical situations. The right hand side of equation (2-22) 

is called the collision term, which is the most complex term. Approximations to simplify 

this term were attempted. One approach involves an approximation to the form of the 

Boltzmann equation. As the collision term on the right hand side of the Boltzmann 

equation poses the greatest mathematical difficulties, this term is modified. The best-

known model is the BGK model, which is introduced in 1954 by Bhatnagar, Gross and 

Krook and can be expressed as: 

^(nf) + c~{nf)+ F •^-{nf) = nv{f0~ f) (2-25) 

dt dr oc 

where v is generally regarded as a collision frequency. It has a restricted functional 

dependence in that it is proportional to density and may depend on temperature, but is 

assumed to be independent of the molecular velocity c. fQ is the local Maxwellian 
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distribution function. The BGK model is consistent with conservation equations in that 

the collision term vanishes when moments are taken over the conserved quantities. The 

conservation law requires that the collision terms to be zero. 

The BGK model is derived from the Chapman-Enskog theory. The basis of this theory is 

that when the distribution function f is perturbed by only a small amount from the 

equilibrium Maxwellian form, it can be expressed as: 

f = f0(l + k+t2+ ) (2-26) 

where <j>. is the dissipation function or perturbation of the equilibrium distribution 

function and it depends only on the density, velocity and gas temperature. In most cases, 

only the first perturbation function is taken into account. To explicitly express the effects 

of the above-mentioned parameters, the distribution function f can be rewritten as: 

f = fo{l + £0) (2-27) 

where £ represents the Mach number, (j) represents the perturbation distribution function. 

Using perturbation quantities the BGK models can be non-dimentionalized as: 

f -2 3 ^ - d0 ,. d0 „ d(f> 1 
EC, —- + £t —r- + t — =— 

bxdX bydY *zdZ iL 

- P + CO + 2fcv, + £yv2 + ̂ v 3 )+ £ + ?y + ^ 
o L V 

T 
2, 

(2-28) 

where 

(j), CD, x : perturbed quantities of velocity distribution function, density and temperature 

£x, £y, E,z: molecular velocities 

v,, v,, v ' flow velocities 
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£ = -L«pffc+£+£)} 
7t' 

CO = \\\{(P-E)d^xd^z 

-fffj i]H)H\~- •<»•£ d^xd^vd^z 

•j^lJltejt-EJd&d^dZ j=l,2and3 

&0 - 2/r- \Knn 
W <n) 

In cases where the thickness of the gas films is small compared with the other 

characteristic dimensions and the flow velocities in the z direction are negligibly small, 

the equation can be simplified as: : . 

A a x ~dz kn 
•0 + co + 2(Zxvl)+U2

x+{2
y+^ (2-29) 

2.2.2.3 FK Model 

Fukui and Kaneko [53] started from a linearized Boltzmann equation based on the BGK 

model. The basic equation is decomposed so as to describe the fundamental flows that 

depend on the gradients of pressure (Poiseuille flow), velocity (Couette flow) and 

temperature (thermal creep flow). As the FK model is derived from kinetic gas theory, it 

is believed that it can be used for arbitrary Kn number. However it is still very complex 

for numerical simulation. 
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The governing equation is the same as equations (2-28 or 2-29). The boundary conditions 

for diffusive reflection are: 

t\ 
62

 > u V L \ 
• Tu, 

I 2=0 

'C-<0 
£+£+£-f 1 ; = / ? 

where 

^,o = ~ r „ ^ -2V*[ j J f e -0 L . f f e ^ 
c_<0 

0"W.* = ' ^ " r « + 2^i\\\^z-(t>\___h-E)d^d^M, 
£>° 

(2-30) 

(2-31) 

(2-32) 

(2-33) 

The non-dimensional boundary temperatures are assumed to be of the form given by: 

ix, r»' u=o y 

TW \z=h =y(x/J+&T,. 

(j) can now be expressed as 

and if co and x can be defined in a similar way as <|>, 

3 „ 
^ = 111 4# • ̂ ' MMM, J=X,Y,Z 

(2-34) 

(2-35) 

(2-36) 

(2-37) 

Then there exists the following relations: 
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co - (XI e)a)0 + co2 

r-{xi e)r0 + r2 
(2-38) 

replacing the above relations to the original BGK equation and decomposing the resulting 

expression, the respective equations for^0, <f>x and (f>2 are obtained as: 

^ + - ^ 7 ^ , ) - ^ 
dZ 

dZ k„ K-n 
a>2+\£ r2 

(2-39) 

(2-40) 

(2-41) 

The boundary conditions for the decomposed equations are now obtained by replacing 

the above three expressions into equations (2-36) to (2-38). The velocity profile can be 

obtained by assuming that the flow is isothermal with constant boundary temperature. 

To overcome the difficulties in solving the BGK model, Fukui and Kaneko introduced 

the use of a Poiseuille flow database to allow a quicker computation of a generalized 

lubrication equation for high Kn number gas bearing [54]. However this database is 

created by numerical calculations based on the linearized Boltzmann equation. While the 

interpolation method reduced the calculation time, it also compromised the accuracy of 

results obtained. 

2.3 Simultaneous Sensing and Actuation Method and Four-pole Theory 
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Transducers may generally be divided into two classes: sensors and actuators. Sensors are 

devices which monitor a parameter of a system, hopefully without disturbing that 

parameter. In real sensors it is not possible to achieve the ideal of a transducer which 

monitors a parameter while having absolutely no affect on it, because the act of making a 

measurement requires either adding energy to the system or subtracting energy from 

system. We can minimize the effect of a sensor on the system by minimizing the energy 

exchange. For this reason, most sensors are low-power device and are small in order to 

minimize the load they impose on the system that they are monitoring. Actuators are 

devices which impose a state on a system, hopefully independent of the load applied to 

them. The ideal of a load-independent actuator can never be achieved for a transducer 

with finite energy, because there will always be a load exceeding its energy handling 

ability. In general, we minimize the effect of the load seen by the actuator by having 

high-power actuators, so that typical loads cause only a little perturbation. 

The distinctions between sensors and actuators also explain why it is so difficult to build 

a transducer which functions well, as both a sensor and an actuator. Because it is 

extremely difficult to conceive a transducer design that produces a device that can 

function well, both as a sensor and as an actuator, very few transducers are used in a 

manner which takes advantage of this reversible nature. 

With development of smart materials and structures, the coupling effects between 

electrical and mechanical domain have been studied widely. Ling and his team set up a 

new method called simultaneous sensing and actuation (SSA) method which used a four-
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pole model to simulate the electromechanical system. In their study, a piezoceramic 

inertial actuator is used to monitor structural integrity and measure mechanical 

impedance of a structure. When an AC power is applied, the inertial actuator exerts to the 

structure under testing a force which is the reaction due to accelerating a proof mass in 

the actuator without the need of a grounded support. Because of the electromechanical 

interaction taken place in the piezo-ceramic driver, its input electrical impedance directly 

correlates with the pseudo mechanical impedance of the structure at the excitation point. 

When this correlation, described by a 2 by 2 "transduction" matrix of the actuator, is fully 

known, the pseudo mechanical impedance of the structure at the excitation point can be 

quantitatively detected from the measured electrical impedance. In the following sections, 

the four-pole theory and the SSA method, as well as their application will be introduced. 

2.3.1 Four-pole Theory 

From the viewpoint of system dynamics, a complex system can be separated as many 

subsystems. Each subsystem is a multi-port device. The relationship of variables at 

different ports can be described with a transfer matrix. The theory is first used for circuit 

network analysis. In 1960's, the multi-port theory was applied on other subsystems 

including mechanical element, electromechanical element, hydraulic element, etc. 

Thereafter, the theory is commonly used for system modeling and element coupling [55]. 

Among various multi-port theories, two-port theory that has only one input port and one 

output port is more useful for its simple form and common usage. 

A) Superposition and reciprocity theorems 
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In system theory, a linear system is mostly used. The superposition theorem and the 

reciprocity theorem are also commonly used. Firstly we introduce these two theorems. 

The superposition theorem may be stated as follows: The response of a linear network 

containing a number of sources is the sum of the response to the sources taken 

individually. 

The reciprocity theorem applies to linear networks (all-electrical or all-mechanical but 

not necessarily electromechanical) containing a single independent voltage or current 

(velocity or force) source. It is stated in one of two forms, depending upon the kind of 

source: (1) The current response in branch j due to a voltage source in branch k is equal 

to the current response in branch k with the same voltage source now placed in branch j ; 

or (2) The voltage response between nodes p and q due to a current source between nodes 

r and s is equal to the voltage response between nodes r and s with the same current 

source now placed between nodes p and q. The two forms of this theorem are illustrated 

graphically in Figure 2-6. 

device 1 u device 1 

(a) Ii=I2 

device 1 Ei 

(b)Ei=E2 

Fig. 2-6 Graphical illustrations of the reciprocity theorem 
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B) Four-pole model 

From the system point, a system can be simplified as a "black box" with two poles, that is, 

an input pole and an output pole shown in Figure 2-7. We can describe it using the 

transfer function which is output divided by input. In each terminal, there is only one 

variable. But we cannot define the power in terms of a single variable; two are required. 

The four-pole theory is used for this problem which is schematic ally shown in Figure 2-8. 

Input 

T=Output/lnput 

Output 

Fig. 2-7 Schematic one-port model 

+-

en 

- o-

2-port device e0i 
—o -

Input Output 

Fig. 2-8 Schematic four-pole model 

The four-pole device exchanges energy with others at only two locations (ports). At each 

port we define two variables, one of which is selected as being of primary practical 

interest to use and the other, such that the product of the two variables gives the 

instantaneous power flowing through the port. We use the names effort variable and flow 

variable; other common usages are "across variable" and "through variable". The most 

common applications are shown in Table 2-1. 

Table 2-1 Common application of four-pole model 
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Class of system 

Electrical circuits 

Mechanical systems 

Hydraulic systems 

Effort variable (e) 

Voltage 

Force (Torque) 

Pressure 

Flow variable (f) 

Current 

Velocity (Angle Velocity) 

Volume flow rate 

When investigating the transducer, regardless of its type or function, it can be viewed as a 

device which has input power and output power as shown in Figure 2-8. Each port is 

defined by two power conjugate variables, making for a total of four variables for the 

transducer. Two of these variables are designated as independent, and the remaining two 

are determined by the details of the transducer, so they are dependent variables. The goal 

of four-pole theory is to develop the likes between the independent and dependent 

variables. The conventional four-pole theory is severely restricted in application. It is 

generally regarded as a purely frequency domain approach (applicable to steady-state 

performance analysis only) that applies to four-pole whose elements are entirely linear. 

There are six possible sets of choices for the independent variables used to represent an 

electromechanical transducer. For each of these we may generate the functional 

representation linking the dependent and independent variables. For example, suppose we 

choose the flows fin and fout as the independent variables. Then, in general, we may write 

the efforts as 

(2-42) in a\J in >J out / 

oil! 

where g and h are functions defined by the details of the transduction. If g and h are 

linear functions, then we may rewrite equation (2-42) as 
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em =afU1 +bfo, 
eou, =Cfin+<tf0, 

(2-43) 

Here the coefficients a,b,c and d have units of impedance. This representation is called, 

therefore, the impedance representation and the matrix [Z] is the coupler between the 

flows and the efforts. We can rewrite equation (2-43) in matrix form: 

[z] J in 

f 
a b 

c d 

' f. 
J in 

f 
. J out 

(2-44) 

The element Z,,, that is a, of the impedance matrix is referred to as the input impedance 

since it is the ratio of the input effort to input flow with the output flow set to zero. 

Similarly d is defined as the ratio of the output effort to the output flow when the input 

flow is zero, and is referred to as the output impedance. And b and c are transfer 

impedances, relating input effort to output flow, and output effort to input flow. 

A second representation for the transducer uses the efforts as the independent variables 

and the flows as the dependent variables. Assuming linearity, this generally is written as 

7„j = [K]k, 
. J out j I oi 

Y Y 

Y Y 
21 22 

(2-45) 

where [Y] is the mobility or admittance matrix. Yu is the ratio of the input flow to input 

effort with the output effort set to zero and is referred to as the input mobility. Y22 is the 

ratio of the output flow to the output effort with the input effort set to zero and is called 

the output mobility. Yn and Y2l are the transfer mobility. The matrices of impedance and 

admittance are inverses of each other. We can get other possible representation for the 

transducer, such as 
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e 
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[An 

a,, 
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'^J out 

Uin 

U 

(2-46) 

(2-47) 

A passive transducer is the one energy can flow in either direction, i.e., which can 

function as either a sensor or an actuator. For such transducer, it is possible to derive 

relations which must hold true and which reduce some of the problems associated with 

measuring the elements of the various 2-port matrices. Then it is immaterial which port 

we label the input port and which is labeled the output port. We choose transfer 

representation of the transducer: 

,. J in 

au 

21 

an 

. 2 1 

^12 

' CI-,-, 

f 
J out J 

bn -bn 

bn -b-,7 . J in 

C* T i L/t i LA, O -y U -i. t * y i U1 T I C* •} T ' ' v 0 

ein 

.J in 

(2-48) 

We identify the last matrix in equation (2-48) as the identity matrix. Hence the following 

relations must hold true: 

aubn -anbn = 1 

-anbn + al2b22 — 0 

Ct- y i U1 J C-t- -I'l tx •) i vy 

Ct •j i t ' I y ~T~ LL-y-^LJ yy J. 

(2-49) 
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The relation of equation (2-49) might seem difficult to solve, being a set of four nonlinear 

algebraic equations in eight unknowns. However, there is a unique, easily verified 

solution, which is given below: 

el* i —- {?-,-, — J\ 

_ h _ r (2-5°) 

a22 =bn = D 

AD-BC = l (2-51) 

here A,B,C and D are the four transfer matrix components that define the transducer. 

Equation (2-51) is called the reciprocity relation, which is the characteristic of the 

reciprocity. 

2.3.2 SSA Method and Its Applications 

2.3.2.1 Piezoceramic Inertial Actuator 

In recent years, sensing capability of a piezoceramic inertial actuator was utilized,to 

evaluate the pseudo mechanical impedance without involving conventional sensors like 

accelerometers, load cells, or impedance heads [56 - 59]. 

The structure of the piezoceramic inertial actuator (PIA) designed by Ling et al. is shown 

in Figure 2-9. The proof mass, the aluminium plate, the PZT patch, and other necessary 

frame works constitute a piezoceramic inertial actuator. 
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When the actuator is attached to a host structure, there is an electromechanical interaction 

between the host structure and the actuator. A two-port model can be used to model the 

actuator (see Fig. 2-10). 

Proof mass 

A 1 

Base 

.-!'i:.::v.r.. Plate 

^ 

fi ez o c eram i c pi ate 

Fig. 2-9 Structure of a piezoceramic inertial actuator 

(current) (velocity) 

E t 
(voltage) 'Q. 

Piezoceramic 
Inertial 

Actuator 
t F 

^ (force) 

Electrical port Mechanical port 

Fig. 2-10 Modeling of piezoceramic initial actuator 

The relationship between the input electrical potential and current and the output 

mechanical force and velocity can be characterized by 

E\ Ml '12 

21 2^ M2 (2-52) 
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[T] is named the transduction matrix of PIA and its four elements are complex 

transduction functions with both amplitude and phase information. They are in fact four 

different frequency response functions describing the relationships between one input 

variable and one output variable of the PIA in frequency domain. From Equation (2-52), 

E I 

tu = — v=0 and t2l - — v=0 are the transduction functions of the input voltage and input 

current to the output force when the PIA is clamped onto the ground. Similarly, 

tn =—L 0 and t22 = — L=0 are the transduction functions of the input voltage and 

v " v 
current to the output velocity of PIA when the actuator is freely suspended. 

From Equation (2-52), the mechanical impedance at the output port can be calculated 

from the measured input electrical impedance of the actuator: 

F t„ -t„Z 
Z*=- = T V ^ (2-53) 

where F is the excitation force exerted to the host structure, v is the corresponding 

response velocity, ZM is the point mechanical impedance of the test structure (which is 

also the excitation point), and Ze = Ell is the input electrical impedance of the PIA device. 

In this case, the mechanical impedance of the structure acts as a load to the actuator. The 

mechanical impedance is harder to measure than that of electrical impedance and was 

measured through electrical impedance. They use this smart structure to detect the 

mechanical impedance of a beam, the results agree with the other methods very well. 
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I 

HP Impedance 
Analyser 4192 

I 

Beam under test 

Fig. 2-11 Test mechanical impedance of a beam using PIA 

2.3.2.2 Shaker SSA 

An electromagnetic shakers are also can be modelled as a SSA device. Yin and Ling [60] 

used it to characterize soft incompressible viscoelastic materials. 

Electromagnetic shakers are commonly used in mechanical testing as an exciter to 

provide artificial input forces to a dynamic system. When current passes through a coil 

placed in a magnetic field, a force F proportional to the current I and the magnetic flux 

intensity D, is produced which accelerates the component placed on the shaker table: 

F = DIl (2-54) 

where / is the length of the coil. It should be noted that this very mechanism could also 

be employed to pick up velocity. When a coil moves in a magnetic field, a voltage E is 

generated in the coil: 

E = DIV 

where V is the velocity of the conductor relative to the magnetic field. 

(2-55) 

50 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature Review 

From Eq. (2-54) and Eq. (2-55), it is seen that 

Dl 
E F 

(2-56) 

Equation 2-56 shows that the electromechanical interaction of an electromagnetic device 

is reciprocal. This reciprocity nature of a linear electromechanical shaker can be better 

viewed as a two-port system with four poles similar to Fig. 2-10. 

Depth controller 

Optical 
sensor 

Precision 3D 
Stage 

Impedance 
' head 

velocity 

Charge 
amplifier 

Power 
amplifier 

iSZ Condition 
amplifier 

shaker voltage 

current 

Dynamic Signal Analyzer 
HP 35670 

Fig. 2-12 Experiment setting up for soft material characterization 

The experimental setup is shown in Fig. 2-12. Experimental results from their method on 

rubber materials show good agreement in a specific frequency range with those obtained 

by dynamic mechanical analyzer. Because no direct measurement of motion and force are 

required, this method possesses advantages in testing miniature samples in-situ and 
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development into a low cost handy tool for characterization of soft tissues, such as human 

skin is in progress. 

2.3.2.3 Other Applications 

Besides the transducer introduced above, the SSA method has been applied in the study of 

measuring translational and rotational mechanical impedance by Hou and Ling since 2002. 

In their study, a new Bimorph Impedance Transducer was designed to measure both 

translational and rotational mechanical impedance accurately and conveniently [61]. The 

newly design BIT contains two series bimorph cantilevers, as insulating layer and a rigid 

supporting block, as shown in Fig. 2-13. The two bimorphs have identical geometric and 

material characteristic and are symmetrically glued to the Glass Epoxide insulating layer, 

which effectively prevents the charge convection between left and right bimorphs. The 

bottom insulating layer is tightly glued to the supporting block, which is made of 

aluminum. 

As illustrated in this Fig. 2-14, if the left and right bimorphs are electrically connected in 

parallel, the ac electrical voltage supplied to the left and right bimorphs produces identical 

electrical fields. Hence the bimorphs bend upward or downward identically and 

synchronously. Dynamic forces and moments are generated at the connecting parts 

between the bimorphs and the supporting block due to the inverse piezoelectric effect. 

Because of the symmetric configuration of the transducer, the moments from the left and 

right bimorphs have same amplitude but opposite direction, therefore they cancel out each 
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other; while, the dynamic forces from the left and right bimorphs are identical in both 

amplitude and direction, thus they are doubled in magnitude and exerted to the tested 

structure through the supporting block. In this process, the BIT functions actuation. 

PZT bimornh 

Support block 

Polling direction 

nsulating layer 

Fig. 2-13 Structure of bimorph impedance transducer 

Test structure 

Fig. 2-14 Working principles of BIT for translational impedance measurement 

At the same time of actuating, the response of the structure affects the motion of the 

transducer by introducing additional deformation to the piezoelectric bimorphs. The 

electrical impedance of the BIT changes due to direct piezoelectric effect. Therefore the 
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deformation on flexural vibrations of the structure is embedded into the input electrical 

impedance of the transducer. It is possible to evaluate the translational impedance at the 

excitation point through measuring the input electrical impedance of the transducer. In 

this way, the transducer performs sensing simultaneously. 

In their research, the transducer functions actuating and sensing simultaneously during 

measurement, which the measurement of translational/rotational impedance is simply 

performed by measuring the input electrical impedance of BIT. After calibration of 

transduction matrix, BIT is utilized to numerically measure translational/rotational 

impedance of structures ranging from one-dimensional beam, two-dimensional plate, to 

rigid block. And measuring results agree with analytical results by ANSYS. Further more, 

experiments are also successfully carried out to further examine the validity of BIT in 

translational and rotational impedance measurement. Finally, this transducer is applied to 

characterize linear viscoelastomers and magnetorheological elastomer. 

SSA method was also used in the ultrasonic welding of thermoplastics, micro-drilling, 

measuring drilling torque and monitoring electrical discharge machining process, of 

which preliminary results could be found in some published papers. In summary, it is 

concluded that SSA method provides a neat and convenient way for studying mechanical 

performance of structure or material. It would be further studied to be used for measuring 

the mechanical impedance of the air bearing for our new slider design, which will be 

introduced in Chapter 5. 
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Chapter 3 

Simulation of a PZT Cantilever Flying above Disk Surface 

In Chapter 2, we have given a review of the methods for flying height measurement and the 

general model describing the characteristic of air bearing. Although these methods are widely 

used in the current industry, there is a key shortcoming of them. That is, they can not be used 

to realize the in-situ flying height measurement, which is a bottle-neck for us to fulfill the 

HDD's capability with the area density of ITb/in2. In this high density, nano-track following 

and seeking control are two key contributors. To improve the track following and seeking 

capability, it is required to know the actual flying height before the control command is sent 

out. For this purpose, an in-situ flying height measurement mechanism is required. In Chapter 

1, a proposed slider design with in-situ flying height measurement capability has been shown. 

A sensor consisting of cantilever and PZT film is flying above disk surface and used for flying 

height measurement. To study its capability, finite element method is used and finite element 

model is built for the sensor (a PZT cantilever) flying above the disk surface. 

3.1 Finite Element Model of PZT Cantilever Flying above Disk Surface 

From the previous discussions in Chapter 1, it is seen that when the PZT cantilever is flying 

above disk surface, the system that would be considered consists of three fields, electrical 

(PZT), structure (cantilever) and fluid (air bearing). To build-up the FE model of this system, 

55 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Simulation of a PZT Cantilever Fixing above Disk Surface 

the finite element matrix for each field will be derived firstly and introduced in the following 

sections. 

3.1.1 Finite Element Matrix for Air Bearing 

When the flying height reaches within several nanometers, the slip model or FK model of 

Reynolds equation should be used for accurately representing the air bearing. Ruiz and Bogy 

[62] had certified that for nano-scale flying height or high Knudsen number, the FK model 

gives a better approximation than the other slip models. So in our research, the FK model was 

used to model the air bearing. For air bearing shown in Figure 3-1, the equation of FK model 

for one-dimensional, static state is given below, 

-^-(QPH3~P-AxPH) = 0 (3-1) 
dX dX 

where 

X=x/1, slider length, 

P=p/ pa, p: pressure, pa: ambient pressure, 

H=h//i0 ,h: local flying height; h0: minimum flying height, 

Q, flow rate coefficient of Poiseuille flow, 

AA ,bearing number in X direction. 

The boundary condition for it is: 

P(X-0)=P(X=1 )=7,that is to say, the pressure at the boundary is equal to the ambient pressure. 
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f l y i n g height h0 

Fig. 3-1 Air bearing configuration 

Equation (3-1) is a differential and nonlinear equation, in which P and H are two unknown 

variables. To solve P and H, we use numerical method. Here the finite element method was 

selected. In the following part, the derivation of finite element matrix for this governing 

equation will be described. 

We assume P and H are the solution of the Eq. (3-1). With the help of Galerkin method, 

we get 

\L[-^-(QPH3~P-AsPH)]NdX=0. (3-2) 

Here N is the interpolation function. 

As equation (3-2) is applicable to the whole domain, it is also applicable to the sub-domain. So, 

for each element, we have 

f , . , [— {QP{e)H{e? — P(e)-AxP
(e)H{e))]N'e)dX = 0, i=l,2,3,...,r (3-3) 

dX 

Where 

p«=j;^W)=L^M') (3-4) 

H(e) = J X V = W F (3-5) 
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{P}k)=[/> P2 R...Prf 

{H}M=[H, H2 Hv..Hrf 

(3-6) 

(3-7) 

Here, r is the number of elements. 

Integrating equation (3-3) by parts, we get 

•AxP
(e)HM)\Lic, -\^(QPie)H N^{QPU)Hie?dP 

fp) 
(e): 

dX 

dPM dN{e) 

dX x dX 

(3-8) 

That is 

\M{QP(e)H(e .)' dP ( ? ) (e l 

dX 
-AP(e)H{e))^-dX=N(e)(QPMH(e> 

dX 

3 , r / P ( f ) 

dX l I I 

(3-9) 

Here 

dP ft-) 

dX 

JA/ e' dme) dN\e) clN (<-) 

dX dX dX dX 
{^} ( f ) _ dN 

dX 
{P) (<-) 

dN 

dX 

(e) dN\e) dN{
2
e) dN\e) dN(; 

dX dX dX dX 

(3-10) 

(3-11) 

We define 

3 dP(e) 

F,=N\e){QP(e)H(e) — A / W f l ( e ) ) | ( . 
dX lL (3-12) 

From equation (3-9), we have 

JX 

( f ) 

f mpi'W'? — -APie)HM)?Zl—dX = F, (3-13) 
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Substitute Eq. (3-4), (3-5) and (3-10) into Eq. (3-13), we get 

dN 
lLjQlN^priN]{Hrf 

dX 

dN. (<•) 
{Pf] -AiNpf'lNJHf^^^dX = Ft (3-14) 

As 

and 

[NjpriN\H}Mr 

=iN\{priN\Hrf 

™\{Pr 

dX J 

' dN 

dX 
}{P) t o 

s=\ j,k,l=\ 

= [( ^NfN^N^N^P^Hf'H^H^) — 
s,j,k,l=l VdX 

lN^P}ie)lN^H}{e) 

= [lNJP}MlN]l{HY 

= [£^>tf«PH[tfJ]{ff} 

dN 

dX 
]{P] 

(c) 

]{P) M 

(e) 

So, substitute (3-15) and (3-16) into (3-14), we get 

J,., {Q[( X NfN^N^N^P^H fH^Hf) 

(3-15) 

(3-16) 

s,j,k,l=l 

dN 

dX 

dNM 

dX 

dN<e) 
(3-17) 

'L,(AJlAf>rPJ{//niVi>^^ = F, 
dX 

Further more, we can rewrite (3-17) as 

j , . , {Q[( Z NfNfN^N^P^HfH^H^) 
s,j,k,l=\ 

dN 

dX 
]^-dX}{P}{e) 

dX 

dNM 
(3-18) 

I j A J l A W ^ lW—^^}{»} (" = Ft 
u,v=l rfX 
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Define 

and 

\Kiq Ve) = 

KPH> 

KIH> 

KPH' 

Km> • 

K?H> • 

Kl> 

• • KPH> 

• • KH^ 

• • * ™ > 

[K«f} = 

K\ ii 
p 
21 r^22 
P KP 

Kr: K 

KP 

K2; 

p ^p K' 

(3-19) 

(3-20) 

InEq. (3-19) and Eq. (3-20), 

s,j,k,l = \ 

r rlN^ 

dN 

dX 

dX 

dN(e) 

]—•—dX} (3-21) 
dX 

(3-22) 

Substitute (3-19) and (3-20) into (3-18), we get 

[K*]M{P}M-lK*]le){H}™=[FRr 

where 

[FRr=[F} F2 Frf 

(3-23) 

(3-24) 

The pressure at the boundary of the air bearing is equal to the ambient pressure. 
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3.1.2 Finite Element Matrix for Cantilever 

In this section, the derivation of finite element matrix of cantilever will be carried out. Firstly, 

the governing equation of the cantilever will be introduced. Then the derivation of the finite 

element matrix for cantilever in the local coordinate system is derived. To unify the finite 

element matrix of the cantilever in the same coordinate system as the finite element matrix of 

the air bearing, the coordinate system transformation will be carried out at last. 

3.1.2.1 Governing Equation of Cantilever 

As shown in Figure 3-1, one end of the cantilever is fixed, the other end of it is free. The 

governing equation for such a cantilever is shown in equation (3-25). Here, we assume that the 

E and I do not vary along the length of the cantilever. Boundary condition for the cantilever is 

1) y(0)=0, and 2) moment about the x axis at x=0 is zero. 

. 4 

EI-^- = p(x) (3-25) 
ax 

E, Young's Modulus 

I, Moment of inertia 

p, pressure acted on the cantilever 

x,y, the coordinates 
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•j ,, cant i ieuer 

o ^ - ^ x 

Fig. 3-2 Cantilever in local coordinate system oxy and in global coordinate 
system OXY 

3.1.2.2 Nondimensional of the Governing Equation for Cantilever 

We select the L^ and pa as the stand length and stand pressure, here LQ is the length of the 

cantilever, pa is the ambient pressure. We also define two constant 

valuesE0 = \GPa,I0 = IKg -m2, so we can definex = x/L0,y = y/L0,P = p/pa, E = ElE0, 

I = 1110. Using these transformations, equation (3-25) becomes 

EI—- = P(x) 
dX 

(3-26) 

3.1.2.3 Finite Element Matrix of Cantilever 

In the local coordinate system, we assume y and P are the solutions of equation (3-26). 

Using the Galerkin method, we get 

4—a 

r — d v — a — — 
J'- dX4 

(3-27) 

Equation (3-27) is applicable to the whole domain, it also holds for each element, so we get 
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where, 

r-^V 
dX 

/"^^rW^ 

P « =£#<<>/> =LtfJ{P}M 

{ y ^ - I y , y2 -yJ 

{P} ( < )=[^ p ... pvf 

(3-28) 

(3-29) 

(3-30) 

(3-31) 

(3-32) 

From Eq. (3-28), we get 

f Tl^-Nle)dX - [ P{e)N<e)dX = 0 
i4 (e) 

dX" 
(3-33) 

Integrating Eq. (3-33) by parts, we get 

L El 
3 w W <TiV 

dX 

dN 3„M 

l / J , y JL<.,L Ji J . , y 3 e?X * • " ' * • ( " 4 ) 

We can rewrite Eq. (3-34) as 

d3N(e) 

J>7 
dX dX 

W X ] { y } w +{ jL7VjiV,(^X]{P}w = ^ - ^ - ^ ( e ) |t,., (3-35) 
rfX" 

Define 

{F}M=[Fl
B Fl ...F'J 

d3y „ w F' = EI—^N B dX> i \D"> 

(3-36) 

(3-37) 
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K 

K K: 

[V 
(c) 

KB 

KB 

(3-38) 

K'„ K'r KZ, 

[KPBr 

KPB 

KPB 

K'pB 

KPB • 

KyB . 

KPI • 

• KPB 

• KPB 

• KPB 

K':'B = E l l d3N (?) 

dX" 

K%=\LMlN^dX 

i=l,2,...,r, 

q=l,2,...,r; 

dN"<,x 
dX 

(3-39) 

(3-40) 

(3-41) 

Using equation (3-36) and (3-37), the equation (3-33) can be rewritten as 

[Kje}{yr+[KPBp{pr={FBr (3-42) 

3.1.2.4 Transformation of Cantilever Element Matrix from Local Coordinate System 

oxy to Global System OXY 

Now, we will transform the element matrix of equation (3-42) from local coordinate system 

oxy to the common global coordinate system OXY. From the Figure 3-3 shown as below, we 

can get equation (3-43) shown as below. 
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o X 

Fig. 3-3 Cantilever in local coordinates system and global coordinates system 

y = AXsin# + AYcosd (3-43) 

In each element, we have 

y, = AX, sin<9 + AF, cos<9 

y2 = AX2sin# + AF,cos# 

(3-44) 

(3-45) 

Here, we define 

yr = AXrsin<9 + Ayrcos<9 

{y}(e)=[y, y2 -yrf 

~sin6> cos/9 0 0 

0 0 sin# cos< 

[RVemp 

0 0 0 0 

[AX] 

lAFl 

(<-) 
= {AX, AY1 AX2 AY2 

0 0 

0 0 

sin6> cos# 

AXr AYj 

(3-46) 

(3-47) 

(3-48) 

(3-49) 

So equation (3-47) can be rewritten as 
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For the node m in an element, we can get its coordinate in OXY before deformation as 

Y;:"=Ho-Xj80m (3-51) 

When the air pressure is acting on the cantilever, the cantilever will deform, and the coordinate 

of the node m in OXY becomes 

Ym = C + &Y,„ = H0- Xjg6m + &Ym (3-52) 

So from m=l to m=r we have 

Y^Ho-X^ + AY, (3-53) 

Y2=H0- X2tg02 + AY2 (3-54) 

Yr=H0-Xrtgdr+AYr (3-55) 

6r is the angle between each element and the X direction, which can be calculated as 

tg0r=(Hr+l-Hr)/(Xr+l-Xr) (3-56) 

From (3-53), (3-54) and (3-55) we have 

AYX=Y,-H0 + X,tgdx 

AK2=K2-//0 + X2rg£2 

(3-57) 

AYr =Yr-H0+X, 
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As the Y coordinate has the same value as the flight height H, we can let Y=H. 

SoYx = Hx, Y2 = H2,...,Yr = Hr, then (3-57) can be rewritten as 

AY^H.-H. + X.tgd, 

A K = / / 7 - / / 0 + X, 

(3-58) 

AYr=Hr-H0 + Xrtg9, 

We define 

{A7}w=[AFi AF, ...AFrf (3-59) 

{//}"'» = [Hl H2 ...Hrf (3-60) 

{Hc} = [H0H0...Ho]
T (r / /0 in the column) (3-61) 

{X„} w =[X,#0 X2tg92 ...Xrtg0rf (3-62) 

So equation (3-58) can be rewritten as 

{AYr={H}U)+{Xdf
} -{ / / .} (3-63) 

Based on the transformation method introduced by Huebrner [63], equation (3-42) can be 
rewritten as 

TAXV' [p Y] 

{R}(£^J^Ri:lp^[ HRtJp\ [*C =[*]i£foF (3-64) 

Here, Px , PY is the pressure in X and Y direction. 

Define 

global -[RV'empiKvB]e iRVemp 

[K^Z, = [ * ] j & [ * „ f >[*]£* (3-65) 

I *B I global ~ YK-hempl ^ B I 

And 

67 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Simulation of a PZT Cantilever Flying above Disk Surface 

\K Yl'"'p 

L ' v vB J global 

K
C l o X 

K21 

^ g l o X 

K g i o x 

K 2 l 0 X 

= 

K g l o Y 

KgloY 

K g l o Y 

K s l o Y 

(2r-3)l 
JloX 
(2r-2)l 
gloX 

V-(2r- l ) l 
^ g l o X 

(2r)l 
2I0X 

K 

K 

K 

K 

K 

K 

(2r-3)l 
glYo 
(2r-2)1 
gloY 
(2r-l)l 
gloY 
(2r)l 
gloY 

K 
Kg7oX 

Kgiox 

K 

V (2r-3)2 
K g l o X 

-(2r-2>2 
'gloX 
-(2r-l)2 
^gloX 

K; 

Ki 

K 

K 
K«ioY 

32 
gloY 
42 
gloY 

i>loK 

K 

K 

K 

K 

(2r-3)2 
gloY 

(2r-2)2 
gloY 

(2r-l)2 
gloY 

(2r)2 
gloY 

1(1-1) 
gloX 

2(r-l) 
gloX 

3(r-l) 
gloX 

4(r-l) 
gloX 

i ^ l ( r - l ) 
^ g l o Y 

K g l o Y 

V-3(r- l ) 
R g l o Y 

K-40--1) 
K g l o Y 

v l(r) 
^ g l o X 

vlls) 
K

e l o X 
v-3(r) 
R » l o X 

v-4(r) 
K g l o X 

K g l o Y 

l7-2(r) 
R g l o Y 

R g l o Y 

K « l o Y 

(2r-3Hr-l) 
2I0X 

(2r-2)(r-l) 
gloX 

(2r-l)(r-l) 
gloX 

r(2r)(r- l) 
vgloX 

v-(2r-3)(r - l ) 
K g l o Y 
T^(2r-2)(r-l) 

T^(2r-l)(r- l) 
R e l o Y 

K - (2r)(r- l ) 
^ g l o Y 

i/-(2r-3)(r) 
R e l o X 

i7-(2r-2Xr) 
R g l o X 

ivr(2r-l)(r) 
^ » l o X 

V(2r)(r) 
K g l o X 

K'E 

K ' „ 

'gloY 
-(2r-2)(r) 
"gloY 

K g l » Y 
- (2r)(r) 

K al i i l 

(3-66) 

I'^-PB 1 global 

^ G P B X 

K21 

•^GPBX 
V-31 
^ G P B X 

K41 

^ G P B X 

""GPBY 

K21 
^ G P B Y 

V-31 
•"•GPBY 

K4 1 

" G P B Y 

K12 

•^GPBX 
TZ22 
-"^•GPBX 

R-32 
^ G P B X 

17-42 
" G P B X 

17-12 
^ G P B Y 

•^GPEY 

17-32 
"-GPBY 

17;42 
JN- GPBY 

17/(21-3)1 
-"^GPBX 
i7-(2r-2>l 
^ G P B X 
T7-(2r-l)l 
I VGPBX 
17-(2r)l 

. GPBX 

j7-(2r-3)1 
^ G P B Y 

T7-(2r-2)l 
^ G P B Y 

T7-(2r-l)l 
-^GPBY 

T7;(2r)l 
^ G P B Y 

K-(2r-3)2 Tv-|2r-3>: 
-^GPBX -^GPBY 

T7-(2r-2)2 
^ G P B X 
T7-(2r-l)2 
^ G P B X 

K (2r)2 

^ G P B X 

(2r-2)2 17- <2r-2>: 
^ G P B Y 

l7-(2r-l)2 
-•^GPBY 
17- (2r)2 
^ G P B Y 

TT-l(r-l) 
^ G P B X 

|7-2(r- l ) 
^ G P B X 

w-3(r- l ) 
^ G P B X 

IT" 4tr-l) 
^ G P B X 

17-Kr-l) 
^ G P B Y 

K 2 l r~' ' 
-"^-GPBY 
i7-3(r-l) 
" -GPBY 

T7-4(r-l> 
""GPBY 

17-1(1-) 
JN-GPBX 

^ G P B X 

K 3,r l 

^ G P B X 
t/-4(r) 
^ G P B X 

K 1(r) 

I V GPBY 
IT- 2(r) 
-^GPBY 

IT- 3(r) 
^ G P B Y 

l7-4(r) 
-"^GPBY 

^ (2r-3)(r-l) 

• ^ G P B X 

IT-(2r-2Xr-l) 

^ G P B X 

T7-(2r-l)(r-l) 

^ G P B X 

T7-(2r)(r-l) 

" - G P B X 

2r-3)(r-l) T7-<2r-3)( 

^ G P B Y 

i7-(2r-2Xr-l) 

^ G P B Y 

l7-(2i-l)(r-l) 

^ G P B Y 

17- (2r)(r-l) 
^ G P B Y 

^Ui-3)(r) £-(21-3X0 
^ G P B X ^ G P B Y 

|7-(2r-2Xr) rr (2r-2XO 
" • G P B X ^ G P B Y 

K-(2r-l)(r) -K-(2r-l)(r) 

^'-GPBX ^ G P B Y 

-£- (2r)(r) -^ (2r)(r) 
IS-GPBX ^ G P B Y 

(3-67) 

/ p VTemp ,p p p p 
I1 B > global V ' f l l r B l ' B 3 rB S(A--l) Bk (3-68) 

fc=2r 

So equation (3-64) can be rewritten as 

TAX I w 

\-K-yBlglobal'} . y + \K f""p < x 

^ I-tyPBi global ) „ 

i ( ' ) 

\ L B> nloba B I global (3-69) 
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We can extend equation (3-69) as below, 

KllxM1 + K^AY, + Kl
glxM2 + K%bY2 +...+ Kl

g
r
loXAXr + K^oXAYr = FBX (3-70) 

K2JoXAX, + Kll,YAYx + K*XAX2 + K^yAY2 + ... + K]lxAXr + KfloXAYr = FB2 (3-71) 

ATgS'AX, + K^AY, + K^AX2 + K^AY2 + ... + K™'AXr + K™'*Yr = FB(2r) 

(3-72) 

In the coupling field problem between the cantilever and the air bearing, the pressure in Y 

direction and the deformation in Y direction are the only two unknown variables, which will be 

taken into account. So we can and we will get a set of equations after dealing with equation 

(3-69). Here 

J M ={Pxl PYX PX2 PY2 . . . PXR PYJ (3-73) 
l / i ' J Temp 

Firstly, equation (3-69) can be extended as (3-74). 
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Substitute equation (3-63) into (3-74), we have 

(3-74) 

[K]gY{{H}M +{Xe}
M -{Hc}} + [K]gP{PY}ie) ={F}gk (3-75) 

That is 

[K]gY{Hr +[K)gP{PYr ={F)glo-[K]gY{{X \H. (3-76) 

Define 

FBYa-{ng!o~[K]gY{{Xt 
i d - ) \H. (3-77) 

So equation (3-76) can be rewritten as 
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[K]gY{H}(e) +[K]gP{PY}(e) ={FB}£ (3-78) 

Equation (3-78) is the finite element equation for the cantilever in the global coordinate system 

OXY. 

3.1.3 Finite Element Matrix for PZT 

Figure 3-4 shows the basic configuration of the whole system. The local coordinate system for 

PZT itself is oxy. The global coordinate system is OXY. Firstly, we derive the finite element 

matrix in oxy. For computation convenience, the element matrix is needed to be transferred 

from local coordinate system oxy to global coordinate system OXY. All the derivations for 

PZT are similar to that for cantilever. Here and after, the cantilever is with one end fixed on the 

slider body, and the other end is free. 

Fig. 3-4 Configuration of whole system 

In this session, some basic equations for PZT will be introduced. Then the derivation of the 

finite element matrix for it in the local coordinate system is derived. To unify the finite element 
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matrix of the PZT in the same coordinate system as the finite element matrix of the air bearing 

and cantilever, the coordinate system transformation will be carried out at last. 

3.1.3.1 Constitutive Equation of PZT 

Under small field conditions, the constitutive relations in time domain for a PZT are (IEEE 

Standard, 1987): 

D,=e^Ej+diaa (3-79) 

ek=d]kEj+sl<Jm (3-80) 

These two equations can be written as a matrix form as 

£ 
= 

a ,(l 

e a 
je E 

a s 

'E~ 

a 

Here. E is the applied electric field, D is the electric displacement, £ is the strain vector, a 

is the stress vector. So there are four unknown valuables (E, D, £ andcr) in Equation (3-81), 

here we only solve the equation in about the vertical direction. Use h and p to substitute 

£ and a, Equation (3-81) can be rewritten as 

"D 

h 

Equation (3-82) shows that the PZT material is a coupling material between electrical 

valuables (E, D) and mechanical valuables (h, p). 

3.1.3.2 Finite Element Matrix 

ead" 

desl 
(3-82) 
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Put the PZT in the global coordinate system, and apply Galerkin method to equation (3-82). 

AssumeE,D,h ,p are the solutions, we have, 

f [— (lDiJ)-eaEj7)~d'l~p{x))]N(x)dx = 0 (3-83) 
J L dx 

and 

f [— (h(x) - deE\x) - sE~p(x))]N(x)dx = 0 (3-84) 
JL dx 

Equation (3-83) and (3-84) are applicable to the whole system, they also hold for each element, 

f( [— (DM(x)-e"EM{x)-d"pie)(x))]N<
i
e)(x)dx = 0, i=l, 2. 3 ...r (3-85) 

w " dx 

JL dx 
f , [ — (h(e)(x)-deE(e)(x)-sEpie)(x))]N^(x)dx = 0,i=l,2, 3 ...r (3-86) 

Here, 

D(e) = £#<<>£>. = [N ) / ) } ( e ) (3-87) 

Ele) = ̂ N^)El = lN\{E}(e) (3-88) 

hie) = J^N^h, = lN\{h}(e) (3-89) 
i = i 

i=\ 

{D}(f)=[D, D2 ... Dj (3-91) 

{E}M=[E, E2 ...Ej (3-92) 

{Jt}(e)=ft K .- AJT (3-93) 

{p} W =[p, P2 - P r f (3-94) 

Using the same method of derivation and transformation for the cantilever element matrices, 

the final element matrices for the PZT are 

[K]D{D}M +[K]El{E}M +[K]n{P)M ={F{}
M 

[K]H{H}(e) +[K]E2{E}U') + [K]P2{P}M = {F2}
{e) 
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Or 

[K]D{D}M +[K]H{H}M + ([K]El + [K]E2){E}M +([K)Pl + [K]p2){P}(e) = {F,}w + {F2}
M 

(3-96) 

where 

D = 2ncoI (3-97) 

Here, / is the output current of PZT, a is the frequency of current. So equation (3-96) can be 

also rewritten (3-98), which is reference to the global coordinate system. 

2mK]D{I}le> +[K]H{H}M +([K]E] +[K]E2){E}M+([K]Pl+[K]p2){P}(e) 

= {Fl}
U)+{F2}

l") 

(3-98) 

Up to now, we have derived the element matrix for cantilever, air bearing and PZT respectively, 

as Equation (3-23), (3-78) and (3-98). In the following sections, the coupling field problem is 

discussed and the solution schemes are shown. 

3.2 Solution Schemes 

The equation (3-23), (3-78) and (3-98) are written again as below, 

[K%A(e){P}ie) -[K$]M{H}ie) =[FRf) 

2md[K]D{I}M +[K)H{H}(e) +([K]E] +[K]E2){Ef) +({K)n +[K]p2){P} 

= {F,}W+{F2}W 

From these matrix equations, it is obviously seen that the any variation of the air bearing will 

cause variation on the cantilever and PZT film simultaneously. At the same time, any 
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variations of the cantilever or PZT film will also cause the air bearing to be changed into 

another state. Air bearing, cantilever and PZT film are internally affected each other and they 

consist of a whole system which includes three coupling fields inside. It is required for us to 

solve the above three equations simultaneously to get an accurate result of a specified state for 

the system. Based on these finite element matrices, an element with three degrees P, H and I 

are fabricated to model the system. This element satisfies equation (3-99), (3-100) and (3-101) 

simultaneously. For solving the linear matrix equations, Newton-Raphson iteration method is 

used. The FE codes were written majorly in MATLAB language, and some of the codes were 

written in Fortran language. The second-order line element with 3 nodes is used as the 

cantilever element. Figure 3-5 shows the flow chart of the finite element program. At the 

beginning, the known parameters are input to the FE program. The known parameters include 

dimensions, material properties of cantilever and PZT, fluid related parameters for air bearing 

etc. The detailed mechanical parameters are different from case to case and will be given 

separately in respective case study. The mean free path of air is 63.5nm. Table 3-1 shows the 

material properties of PZT. The parameters in this table will be used throughout all our 

theoretical analysis in this thesis. 

Table 3-1 Material properties of PZT (Fuji ceramic, C-601) 

Eu=E22(N/m2) E33(N/m2) v 1 2 = v 2 3 = v 3 ) p(kg/m3) 

6.7xl010 5.0xl010 0.33 7800 

^; ^ ;|; ^; >|; ^ % % ^ ^ ^ ^ ^ - i : % ^.' -!- ^:;;- ^ : i : ^ ;;: -;: >!- : i c ^ -^ :;: -̂  % :': -i' ^ ; i ; -^ ^ :l~ -^ -;; •£ ^' $• ^ •£ 't;;: -!; -\~ ^ ^ ^ ^ : i : -l' -;; ^ : l ; : i i H> -1- ^ ^ ^ ^ ^ ^ ^ ^ ^ ' i ; ^ ^ -1= ^i- ^ 

d3i(C/N) d33(C/N) d]5(C/N) Z{{F I m) Z2(F/m) 

- 2 1 0 x l 0 1 2 500xlO~12 730xl0~12 2.12xl0~8 2.03x10 s 
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start 

Input parameters 

Arrange and define every 
element in X direction 

Perform element mass, damping and 
stiffness matrices and loading vector 

Assemble global mass, damping, 
stiffness matrices and loading vector 

Give the assumed value for each 
degree and apply boundary condition 

Calculate the Jacobi matrix 

Calculate value for each degree 

Comparison between 
assumed value and 

calculated value. Satisfied 
the convergence criteria? 

Let assumed 
value=calculated valuse 

Fig. 3-5 Flow chart of program 

3.3 Verification of FE Program 

In the above sections, the derivations of finite element matrices and the solution scheme have 

been shown. Being lack of existing research to solve the coupling field problem among PZT, 

cantilever and air bearing, it is hard to compare existing results with the results calculated from 

our FE program to validate its correctness. The only way is to use the FE program to solve the 
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simplified models and compare the calculated results from our own developed FE program 

with existing results from CML air bearing design program to verify its correctness. 

CML air bearing design program was developed by the Computer Mechanics Laboratory, in 

the department of Mechanical Engineering of University of California. Berkeley. It is currently 

widely used in the hard disk drive industry for slider design. So the pressure results from CML 

program is used here for our comparisons. As we know in the slider design, only the pressure 

on the air bearing surface plays important role. Look at part (A) of Figure 3-6, it shows a 

simple but typical 3-rail slider design. The pressure distribution along the slider surface shown 

in part (A) with inclined line will be obtained by CML, and the pressure distribution along the 

PZT cantilever will be obtained by our own FE program. Two points are needed to be pointed 

out here are, 1) in the CML program, the obtained pressure varies along the slider width 

direction, which is the actual behavior in hard disk drives, and 2) the pressure assumes to be 

kept same along the cantilever width direction. These assumptions would hold as the current 

slider of hard disk drive flies at a nano-scale. Under such a low flying height of PZT cantilever, 

the pressure variations along the cantilever width direction are less than 1%, i.e. the pressure 

along the edge of cantilever is about 1% less than that along the center line of cantilever. This 

small variation will be ignored during the slider design in current HDD industry. So, in our 

study, the pressure along the center line AB and that along center line CD are compared and 

analyzed. These comparisons will be introduced in detailed in the following sections. 

Moreover, in CML, the air bearing could be modeled as 1st order or 2n order or F-K 

Boltzmann slip model. But in the real design, the air bearing F-K Boltzmann model is 
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frequently used especially for low flying height design, which is also adopted as the slider 

design standard in HDD industry. The General setup and Run setup for the CML simulation 

are shown in figure 3-7 and 3-8 respectively. Figure 3-8 shows a dialog with the disk rotation 

speed in RPM (round per minutes) and related air parameters. In our analysis, the ambient 

pressure is 10325 Pa, the mean free path (MFP) of air is 63.5 nm and the viscosity of air 

isl.806x10""'NsIm2. For more detailed information on CML simulation package, we could 

check with its latest version help files from computer mechanics laboratory of U.C. Berkeley. 

'mmmmm, 'MMkmmmm V//////////////A 

1.25mm. 

Pressure distribution 
between point A and B 

0.3mm 

(A) 3-rail slider design 

1.25mm Pressure distribution 
between point C and D 

0.3mm 

(B) PZT cantilever flying above disk surface, with predetermined flying height 

Fig. 3-6 Sketch of a traditional 3-rail slider design and a PZT cantilever 
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3.3.1 Verification of FE Package through Simplified Model with only Air Bearing 

Figure 3-9 shows a cantilever together with a patch of PZT flying above air bearing. Under air 

pressure, the cantilever would deform and the there would be an output of PZT through 

conversed piezoelectric effect. FE package has been developed to simulate this system. In this 

system, 6f,6|,--;6| are calculated separately for considering the deformation of the cantilever. 

Here, ^,^,* • ;Q is the angle between the horizontal and the tangent of respective point on the 

cantilever. As there is no existing research on the coupling field system's calculation and result 

into be difficult to validate our FE package's correctness if we consider all three fields in the 

system simultaneously. To verify the correctness of the package, several simplified models are 

used and studied. In this section, the simplified model includes only the air bearing. Features of 

the first simplified model are, 1) only the air bearing is taken into account, 2) the cantilever is 

regarded as rigid body, that means there would be no deformation of it under air bearing 

pressure and 3) no input electrical voltage to the PZT, 4) the cantilever is smooth, without the 

step on its free end. To simulate such a simplified model, several parameters of FE package are 

required to be fixed, 1) let the input of PZT voltage be zero, that is to let E=i=w-0 in Figure 

3-9, and 2) in every calculation, the angle of each cantilever element 6 will keep same during 

the whole process of computation, that is to let 6X — B2 = ••• = 0k — ••• in Figure 3-9. So the 

whole system will be simplified to be shown in Figure 3-10. Consequently, what we need to 

solve is air bearing FK model. Figure 3-9 shows sketch of the system if all the three fields 

(fluid, electrical and mechanical) are included in the consideration. The air pressure 

distribution on the cantilever calculated from our own developed FE package and CML air 

80 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Simulation of a PZT Cantilever Flying above Disk Surface 

bearing design program is shown in Figure 3-12. In our analysis, version 6 of CML is used. 

The length of cantilever is 1.25 mm. We chose the industry standard slider form 

(1.25mm x \mm x 0.26mm) for the comparison. 

Cantilever 

Point 1 
Point k 

Air-bearing 

Moving disk 

Fig. 3-9 Sketch of system (air bearing, cantilever and PZT) 

Cantilever 

Air-bearing 

Moving disk 

Fig. 3-10 Sketch of system (only air bearing is considered, 

i.e. 0, = 62 e„ and E=i=0) 

Cantilever 

Point 1 
Point k 

Air-bearing 

Moving disk 

Fig. 3-11 Sketch of system (air bearing and cantilever) 

81 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Simulation of a PZT Cantilever Flying above Disk Surface 

-*- Boltzmann Equation 
-e- 1st-Order 

2nd-Order Slip Model 
FE Package 

2.5 

o 
CL 

£ 

P 

1.5 

I 0.5 

0 

0 0.2 0.4 0.6 0.8 
X(x/L) 

Fig. 3-12 Comparison of pressure distribution for Kn=1.250 

From Figure 3-12, the results calculated from FE package are very close to that from 

Boltzmann equation. This means that the FK model is accurate to model the air bearing with 

large Knudsen number, as well as that the FE package is correct to carry out the calculation. It 

can also be obviously seen that the lst-order slip model overestimates the pressure distribution 

,nd along the cantilever while the 2 -order slip model underestimates it. Even the calculated 

results shows a little difference between our FE package and other existing methods, it is 

obviously seen that 1) all results are very close each other, 2) results from FE package is 

,nd between that from 1 slip model and 2 -order slip model. All these show that this FE package 

can be use to simulate the simplified model correctly shown in Figure 3-10. 

In this simplified model, the comparison of pressure distribution along length of slider was 

used to validate our developed FE program. Except that, the overall vertical air bearing 
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stiffness is also obtained and compared with existing results. In slider design, the local air 

bearing stiffness is defined for an individual position on the air bearing surface. And the 

overall vertical stiffness is defined for the slider as a whole in the vertical direction. Figure 

3-13 shows a sketch of slider flying above rotating disk, in which local stiffness for individual 

position and overall vertical stiffness for the whole slider are defined. In our FE package, 

assume that the overall force on the cantilever is F, when slider is flying at flying height FiZ,. 

When the flying height becomes FH2, the overall force on the cantilever becomes F2. So we 

could retrieve the overall vertical stiffness of the air bearing by equation (3-102). 

FH2-FHl 

(3-102) 

F: Overall force acting on slider's eg 
FH: slider flying height 
overall _ vertical _ stiffness = AF IAFH 

I 
' { Fk Fh: force acting on location B 

Fty: local flying height on location B 
_fi local_stiffness_Position_B = AFb/AFHh 

local_stiffness_Position_A = AFa IAFHa //fa 4 |B . 

Point A and B are on the 
air bearing surface 

Fa '• force acting on location A 

FHb local flying height on location A 

(Rotating disk 

Fig. 3-13 Sketch of slider "flying above rotating disk (slider enlarged for clearly seen, eg is 

abbreviation of center of gravity) 
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Fig. 3-14 Overall vertical stiffness of air bearing (triangle: from FE package; line: Brian's) 

Figure 3-14 shows the overall vertical stiffness comparison results between our FE package 

and Brain's. It could be obviously seen that a very close matching between these two results. 

On one side, this good matching shows the correctness of our FE package, on the other side, 

this means that our FE package could be used to predict or analysis the aerodynamic properties 

of the air bearing effectively and accurately. 

3.3.2 Verification of FE Package through Simplified Model with Cantilever and Air 

Bearing 

In the above section, the comparison results show that the developed FE program has the 

capability of simulating the simplified model with only air bearing very well. On one hand, the 

pressure distribution obtained from FE program is very close to that obtained from the CML 
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simulation package. On the other hand, the overall vertical air bearing stiffness matches very 

well with the previous research result. In this section, the finite element package will be 

validated by considering one more complicated model, in which the air bearing and cantilever 

will be taken into account. In this model, 1) angle of each element, 9, will not be kept to be the 

same, and 2) there is no input voltage into PZT, that means E-i=0. The cantilever will deform 

due to the interaction between cantilever and air bearing. As there is not a completely existing 

program to solve such a model, we compare the pressure distribution obtained from FE 

package with that from the CML simulation package. Figure 3-15 shows the comparison 

results. 

From Figure 3-15, it is obviously seen that the calculated results from FE package for this 

simplified model are more close to the 2n -order slip model than others. Even that, it is very 

clear that the difference between different models is very small. All these show that the FE 

package can be also used to simulate such a simplified model shown in Figure 3-11. 

Comparing Figure 3-12 and 3-15, it could be obviously seen that the pressure is lower of the 

air bearing after we consider the deformation of the cantilever. This fact is coincided with the 

physical phenomenon that the pressure decreases when the flying height increases. From this 

side, the correctness of the FE package is also proved. 
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Fig. 3-15 Comparison of pressure distribution for Kn=1.250 

3.3.3 Pressure Distribution with All Three Fields 

In the above sections, the correctness of our FE program has been verified by two simplified 

models through comparing the results obtained from FE package with that from existing 

research and design program CML. As the air bearing surface are a 2-dimensional area, and 

our FE program could not realize a full capability of industrial slider design. But it is good 

enough for us to carry out new slider design, in which a patch of PZT, one cantilever and air 

bearing are integrated together. In the following section, the FE package will be applied to 

simulate the whole system with three fields, air bearing, cantilever and PZT. Figure 3-16 shows 

the non-dimensional pressure distribution of different conditions. From this figure, obviously it 

can be seen that the pressure is a little lower for the whole system compared with the system 
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discussed in previous section. The decrease of pressure is the result of the vibrating cantilever 

and deformation of itself. Even more, the difference is not more than 10% among each system. 

Boltzmann Equation 
2nd-Order Slip Model 
1st-Order 
FE Package (cantilever & air-bearing) 
FE Package (cantilever&airbearinq&PZ"n 

£ 
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(A O 
0) Q. 
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« o-

I§ 
= 1 
E £ 

"•5 .!2 
i -° o z 

0 0.2 0.4 0.6 
X(x/L) 

0.8 

Fig. 3-16 Comparison of pressure distribution for Kn=1.250 

From the above comparisons in Section 3.1-3.3, it is obviously seen that the FE package 

developed by ourselves can be used to simulate the coupling field system effectively and 

accurately. In the next chapter, it will be used to be a tool for further study on the in-situ flying 

height measurement of the slider. 

3.4 Conclusions 

In the above study, derivation of the finite element matrix for air bearing, cantilever and PZT 

film has been successfully carried out. Based on these matrices, the finite element model has 
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been built up for the sensor flying above the disk surface. A FE program written in MATLAB 

has been developed and verified by several simplified model. From compared results between 

FE package and existing researchers', it could be concluded: 

1) The FE package could be used to calculate the air bearing pressure distribution in a 

very close result with Boltzmanns equation. 

2) The pressure distribution calculated from FE package is very close to that from 

Boltzmann's equation when we only consider air bearing in the system. And it would 

be close to that from 2nd order Reynold's equation when we consider two fields (air 

bearing and cantilever) or three fields (air bearing, cantilever and PZT) in the system. 

3) The FE package could be also used to predict or analysis the dynamic properties of air 

bearing. For example, the stiffness of air bearing has been achieved by our FE package, 

which shows a matching result calculated from other research. 

4) In our study, the air bearing has been modeled by using a one-dimensional Reynolds 

equation, and the pressure variation along the slider width direction has not been taken 

into account, which is a simplification of the real system. In real system, the air passes 

through the slider in its width direction unevenly due to the skew angle effect. This 

results into the pressure variation in the transverse direction. The current simplification 

assumes that air flow passes evenly through the slider in its width direction. This would 

make the slider's FH a little bigger than the actual FH due to more air passing through 

the slider. This bigger FH results into lower pressure on the slider. In this sense, air 

pressure on ABS is a little under-estimated. This phenomenon is obviously shown in 

the Figure 3-12, 3-15 and 3-16 etc. 
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Chapter 4 

Virtual Testing of In-Situ Flying Height Measurement Capability of 

New Slider Design 

In the previous chapters, the proposed slider design with a sensor (PZT cantilever) for in-

situ flying height measurement capability has been introduced and the finite element 

model for the sensor flying above disk surface has been developed. In this chapter, virtual 

testing of the in-situ flying height measurement capability of new slider design will be 

carried out by ANSYS and our developed FE program respectively. Comparisons 

between both of the results obtained from these two methods are also shown. 

4.1 Virtual Testing of In-Situ FH Measurement Capability using ANSYS 

Figure 4-1 shows the simplified structure of the proposed slider design. In this design, the 

slider body will mainly be used to determine the flying height of the slider. The flying 

height is the distance between the step on cantilever and the rotating disk. 

PZT 

Slider body 

Air bearing 

Cantilever 

^ Step on cantilever 

iRptatiirlgilpisfc; 

Fig. 4-1 Simplified structure of proposed slider 
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The sensor which is consisting of a cantilever and a patch of PZT film is used to sense the 

flying height. When a certain voltage with a desired frequency is input to the PZT film 

during HDD's working state, there will be three fields involved, electrical (PZT), 

mechanical (cantilever) and fluid (air bearing). ANSYS was chosen to be the tool for 

building a finite element model for this coupling field system. As there is no existing 

element in ANSYS to simulate the coupling fields between PZT, cantilever and air 

bearing, so we solve these three fields' coupling field problem by two steps, 1) solve 

coupling field problem between air bearing and cantilever, then 2) solve coupling field 

problem between cantilever and PZT. In the first step, the air bearing is modeled as a set 

of springs, which are assumed to be linear in our study. The spring constants of all these 

springs are obtained by solving the coupling field problem between the air bearing and 

the cantilever. In section 4.1.1, we will describe the finite element model that will be used 

to obtain the spring constants. After we get the spring constants for all springs, the air 

bearing will be substituted by the whole set of springs. Then the whole system will 

consist of the PZT, cantilever and the springs. With the help of ANSYS, we can do the 

Harmonic Analysis for this simulated mechanical system. The finite element model for 

PZT, cantilever and springs will be introduced in Section 4.1.2. 

4.1.1 Finite Element Model of Cantilever and Air bearing 

In this section, we will build a finite element model for the cantilever and air bearing. 

This model will be used for obtaining the spring constants of the springs. After we get the 

spring constants for all the springs, the air bearing will be represented by the set of 
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springs. The problem background, definition, and finite element modeling of the 

cantilever and air bearing by ANSYS will be introduced in the following parts. 

4.1.1.1 Problem Background 

After air bearing is modeled by a set of springs, 0{, 02, ... , On, the sketch of the 

coupled system among air bearing, PZT and cantilever can be shown as Figure 4-2. Here 

n is the quantity of the cantilever elements. The spring constants of these springs will be 

obtained by perturbation method. Here, the flying height h is the distance from the tip of 

the cantilever to the disk. Figure 4-3 shows a sketch of spring with one end fixed and the 

other end free. 

Fixed wall (without PZT and cantilever in the fixed wall) 

free end of springs 

Air bearing is 
modeled by a set of 
spring from Oi to On 

cantilever 

Fixed end of springs 

Disk is fixed in 
vertical direction, 
even it can rotate 
at high RPM 

Fig. 4-2 Sketch of PZT, cantilever and springs 
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¥
Fixed end of spring 

Driginal length of 

"ing 

* d: displacement after 
- ^ — • F acting on spring T 

T F:force acting on spring 

Fig. 4-3 Sketch of spring (one end fixed and the other end free) 

In this model, the key point is to get all the spring constants,Kl,K2,...,Kn for the set of 

springs, Ox, 02, ... , On. From the basic relationship of the spring displacement and 

force, we can easily obtain the spring constant as shown in Equation 4-1, where d is the 

displacement after the force F acts on the spring, and K is the spring constant. Here, we 

assume d is small enough to keep the spring function in its linear scale. When we use the 

perturbation method to obtain the spring constant, the spring constant is assumed to be 

kept the same within a very small FH variation. 

K = Fld, (4-1) 

4.1.1.2 Problem Definition 

In the real working state of hard disk drive, air bearing is formed between disk surface 

and slider, the disk is considered as fixed in the vertical direction with regards to the 

slider, since the disk is much thicker and heavier than the slider. If we use a set of springs 

to represent the air bearing, the fixed end of springs is considered on the disk surface, 
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which is also shown in Figure 4-2. Here, we will use the spring Oi as an example to show 

the way for us to obtain the spring constant. If the slider is flying at a prescribed height, 

the local flying height on the position of Oi is/z,. At this moment, the force acting on Oi 

isF[. If a very small perturbation happens on the slider, or if the local flying height on the 

position of Oi changes a very small value A//,, this small change of local flying height 

will result into a very small change of the force acting on Oi. Suppose the change offeree 

is AF,. Based on equation (4-1), we can calculate the spring constant of Ki as 

K[=AFl/Ahl (4-2) 

4.1.1.3 Finite Element Model by ANSYS and Results 

Based on the description above, a finite element model is built to realize the analysis 

using ANSYS. BEAM54 is selected as the cantilever element and FLUID141 is selected 

as the air bearing element. The procedure to obtain these spring constants is described 

here. Firstly, the air bearing force FX,F2,FZ •••Fn along the cantilever elements are 

obtained under a prescribed flying height h, shown as in Figure 4-4. Some of the 

mechanical parts are omitted since most of them have been introduced in Figure 4-2. 

Then the forcesF,,F2,F3 ---F^are loaded on the beam elements along the cantilever. At 

this moment, the cantilever has a small deformation. Under this state, one more very 

small displacement AA, is added on the cantilever. This Ah{ could be upward or 

downward direction. Then a static analysis is carried out on the air bearing. After this 

analysis, we obtain another group offeree F[,F2,Fi,---Fn which is acting on the beam 
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elements. Based on Equation (4-2), we could get the spring constants of Oi as shown in 

Equation (4-3). For our analysis, several trials using A/z, from 0.05 to 0.5 have been 

carried out. The spring constants from different trials are close. Here, we choose AA, =0.1 

nm. Using the same method, the other spring constants for Ox, 02, ... , On can be 

obtained. 

kx=(Fx-Fl)IM, (4-3) 

Part A 

^n-2 fnAp 

Fixed end of springs 

Disk is fixed in 
vertical direction, 
even it can rotate 
at high RPM 

Fig. 4-4 Air bearing force acting on cantilever 

To model the air bearing, Fluidl41 is chosen. Figure 4-3 shows the sketch of a part of the 

finite element model built in ANSYS. 

We can see from Figure 4-2 that the element of air bearing shares the same node as that 

of cantilever on their contact surface. In our analysis, we assume, 1) the number of 

cantilever elements is equal to the number of springs, 2) the n,h spring is made from the 

air between the disk surface and the n,h cantilever. The velocity of the moving disk has 
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great influence on this analysis. The FE model of part A in Figure 4-4 is shown in Figure 

4-5. The boundary of the FE model is set on the disk surface and the left end of the 

cantilever. Elements on the boundary are fixed and no any linear and rotational 

displacements and there is no any moment in any directions. 

Fig. 4-5 FE model corresponding to the part A of Figure 4-4 (BEAM54 elements are in 

blue and the FLUID 141 elements are in red) 

In this case study, the material of cantilever is selected as industrial slider material, which 

is a mixed of AI2O3 and MgC)2. The material properties of the cantilever are shown in 

Table 4-1. The air properties are shown in Table 4-2. Here, the cantilever is divided into 

5000 BEAM54 elements. The quantity of 5000 is a good choice and it is enough for our 
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analysis because the calculated spring constant from the ANSYS FE model is close to the 

values if more elements are considered in the FE model. The calculated spring constant is 

shown in Table 4-3 when the disk is rotating at the speed of 15 m/s. It is obviously seen 

that the spring constants on tip of the cantilever are close each other when quantity of 

elements are 5000 and above. But the computation time is longer when quantity of 

elements is bigger. So we choose 5000 as the quantity of cantilever elements in our study. 

Table 4-1 Material properties of cantilever 

Length 

0.5 mm 

Width 

0.05 mm 

Thickness 

0.015 mm 

Young's Modulus 

390 GPa 

Density 

2690Kg/m3 

Table 4-2 Properties of air (ambient temperature and humidity) 

Mean free path 

63.5 nm 

Viscosity 

1.806e-5 

Ambient 

pressure 

101325 Pa 

Thermal conductivity 

0.0257 W/(mK) 

Density 

\.205Kg/m3 

Table 4-3 Spring constant under different quantity of beam elements 

(Disk velocity^ 15m/s) 

Quantity of 
Beam Elements 

Spring constant on 
the tip of cantilever 
(N/m) 

500 

11323 

1000 

11989 

1500 

12497 

2000 

12858 

3000 

13114 

4000 

13211 

5000 

13231 

5500 

13239 

6000 

13241 
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Fig. 4-6 Spring constant of O 5000 

Figure 4-7shows the obtained spring constant of Ox under different velocity of moving 

disk. 
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Fig. 4-7 Spring constant of 0, 
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Figure 4-8 shows the obtained spring constant of O2500 under different velocity of 

moving disk. 
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Fig. 4-8 Spring constant of O 2500 

From Figure 4-6 to Figure 4-8, it is obviously seen that the spring constant becomes 

bigger when the velocity increases. Here only the spring constants of three springs have 

been shown, but the other springs behave similarly like the above three springs. After we 

got all these spring constants under different velocity, the air bearing can be substituted 

by these springs. The following part will be focused on the finite element model about the 

PZT, cantilever and the air bearing, in which the air bearing was substituted by the 

springs. 
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4.1.2 Finite Element Model for PZT, Cantilever and Air Bearing 

In above section, the way to get the spring constants for the springs has been shown. In a 

special case, some simulation results of the spring constants have also been achieved. 

Using these spring constants, the air bearing can be represented as a set of springs. This 

air bearing model makes us be capable of carrying out the further research easily, due to 

the powerful capability of ANSYS in solving the coupling field problem between 

electrical (PZT) and structure (cantilever and spring). The finite element model was built, 

in which the cantilever was divided into 5000 elements. For PZT, the SOLID45 was 

selected. SOLID45 is a built-in element in ANSYS, which is useful in solving the 

coupling field problem between structure and electrical. In ANSYS, one method to solve 

the coupling field problem is the sequential method. The detailed information about this 

method can be found in the ANSYS documentation. Here Figure 4-9 only shows the data 

flow for this sequential method. It is extracted from the Help files built in ANSYS. 

AATT, VATT, PHYSICS, READ and LDREAD are predefined commands built in 

ANSYS. For more detailed you could check the latest version of ANSYS help. AATT 

and VATT are used to associate element attributes with the selected, unmeshed area and 

volumes respectively. 
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Build a model 
encompassing all 
physical requirements 

Create physica 
environments to be 
used in the analysis 

Assign attributes 
to the mode 

(AATT VATT) 

Solve the current 
physica 

environment with 
the couplec-field 

loads 

Fig. 4-9 Data flow for sequential method of ANSYS 

For PZT, SOLID45 was chosen in the following analysis. The density of this PZT is 7800 

(kg /nf). In our computation, the coupling field problem of the structure (cantilever and 

spring) and electrical (PZT) was solved. To predict the dynamic sustained dynamic 

behavior of the cantilever, the harmonic analysis was earned out. 

In the analysis, the cantilever's parameters are same as that shown in Table 4-1. The PZT 

is coated on the cantilever. Figure 4-10 shows the position on which the PZT coated on 

the surface of the cantilever. 
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Fixed wall (without PZT and cantilever in the fixed wall) 

cantilever 

Fig. 4-10 Sketch view of PZT and cantilever 

The dimension of PZT is shown in Table 4-4. 

Table 4-4 Parameters of PZT 

Length 

0.5 mm 

Width 

0.05 mm 

Thickness 

0.002 mm 

Density 

7800Kglml 

With the help of ANSYS, the harmonic analysis was carried out. In this analysis, an 

alternating voltage was input into the PZT. The frequency of the alternating voltage 

changes from 91300 Hz to 91500 Hz. This range of frequency is selected because the 

natural frequency of the above mentioned cantilever is near 91460 Hz. The natural 

frequency of this cantilever is calculated with ANSYS too. Figure 4-11 shows the 

electrical impedance, or the output of the PZT, changes with the frequency under 

different flying heights. In this case of simulation, the velocity of the moving disk is 10 

m/s. Figure 4-12 to Figure 4-16 shows different magnified part for Figure 4-11. 

From Figure 4-11, we can see that the electrical impedance of PZT is quite large when in 

a certain range of frequency. It can reach almost 138 ohm near 91460 Hz. Figure 4-16 
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shows the electrical impedance changes with flying height when frequency is equal to 

91306 Hz. The slope shown in Figure 4-19 is 1.048 ohrn/nm. 

9.135 9.14 9.145 
Frequency (Hz) 

9.155 9.16 
4 

x10 

Fig. 4-11 Ze-FH under different frequency 

9.1305 9.1305 9.1306 9.1306 9.1307 9.1308 9.1308 
4 Frequency (Hz) 

Fig. 4-12 Part A 

x10 
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Fig. 4-15 Part D 

Figure 4-16, 4-17, 4-18 and 4-19 show electrical impedance changes with flying height 

when the frequency of the input voltage is equal to 91306 Hz, 91379 Hz and 91415 Hz 

and 91438 Hz respectively. The corresponding slope of each line is also shown in the 

figures. 

From these figures, we can see that there is a good linearity between the electrical 

impedance and flying height when the frequency is pre-calibrated to be not close to the 

natural frequency of the cantilever. The sensitivity is 0.017, 0.0113, 0.173 and 1.048 

ohm/ntn under different driven frequency of voltages. As the exciting frequency reaches 

near the fundamental natural frequency, the sensitivity becomes larger. This fact is shown 

in Figure 4-17. But for frequency far from the fundamental natural frequency of 

cantilever, the sensitivity is smaller. Even though, all these figures have indicated a good 
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linearity between electrical impedance and flying height. The feasibility of using such an 

active cantilever to realize in-situ flying height measurement has been approved. So the 

electrical impedance, as a signal, is very useful for in-situ flying height measurement. 
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From the above results, we know that there is a good linearity between the electrical 

impedance and flying height. And the sensitivity can reach 1.048 ohm/nm when the 

cantilever is 0.5 mm length. In Table 4-5, the sensitivities of the cantilever with different 

length are shown near its first fundamental frequency. The parameters of the cantilever 
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except for the length are all the same as which were used in the above. The same PZT is 

used in these different calculations. 

Table 4-5 Sensitivity of cantilever with different length 

Length 

(mm) 

Sensitivity 

(ohm/nm) 

0.6 

1.08 

(freq.=93731 

Hz) 

0.55 

1.06 

(freq.=92656 

Hz) 

0.50 

1.048 

(freq.=91438 

Hz) 

0.45 

0.98 

(freq.=90689 

Hz) 

0.40 

0.93 

(freq.=89354 

Hz) 

In Table 4-5, we can see that the sensitivity of the cantilever increases when the length of 

the cantilever increases. For the currently used slider in hard disk drives, the total length 

of it is usually 1.25 mm, so we cannot make a cantilever with too large length. So we 

need negotiate between sensitivity and length when carry out the slider design with this 

concept. 

4.2 Virtual Testing of In-Situ FH Measurement Capability using FE Program 

In the above section, finite element modeling of cantilever, PZT and air bearing has been 

carried out using ANSYS. The simulation results show there is a good linear relationship 

between output electrical impedance and flying height. The sensitivity could reach 

1.408ohm per nanometer. Theoretically, the system consisting of cantilever, PZT and air 

bearing includes three coupling fields. These fields are interacted each other. Any 

variation for one of the fields will cause the variation of other fields. ANSYS solves this 

coupling field problem by two step described above. Fore more accurate study of the 
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system, as well as the study of in-situ flying height measurement capability of the slider, 

the three fields should be solved simultaneously. The following part will introduce the 

solutions to these coupling fields problem by our developed FE program. 

The input voltage for PZT is fixed at 0.1 volt and sweeping frequency is from 91350 Hz 

to 91550 Hz. The sweep frequency is chosen based on the natural frequency of cantilever 

which is about 91446 Hz. All these parameters are input to FE package. Figure 4-20 

shows the relationship between flying height and electrical impedance based on the 

frequency change. Figure 4-21 shows the zoom-in view of part of Figure 4-20, which 

makes it more clearly. Figure 4-22 to Figure 4-31 show relationship between electrical 

impedance and flying height in a certain frequency. Inside these figures, the calculated 

results are shown as dotted point. Inside the same figure, a curve fitting line (or called as 

trend line) is used to shown the relationship between electrical impedance and flying 

height. The equations show the fitting relationship between these two variables in a 

certain frequency. The R square is an indicator from 0 to 1 that reveals how closely the 

estimated values for the trend line correspond to the actual data. A trend line is most 

reliable when its R square value is at or near 1. At the same time, a large R square value 

means a more linear relationship between the two variables. Table 4-6 (A)-(C) shows 

summary of all these relationships. From these tables, it is obviously seen that the 

relationship between electrical impedance and flying height is almost linear in the 

frequency range from 91350 to 91400 Hz. The sensitivity becomes larger along the 

frequency axis. It can reach about 0.9465 ohm/nm as the R square is 0.9991. This large R 

value means that there is a good reliability and linearity between electrical impedance 
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and flying height. As the voltage driving frequency reach 91410Hz and 91415 Hz, which 

are near the natural frequency of cantilever, the sensitivity can reach higher, but the R 

square values become smaller. These smaller R values indicate the linear relationship 

between electrical impedance and flying height is not very good. From this point of view, 

to keep the sensor in a good linear working situation, one must do a tradeoff between 

sensitivity and linearity. Further observation shown in Figure 4-20 indicates that there are 

signs of nonlinearity in the curve for greater flying heights. This nonlinearity is probably 

the result of. a lower pressure on the cantilever beam with bigger flying height. This 

bigger flying height results into a lower stiffness of the air bearing. Low stiffness causes 

the cantilever beam larger vibration, which exceeds our assumptions of small motion of 

the PZT cantilever, and it leads to nonlinearity. 
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Table 4-6 (A) Summary of results (1) 

Frequency 

Relationship 

(x=FH, 

y=Ze) 

R2 

Sensitivity 

(ohm/nm) 

91350 Hz 

y=0.038x+4.268 

0.9972 

0.038 

91355 Hz 

y=0.073x+4.577 

0.9994 

0.073 

91360 Hz 

y=0.116x+4.884 

0.9991 

0.116 

91365 Hz 

y=0.196x+5.8 

0.9997 

0.196 

Table 4-6 (B) Summary of results (2) 

Frequency 

Relationship 

(x=FH, 

y=Ze) 

R2 

Sensitivity 

(ohm/nm) 

91390 Hz 

y=0.7242x+12.26 

0.9999 

0.7242 

91395 Hz 

y=0.8008x+14.506 

0.9999 

0.8008 

91400 Hz 

y=0.8909x+l 8.549 

0.9991 

0.8909 

91405 Hz 

y=0.9465x+23.451 

0.9991 

0.9465 

114 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Virtual Testing ofln-Situ Flying Height Measurement Capability of New Slider Design 

Table 4-6 (C) Summary of results (3) 

Frequency 

Relationship 

(x=FH, 

y=Ze) 

R2 

Sensitivity 

(ohm/nm) 

91410 Hz 

y=3.215x+27.903 

0.9068 

3.215 

91415 Hz 

y=8.29x+30.61 

0.7708 

8.29 

The comparisons of the sensitivity of the PZT cantilever obtained from ANSYS and that 

obtained from our developed FE program are shown in Figure 4-32 and 4-33. On the one 

hand, it is obviously seen that the sensitivity obtained from the FE program is lower than 

that obtained from ANSYS if the driven frequency is same. The difference is about 4%. 

This difference is suspected to be caused by, 1) the three coupling fields are solved 

simultaneously in FE program, and they are solved step by step in ANSYS, and 2) the air 

bearing model used in FE program is FK model instead of general fluid model, and the 

air bearing is regarded as compressible air in FK model, but air bearing is regarded as 

uncompressible air in ANSYS. On the other hand, the magnitude from FE program is 

larger than that from ANSYS. This is obviously caused by the compressible effect which 

has been considered in the FE program. The interaction between compressible air and 

cantilever is larger than that between normal air and cantilever. 
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4.3 Conclusions 

From above study, it can be concluded that: 

1) FE package has been used to study the capability of the sensor, which consists of 

a cantilever and a patch of PZT. The results show that the sensor is capable of 

realizing in-situ flying height measurement. The calculated results show there is a 

good linear relationship between the output electrical impedance and flying height. 

2) The sensitivity of this sensor becomes large as the voltage driving frequency 

become large. It can reach about 0.9465 ohm per nanometer when the sensor 

keeps a good linearity at the same time. The study also shows that the sensitivity 

will be larger when frequency is closer to natural frequency of cantilever, but the 

linearity is not very good when the driving frequency is near resonant frequency. 

3) There are signs of nonlinearity between flying height and electrical impedance 

when the driving frequency is close to the resonant frequency of the cantilever. So 

we must do a tradeoff between sensitivity and linearity when we choose the 

working frequency for the sensor. 

4) There is a little difference between results form FE program and ANSYS, this 

difference reaches about 4%. 
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Chapter 5 

Virtual Testing of In-Situ Mechanical Impedance Measurement 

Capability of New Slider Design 

It is well known that mechanical behavior of head disk interface (HDI) plays an 

important role when designing a hard disk drive. For example, the mechanical impedance 

and the stiffness of air bearing could give us a clear view of the whole dynamic 

performance of the hard disk drives. Especially in the failure analysis for a hard disk 

drive, it is urgently required that we could know these mechanical properties before we 

tear down the failed hard disk drive. So an in-situ measuring mechanical impedance or 

stiffness of air bearing is come into being and will be introduced in this Chapter. 

One major reason of lack of understanding of mechanical behavior of air bearing is the 

difficulties of currently measuring this property when the hard disk drive is in operation 

state. Typically, the first mode of natural frequency of the air bearing at its lowest FH is 

around 100K Hz. At such a high frequency, the velocity at the tip of the cantilever can 

only be measured with Laser Doppler Vibrometer considering the very small space 

available for installing any conventional motion sensor, not mentioning the fatal loading 

effect may well be caused by these sensors. As for measuring the force existing at the 

same interface, in addition to the same constraints existing for motion measurement, the 

high operating frequency actually prohibits the use of any existing load cell. Few attempt 

of measuring this force has ever been reported in literature. 
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In Chapter 4, the proposed slider design with in-situ flying height measurement capability 

has been presented. It demonstrated that the electrical impedance of the PZT is closely 

linearly correlated with flying height. Originated from the application of this cantilever 

together with the PZT, SSA method is introduced and the four-pole model is built for 

head disk interface. The four-pole model gives us a way to measure the mechanical 

impedance of the air bearing. Figure 5-1 shows the sketch of the slider design. In this 

slider, the flying height is determined by the major part of the slider - slider body. The 

cantilever, together with PZT is mainly used to measure mechanical impedance of air 

bearing. 

Cantilever 

. Step on cantilever 
/\ir oeanng ^ 

Rotating Disk 

Fig. 5-1 Sketch of slider flying above rotating disk 

In order to detect the mechanical impedance of air bearing at the centre of step, 

simultaneous sensing and actuation (SSA) method is used, which has been introduced in 

Chapter 2. In this method, the input and output variables of the sensing mechanism are 

connected with a transduction matrix. Once the transduction matrix is identified, the 

output variables could be calculated from the input variables. 

So, the transduction matrix, which correlates with air bearing and the cantilever together 

with PZT film, will be firstly identified through numerical simulations. The force and 

Slider body 
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velocity at centre of step are then obtained and thus the mechanical impedance of air 

bearing is calculated. In this study, we will focus on the force and velocity acting on the 

centre point of the step. This is another form of studying the mechanical impedance of air 

bearing at the centre point of the step. 

5.1 Four-pole Model of PZT Cantilever and Air Bearing 

As described earlier, the cantilever together with PZT film, shown in Figure 5-2, acts as a 

two-port device. The input port is where the electrical voltage is supplied. The output port 

is the centre of step on the cantilever. 

Slider body 

Rotating disk 

Fig. 5-2 Head disk interface with novel slider design 

The four-pole model of transducer system is shown in Figure 5-3. The input variables are 

voltage and current of the PZT, while the output variables are output force and velocity at 

tip of the cantilever. The four-pole is like a black box. The PZT film and the cantilever 

are hidden in the black box. The input and output variables are connected with a 
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transduction matrix Tas in Equation 5-1, which is the characteristic of the sensor. 

I (current) 

Electrical port 
(electrical impedance Ze=E/I) 

v (velocity) 

• 

i ^m 

E (voltage) 

Sensor 
(Cantilever together 

with PZT film) 

— < 

— ( 

• 

Air 
bearing F (force) 

Mechanical port 
(mechanical impedance Zm=F/v) 

Fig. 5-3 Transduction system of cantilever with PZT film 

= [T] 
F TU r, 

I'­ll 

12 

^22 
(5-1) 

Here, E is the input voltage of the PZT, 

/ is the input current of the PZT, 

F is the output force at centre of step on the cantilever, 

v is the output velocity at centre of step on the cantilever. 

It is clear that there is no internal energy resource in the transducer system of the 

cantilever together with PZT. Furthermore, from the construction of the transducer, it is 

reasonable to assume the system is linear. Thus, the transfer function must satisfy the 

following condition: 

^11^22 ^Tl2T2\ - 1- (5-2) 
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Once the transduction functions Tt; are made known from Equation 5-1 and Equation 5-2, 

it can be seen that the force and velocity at the output port of the transducer can be 

evaluated by 

\F~ 

V 
= r l lE] 

i 
— 

*22 

- 7 2 1 

-T12 (5-3) 

And the mechanical impedance could be evaluated from electrical impedance Ze by 

equation (5-4) as shown below. 

Z 
i -* 99 *-* 19 

T2lE + TuI 

T Z -T 

-T Z +T, 
i 21 e T 1 11 

(5-4) 

In general, each of the 4 elements of the transduction matrix,!^ , is a complex function of 

frequency. The modulus and phase of these transduction functions indicate the amplitude 

ratio and the phase difference between an input variable and an output variable of the 

transducer respectively. 

For a whole system including cantilever, PZT film and air bearing, as the transducer is 

designed to operate at its resonance frequency, nearly all input energy is controlled to 

transmit at this frequency. As such, transduction functions for the actuating mechanism of 

the cantilever together with PZT should be studied at the operating frequency only. 

Therefore, the transduction matrix, Ty, contains only 4 complex numbers, which are the 

specific values of the general transduction matrix at the operating frequency. 

Simultaneously, the identification of the transduction matrix is also simplified to identify 

the four-pole parameters at the operating frequency only. In the following section, the 

identification method of transduction matrix is given. 
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5.2 Transduction Matrix of Cantilever together with PZT 

As discussed in the last section, the head disk interface could be modeled as a two-port 

system when the proposed slider design is flying above the disk. The input port is on the 

PZT side, the output port is on centre of step on the cantilever. These two ports represent 

the ABS's mechanical behavior, as shown in Figure 5-2. The method to identify the 

transduction matrix of cantilever together with PZT is given in this section. 

From Equation 5-1 and 5-2, we can see that it takes only three independent equations for 

the identification of the transduction matrix. Under this consideration, we create two 

operating conditions to get the independent equations. 

Firstly, we let the cantilever fly statically. That means the output force at centre of step of 

cantilever, F, is set to be zero. Thus Equation 5-1 becomes 

^i l Tl2 

^21 * 22 

^12 v 

r 2 2 v . 

(5-5) 

With the measurement of the voltage, the current and the velocity, Tl2 and T22 are 

identified: 

r, 
E. 

12 -~\F=0 ' 
V 

and (5-6) 

[22 ~~\F=0 
V 

(5-7) 

Next, we let the cantilever is under force. Under this condition, v is set equal to zero. 
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T T 
•Ml M 2 

T T 
12\ Ln 

T F 
M1 J 

T F i 2 l i 

(5-8) 

With the measurement of the voltage, the current and the force, Tn and T21 are identified: 

Ml = — v = 0 ' a i l d 

F 

T =• 
1 21 Fl =o • 

(5-9) 

(5-10) 

As there is few research on such a SSA method and it is hard to carry out experiment, 

finite element method (FEM) is used to model this system and get the transduction matrix. 

In the last two chapters, a FE procedure has been developed and only a minor 

modification is required to carry out the analysis of the four-pole model. 

Figure 5-4 shows the one-dimensional finite element model of the flying cantilever 

together with PZT film above the rotating disk. In this FE model, some features, 

parameters and boundary conditions are: 

1) the cantilever is divided into 40 elements, including total 41 nodes, shown in 

circles, 

2) the PZT is divided into 4 elements, including 5 nodes, which are interconnected 

with cantilever's elements, the common elements are shown as star, 

3) node (39), (40) and (41) are the elements to form the step of cantilever, 

4) the input port is the PZT elements, including nodes from (19) to (23), 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter J Virtual Testing ofln-Situ Mechanical Impedance Measurement Capability of New Slider Desien 

5) output port is at node (40), 

6) node (1) is fixed, 

7) length of cantilever and PZT is 0.5mm and 0.05mm respectively, 

(19) (23) -*—++-++-+. 
(39) (41) 

Fig. 5-4 Finite element model of cantilever and PZT in one-dimensional 

From the derivation from Equation (5-6) and (5-9), the elements inside the transduction 

matrix could be achieved. Under the first condition, Tn and T22 could be achieved by 

letting a sine voltage (amplitude is 0.01 volt) being applied to the input port of PZT while 

the output port node (40) be free (F=0). Thus the response current I and v could be 

obtained. Wit Equation (5-6) and (5-7), Tj2 and T22 are identified. Figure 5-5 and 5-7 

show the Ti2 and T22 respectively. Under the second condition, Tu and T2i could be 

achieved by letting a sine voltage (amplitude 0.01 volt) being applied to the PZT while 

the output port node (40) be fixed. Tu and T2l are identified and shown in Figure 5-6 and 

5-8 respectively. 
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Fig. 5-10 Phase of determinant 

From Figure 5-5 to 5-8, the four elements inside the transduction matrix have been 

retrieved by our finite element package. Figure 5-9 and 5-10 shows that the determinant 

of transduction matrix is nearly unit. It has 2 peaks near the natural frequency of 

cantilever. The cantilever, together with the patch of PZT, has been proved to be 

effectively and correctly modeled by four-pole model. The performance of this model is 

good. From the above study, we could see that the four elements inside the transduction 
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matrix are shown as Equation (5-11) to (5-14) respectively. Units for Tn, T12, T2i, T22 are 

VIN, V • s IN, AIN, A • s IN respectively. 

r„ = 1.347 + 0.453/ 

Tl2 =39.346 -13.455/ 

r,, =-1.455+ 0.454/ 

T22 =41.932 -11.783/ 

So the transduction matrix could be rewritten as equation (5-15). 

T = 
1.347 +0.453-i 39.346 +-13.455-i' 

-1.455 +0.454-i 41.932-11.783-i 

(5-11) 

(5-12) 

(5-13) 

(5-14) 

(5-15) 

From the above study, the mechanical impedance could be retrieved by the input 

electrical impedance as Equation (5-4) if the transduction matrix has been identified. In 

the next section, we will carry out the measurement of mechanical impedance at the 

centre of the step node (40) of cantilever by this four-pole model. 

5.3 Measurement of Mechanical Impedance of Air Bearing 

From this above study, the transduction matrix for the four-pole model of the sensor 

(including cantilever together with the patch of PZT) has been obtained. In this method, 

the sensor will be used to measure the mechanical impedance of air bearing. In Figure 5-

1, when the slider is flying above the disk surface, air bearing is formed between slider 

and the disk. The mechanical impedance of air bearing is defined as the ratio of force 

over velocity at the centre of the step of the cantilever, Zm = F/. To measure the 
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mechanical impedance of air bearing, a certain voltage (amplitude is 0.01 V) is applied to 

the PZT. Measuring the electrical impedance from the PZT, then we could get the 

mechanical impedance of the air bearing by the transduction matrix. Figure 5-11 shows 

the results comparing with that from Paul's [64]. 

3.5 

3* 

2.5 

ra 2 

1.5 -

<5 -, 

0.5 --

50000 70000 90000 110000 130000 150000 

Frequency (Hz) 

Fig. 5-11 Mechanical impedance of air bearing with pitch angle 6 = 2jurad 

In this figure, the dot line shows the results retrieved from four-pole model and the bold 

line shows results from Paul. The shapes of these two curves are close each other, while 

there is some difference around the resonant frequency. There are three sources of the 

difference. The first one is the model of finite element models. As this is only a one-

dimensional model, but the actual structure of this sensor and air bearing are in tri­

dimensional. The second is the average process of force calculation on the step of node 

(40). The last one is the average process of the velocity on the step on node (40). Figure 

5-12 and 5-13 shows the comparison results when we change the pitch angle of cantilever 

from 2urad to 3urad, 4 urad respectively. Difference between calculated from four-pole 

model and existing one becomes large around the peak when the pitch increases. Large 

difference may come from these two facts, 1) increasing pitch will increase the 
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interaction between cantilever and air bearing, 2) increasing interaction will increase the 

vibration of the cantilever, thus increases the nonlinearity in the system. However, the 

curves are enough to verify the SSA method and the usage of the four-pole model for the 

cantilever together with the PZT. From this comparison, it is obviously seen that the 

sensor (cantilever together with PZT) offers us a good and effective way to realize in-situ 

mechanical impedance measurement of air bearing in hard disk drive. 

50000 70000 90000 110000 130000 150000 

Frequency (Hz) 

Fig. 5-12 Mechanical impedance of air bearing with pitch angle 9 - 3/urad 

50000 70000 90000 110000 130000 150000 

Frequency (Hz) 

Fig. 5-13 Mechanical impedance of air bearing with pitch angle 6 = A/arad 
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The traditional methods for mechanical impedance measurement of air bearing are 

mainly carried out by LDV, in which a special experimental setup is required. And these 

methods could not fulfill the in-situ mechanical impedance measurement when the disk 

drive is in the working state. In our new method, the mechanical impedance of air bearing 

could be obtained even the hard disk drive is in the working state. There is no complex 

measurement setup used in this new method. Thus, the PZT cantilever gives us a 

convenient and effective way to fulfill the in-situ mechanical impedance measurement of 

air bearing. 

5.4 Realization of New Slider Design for Actual Testing 

In the study from Section 5.1 to 5.3, and the study in Chapter 4, we focused on the virtual 

testing or numerical simulation on the in-situ measurement capability of flying height and 

mechanical impedance for the new slider design. All these virtual testing results have 

successfully proved the proposed slider to be a novel design with in-situ measurement 

capability of flying height and mechanical impedance of ABS. To carry out a further 

study of the new slider design in reality, MEMS fabrication of the new slider has been 

carried out. At the same time, an experimental setup has been designed to carry out actual 

test for the slider. The fabrication of MEMS-based slider includes eight main steps: 

1) The thin walls are formed by a deep reaction ion etching (DRIE) method. 

2) The bottom electrode is deposited by sputtering and patterned by a lift-off process. 

3) A PZT thin film is deposited by sol-gel spin coating with commercial Mitsubishi 

E-Series solution and patterned by wet etching. 
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4) The upper electrode is deposited and patterned by the same method as that was 

used on the bottom electrode. 

5) A layer of silicon dioxide is deposited on top of slider. 

6) The shadow step of ABS is formed by DREE. 

7) The cantilever and slider are released from its front side by DRIE process. 

8) The cantilever and slider are released by DRIE from back side by DRIE process. 

Table 5-1 shows fabrication process of the slider. Refer to appendix for more detailed. 

Table 5-1 Mam fabrication process flow of MEMS-based slider 

Sequence. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Fabrication 

Wafer cleaning 

Forming thin walls 

SjO-, deposition 

Bottom electrode 

PZT 

Upper electrode 

Sl01 deposition 

Back side Si01 etching 

Shadow step of ABS 
etching 

Front 5,02 etching 

Front bulk Si etching 

Back bulk Si etching 

Thickness 

(um) 

5 

0.5 

Ti (0.05)/ 

Pt(0.15) 

0.7 

Ti (0.05)/ 

Pt(0.15) 

0.5 

0.5 

0.5 

l(=0.5+0.5) 

145(=150-5) 

150(=300-150) 

Deposition 

Method 

Thermal oxide 

Sputtering 

Sol-gel 

Sputtering 

Etching 
Method 

DRIE 

Lift-off 

PZT etching 
solution 

Lift-off 

Wet etching 

DRIE 

Wet etching 

DRIE 

DRIE 
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The fabrication detailed and results are shown in the appendix of this thesis. This slider 

fabrication has not been successful due to the limitation of lab equipments and time. The 

other reasons of the uncompleted MEMS fabrication will be also shown in the appendix. 

This uncompleted slider fabrication caused that the in-situ measurement capability of 

new slider design is validated by virtual testing, but not by actual testing. Even the slider 

fabrication is not complete, the technique and the experience during MEMS fabrication 

indeed will be of considerable interest to the following researchers. 

5.5 Conclusions 

From the above study, the mechanical impedance of air bearing has been obtained by the 

sensor, which consists of a cantilever and thin film of PZT. The results obtained from our 

FE package have a good consistency with others'. This consistency validates that the PZT 

cantilever can be used as a useful sensor to study the mechanical behavior of air bearing 

accurately. Comparing with current tools or methods (LDV, etc), the PZT cantilever 

shows much better than other tools because 1) lighter loading effect, 2) real-time 

measurement and 3) simpler measurement system. In section 5.4 description of a rough 

scheme of the MEMS-based slider fabrication has been given, which will indeed be 

interest to the following researchers even this slider fabrication is not completed due to 

limitation of lab equipments and time. 
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Chapter 6 

Conclusions and Remarks 

6.1 Conclusions 

As a key parameter in the hard disk drive design, the flying height is usually designed as 

small as possible to increase the areal density of the disk. The smaller the flying height 

could be obtained, the larger areal density the disk drive could be achieved. On one hand, 

the flying height is decreased to improve the disk capacity. On the other hand, small 

flying height will increase the possibility of head disk interaction. The head disk 

interaction will cause the disk drive to fail and it must be avoided. A good way to avoid 

the head disk interaction is to control the flying height. To control flying height, it should 

be known firstly. Flying height measurement in HDD has been studied in detailed and it 

was carried out off-line by many traditional methods. Unfortunately, there is lack of 

study on the in-situ flying height measurement due to its complexity, which is a complex 

project with multiple subjects (fluid, vibration, electrical and mechanical structure, etc) 

involved. 

In this study, a simultaneous sensing and actuation (SSA) method has been developed to 

study the in-situ flying height measurement capability of a new slider design. In this new 

slider design, a flexible cantilever is built to carry the read/write head at its tip. The 

flexible cantilever, of which a PZT film coated onto its top surface, is flying above the 
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disk surface when HDD is in the working state. The flying cantilever, PZT film and air 

bearing have been simulated as a finite element model using ANSYS. In this study, the 

air bearing is simulated as lots of spring elements by assuming this kind of air bearing 

follow the governing equation of FK model. By applying several assumptions and 

boundary conditions which are similar to actual working conditions to the finite element 

model, the PZT cantilever is actuated by a small voltage under a prescribed frequency. 

The flying height has been proved and has been obtained from the input electrical 

impedance of PZT. The sensitivity could reach 1.048ohm per nanometer. From this 

study, the new slider design has been proved to be capable of in-situ flying height 

measurement capability. As ANSYS could not simulate the PZT, cantilever and air 

bearing simultaneously, a well established finite element procedure is developed which 

simultaneously includes the cantilever, PZT and air bearing. To develop this finite 

element procedure, the finite element matrix for cantilever, PZT and air bearing has been 

successfully derived respectively. Several simplified model has been used to validate the 

correctness of the developed FE procedure. The pressure distribution of air bearing 

obtained from this procedure agrees quite well with the other researches' results. Using 

this procedure, the in-situ flying height capability of the new slider design has been 

studied and the results also have shown that there is good relationship between the input 

electrical impedance of PZT and flying height. 

Beside the study of the in-situ flying height measurement capability of the new slider 

design, the study of the in-situ measurement of mechanical impedance of air bearing has 

been successfully carried out by using this finite element procedure. In this study, the 
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PZT cantilever is viewed as a four-pole device which possesses a unique transduction 

matrix correlating the electrical input variables of the PZT and the mechanical output 

variables at the tip of the cantilever. The transduction matrix is identified by the well 

established finite element procedure. Thus, the mechanical impedance of air bearing on 

the tip of PZT cantilever is obtained from the input voltage and current of the PZT. So, 

we attained a useful and effective tool to study the mechanical behavior of the air bearing 

for the new slider design. 

With a good study on the in-situ flying height measurement and in-situ mechanical 

impedance measurement, the new slider has been designed in detailed with a PZT 

cantilever inside it. The new designed slider has been fabricated by MEMS technique. 

Before the fabrication, the mask design has been carried out for the new slider. There are 

8 layers inside this design, so 8 masks are required. With so many layers and masks, to 

align them to be coincident is a difficulty due to the small dimension of themselves. The 

feature dimension of these masks is 5 um. And more, the solution of PZT could only be 

bought from Japan, it will spend about 3-5 month for the order. When we are going to 

fabricate this new slider, the project's time limit is also coming. At last, the fabrication of 

the slider could not go on well and the fabricated slider could not run well. Even that, the 

new slider has shown a good performance with in-situ flying height measurement 

capability by virtual testing and numerical simulation, and the mask design shows 

effective during fabrication. These would greatly help others about the new slider 

fabrication from design aspect. All in all, the below items briefly summarize the main 

contributions, achievements and limitations from the PhD study. 
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1. It was the first time in the world that the SSA method was introduced and applied in 

hard disk drive design. The four-pole model of the cantilever together with PZT film has 

been built by finite element method. The performance of the cantilever with PZT film as 

a sensor for in-situ flying height measurement has been validated and it shows a good 

performance. By a well calibrated transduction matrix of the four-pole model being 

obtained by simulation, the mechanical impedance of the air bearing on tip of cantilever 

has been achieved by the input voltage and current of the PZT. 

2. Based on the novel proposed slider, a finite element model including the cantilever, 

PZT film and air bearing has been built. In this FE model, it was the fist time in the world 

that the interaction between solid slider and air bearing was taken into account during 

slider design. The electrical impedance, which is the signal from the PZT, has been 

extracted and analyzed under different frequencies. From this work, we find out there is a 

good linear relationship between the electrical impedance and the flying height. The 

sensitivity can reach 1.048 ohm per nanometer when the driving frequency of voltage is 

not close to the natural frequency of cantilever. 

3. Based on the traditional slider design in current industry, a new slider design has been 

proposed and designed. In this novel slider, a cantilever with PZT film coated onto its 

surface is used to fulfill the in-situ flying height measurement. 
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4. Different models of Reynolds equation have been discussed in detail. We can see that 

the FK model can predict the slider's behavior more accurately. Based on the FK model, 

the coupling field system between the fluid (air bearing) and structure (cantilever) has 

been solved by a self-developed finite element procedure. This procedure was written in 

MATLAB language. This finite element procedure gives us an effective tool for studying 

the in-situ flying height capability of the new slider. 

5. The new slider has been designed and validated by numerical simulation. The 

fabrication of this slider is based on MEMS technology. A prototype is fabricated. 

Although it could not be fabricated well due to stringent condition required for slider 

fabrication, it shows a good research direction of the MEMS-base slider. 

6. The limitation of this study is that we have not successfully fabricated a complete 

slider, with which the validation of our theoretical model and analysis could be carried 

out by physical experiment. The design, causes of failure fabrication and 

recommendations have been described in detailed in the Appendix, Attempt to Design 

and Fabricate the New Slider. 

6.2 Remarks 

This project is a multi-physics project, which includes fluid, vibration, electrical, thermal 

and mechanical staicture or more. At the same time, even the SSA method has been 

attracted many research attentions and widely used in monitoring system etc, it is firstly 

139 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Conclusions and Remarks 

applied in hard disk drive, which is a complex mechanical device. Thus, in the beginning 

of the PhD study, a lot of effort has been spent on the finite element modeling for the 

coupling field system including cantilever (mechanical), PZT (electrical) and air bearing 

(fluid). With this effort, the proposed slider design with in-situ flying height capability 

has been proved and it shows a good performance. Moreover, the in-situ mechanical 

impedance measurement capability has been validated by the finite element method. 

Even that, the following topics will be required to a further investigation: 

1. All the work completed in this PhD study is one-dimensional and two dimensional, to 

attain more accurate results and learn more detail about the in-situ flying height 

measurement, the work will be suggested to be extended to be three-dimensional. The 

derivation of finite element matrix of the cantilever and the air bearing is suggested to be 

carried out in three dimensions. 

2. In this PhD study, a finite element model for cantilever, PZT film and air bearing has 

been developed and analyzed numerically. Although simplified model has been used to 

validate this finite element model, it is suggested to carry out a practical model to validate 

this model in the future. For the objective of optimal design of the slider, a more robust 

and practical model is suggested to be studied. 

3. Based on the SSA method, the four-pole model has been built for the cantilever, PZT 

film and air bearing. Using the transduction matrix of the four-pole model, it is easy for 

us to extract the mechanical impedance of the air bearing by the input electrical 
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impedance. But it is not precisely enough for the optimal design of slider and 

measurement of air bearing's mechanical impedance, a practical model is needed and 

suggested to achieve more research effort. 
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Appendix 

Attempt to Design and Fabricate the New Slider 

In Chapter 3-5, we have shown the in-situ flying height measurement capability of a 

conceptual slider, which consists of a cantilever and a patch of PZT. The PZT is 

mounting onto the surface of cantilever. Based on this novel concept, the design and 

realization of the slider will be introduced and discussed in this appendix. Inside this 

slider, a novel sensor consisting cantilever and PZT will be merged into slider. To 

realize this slider, MEMS technology is used. At the same time, the structure of the 

slider, the deposition of PZT, thermal analysis during fabrication, slider ABS design 

and results of in-situ flying height measurement will be introduced. Then the 

fabrication details and results will be shown. In our study, the ABS design is carried 

out by CML. The in-situ flying height measurement capability is studied by FE 

package which we have successfully developed and validated in Chapter 4 and 5. 

A.l. Slider Design 

A.l.l Structure of Slider 

Based on the previous study of the new sensor and related slider knowledge, the new 

slider would possess the in-situ flying height measurement capability. To realize this 
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purpose, the slider should process the below features: 

(1) A cantilever, together with a patch of PZT coated onto its surface is formed inside 

the slider. 

(2) The cantilever is much thinner and more flexible than other parts of slider. 

(3) The flying attitude of slider is mainly determined by the ABS on the slider body 

except cantilever and PZT. 

(4) The ABS on cantilever has little influence on the flying attitude. 

(5) The flying attitude of the slider body hardly changed when the cantilever deforms. 

Regarding to these features, the structure of the slider is shown from Figure 1 to 

Figure 4. Figure 1 shows the schematic of structure of slider in three-dimensional 

view. From this figure, we see that the slider comprises 1) a primary passive air 

bearing slider that flies at about several or several tens nanometers spacing and 

establishes a stable platform on disk surfaces, 2) a cantilever together with a patch 

PZT coated onto its surface. Two vertical slots are used to define the cantilever. This 

cantilever together with PZT acts as a sensor for in-situ flying height measurement. 

PZT thin film is deposited on top of this cantilever. This cantilever can be called as an 

unimorph cantilever with PZT thin films. 
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Fig. 1 3D view 

Shadow Stop 
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Fig. 2 Bottom view 

PZT 

Bottom 
Electrode 
Silicon 

Substrate 

Upper 
Electrode 

Fig. 3 Cross session view 

Silicon Dioxide 

Fig. 4 Zoom-in view of part A 

The dimension of the slider will be same as that of industrial standard pico slider, 

whose dimension is 1.25x1.0x0.3 mm. In this small dimension, the MEMS 

technology is the most effective way to be used to fabricate the slider. The following 

part will introduce some key techniques and some related analysis during MEMS 

fabrication. 

A.1.2 PZT Deposition 

From description of above session, we know that the thin film of PZT is coated onto 

the surface of cantilever. In our fabrication, the commercial PZT (115/52/48) sol-gel 

solution is used for buildup the PZT thin film. This solution can be achieved from 

Mitsubishi Material Corporation. The concentration of the PZT solution is 15 wt%. 

%1 PT (120/100) solution is also used for depositing a seeding layer. Firstly, PT, as a 
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seeding layer, is spin coated at 500 rpm for 3 seconds and 300 rpm for 15 seconds, 

and then pyrolyzed on the 350 c hotplate for 1 minute. Subsequently, the PZT 

sol-gel solution is spin-coated on the silicon wafer at 500 rpm for 3 seconds and then 

3000 rpm for 30 seconds. Then the film is given a pyrolysis heat treatment on the 

hotplate at about 300-400 c for 5 minutes in air to remove the residual organics 

and promote chemical reaction. The process of PZT coating and pyrolysis is repeated 

3-4 times, and then PZT film is annealed in the furnace in - atmosphere at 700 

C for 15 minutes to make the thin film become crystallized. Usually each layer is 

deposited with a thickness 80 nm. The process of spin-pyrolysis-crystallization is 

repeated 1-5 times until the desired thickness of the PZT film is obtained. Figure 5 

shows the whole process of PZT thin film. 

(1) PT seeding layer spin-coating (500rpm, 3 sec->3000rpm, 15sec) 

(2) Pyrolysis (Hot plate/350 degree/1 min) 

Repeat (1) 

(about 3-4 times) 

(3) PZT layer spin-coating 

(500rpm, 3 sec^ 3000rpm, 30 sec) 

(4) Pyrolysis 

(Hot plate/300-400 degree/5 mins) 

(5) Crystallization 

(Furnace/700 degree/15 mins/Oxygen) 

Repeat (5) (about 

1-5 times) 

Fig. 5 Deposition of PZT thin film 
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After the PZT thin film has been deposited on the wafer, a photoresistive (AZ9260) 

layer will be coated onto the wafer and the pattern of PZT mask will be transferred to 

the surface of photoresistive. Subsequently, the wafers will be wet etched by the 

solution 40% HF/36% HCL/H20=1.5/10/30. This chemical solution etches PZT 

quite quickly without any etching of platinum. That means that the etching process 

will stop when the solution reaching the bottom platinum electrode. However, 

over-etching or under-etching will occur if the reaction is not monitored closely. The 

etching time depends on the concentration of the solution. In our process, 1 minute 

will be sufficient to etch away PZT. In this PZT deposition, the annealing temperature 

will reach700"C, this high temperature will cause high residual stress inside slider 

due to temperature effect. So we need carry out the thermal analysis, which will be 

introduced in the following session, to achieve a better design of slider. 

A.1.3 Thermal Analysis during MEMS Fabrication 

During deposition of PZT thin film, the annealing temperature will reach above 

700 "C . This annealing process introduces residual stresses in PZT thin film due to 

thermal expansion mismatch. A high residual stress will cause the deformation of 

cantilever when it is cooled downed to room temperature. Residual stress that 

develops after processing is often referred to as extrinsic stress. The cause of such an 

extrinsic stress is a thermal expansion mismatch. If the thermal expansion coefficients 

of thin film and substrate are af and as respectively, then an incremental change 
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in temperature AT would lead to a displacement mismatch of 

e0=(as-af)AT (1) 

per unit length of the two component if they are unbonded. Coherent bonding between 

the two components enforces continuity of displacements across the interface, and the 

atoms are constrained away from their equilibrium position. When the substrate is 

much less compliant than the thin film (either because it is much thicker or has a 

much higher modulus), the overall dimensions of the system are governed by the 

substrate, and the film dimensions are forced to match it. For example, if the thermal 

expansion mismatch and modulus are isotropic, so that biaxial stress conditions apply, 

the thermal residual stress is given by 

(T0=Efe0(l-vf) (2) 

where Ef and vf are Young's modulus and Poisson' s ratio of the film, 

respectively. 

In our research, the commercial Finite Element Package ANSYS was used to analyze 

the thermal stress problem. The main objective of this analysis is to understand the 

deformation of the cantilever after processing. For simplification, only the cantilever 

is considered in this thermal analysis. Figure 6 shows the sketch of the cantilever, 

together with PZT and electrode (Pt/Ti) deposited on its top surface one by one. 

Figure 7 shows the finite element model built in ANSYS and Figure 8 shows part A of 

finite element model. Table 1, 2 and 3 show the parameters of cantilever, thermal 

properties of materials and the parameters for different materials respectively. Under 
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these conditions, Figure 9 shows the deformation of whole cantilever after fabrication. 

From this figure, we know that there is about 187 nm deformation on tip of cantilever 

toward the moving disk. 

• « 

„ m „ . Ltop 

Si 1 i con 

PZT 

S 1 i con di oxi de 

< 

T6 

1 

»n 

Dt 

i 

i i 

T 

' \ ,r 

^ • 

Bottom el ectrode Top el ectrode 

Fig. 6 Sketch of cantilever 

Fig. 7 Finite element model 
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Fig. 8 Part A of finite element model 

Fig. 9 Deformation after fabrication 
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Table 1 Parameters for cantilever 

Parameters 

Values (um) 

L 

500 

L6 

100 

Ltop 

400 

T 

300 

T6 

150 

D1=D2 

50 

Thickness 

Si02 

0.5 

Pt/Ti 

0.2 

PZT 

0.7 

Table 2 Thermal properties of materials 

Temperature (degree) 

20 

200 

300 

350 

400 

500 

600 

700 

Thermal expansion coefficient, or(l 0 ) 

Silicon 

2.616 

3.614 

3.842 

3.929 

4.016 

4.151 

4.205 

4.241 

Si02 

0.4 

Pt/Ti 

8.9 

PZT 

1.8 

6.2 

7.8 

8.2 

8.2 

8.2 

Table 3 Young's modulus trend under different temperature and Poisson's ratio 

—•—Si l icon Wafer —•—Si l icon Dioxide Pt/Ti -

£ 160-
O 
m 140 -

| 120-

to 

"g> 100 -
5 
>• 8 0 -

60-

* — • • • . 

Young's Modulus Trend 

20 200 300 400 500 600 700 

Temp (degree) 

->^pzr 

,, —rt 
800 

Properties 

Silicon wafer 

Silicon dioxide 

Pt/Ti 

PZT 

Young's 

modulus 

(Gpa) 

169 

72 

70 

75 

Poisson's 

ratio v 

0.279 

0.17 

0.3 

0.31 

A. 1.4 ABS Design and Results of Harmonic Analysis by FE Package 

From the thermal analysis, we know that the central cantilever bends down toward to 

the disk even when the hard disk drive is not in work status. This bending deformation 
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is fixed for a same MEMS fabrication process. On finishing the thermal analysis, air 

bearing surface (ABS) design using CML will be carried out to predict the stable 

flying height of slider. Firstly, we can calculate the preliminary flying height Hx 

provided no deformation of cantilever due to air bearing force. And then the air 

bearing force fal will be achieved under flying height Hx. Here, faX is the resultant 

air bearing force acting on the cantilever. Such a force will cause the cantilever bend 

upward. The amount of bending of cantilever can be evaluated simply by the beam's 

theory. The flying attitude of slider will change due to this bending deflection. 

Correspondingly, the resultant air bearing force acting on the middle pad will vary. It 

is evident that the flying attitude of slider and bending of cantilever influence each 

other. Figure 10 shows the flying cantilever above moving disk. The ABS design will 

continue until AH - Hi — Ht_x is smaller than an acceptable value. For instance, if 

AH I Ht < m% (m is a choice of an acceptable range, here we select it as 5), then we 

can say that the flying attitude is stable. The whole analysis flow is shown in Figure 

11. And Figure 12 shows one of the ABS design. Table 4, 5 and 6 show the parameters 

of air, flying attitude and FH under different rotating speed, respectively. Figure 13 to 

15 shows the air bearing pressure during different step of ABS design. Figure 17 

shows the results of harmonic analysis using FE program, which is developed in 

Chapter 4 and Chapter5. It shows that, for this case slider design, the sensitivity can 

reach about 0.4613 ohm/nm. Table 7 shows parameters of other slider design of the 

slider. In our ABS design, there are three types: A, B and C. Figure 17 shows these 

three types of central ABS design. Table 8 shows the sensitivity for each design at a 
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certain frequency. 

Mother ship 
(ABS 

d l : Distance between 
point a and c 
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Fig. 10 Sketches of ABS and rotating disk 

Input a group of preliminary parameters 

Thermal analysis 
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Deformation by air bearing force (flying height change to Hi 
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Mask design & fabrication 

Fig. 11 Analysis flow of slider design with in-situ flying measurement capability 
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This area is not taken into account when 

carry out pressure distribution analysis, 

since it is far away from ABS, about 

250um away from ABS. 

Shadow S t e p 

Unit:ura 

Depth=0um 
Depth=0.187um 
Depth=0. 687um 

Depth=0. 5um 
Depth=150um 
Depth=300um Can t i1 eve r 

Fig. 12 ABS design 

(a) XYZ-view of pressure distribution (b) YZ-view of pressure distribution 
Fig. 13 Air pressure distribution of ABS for slider (1st analysis) 

I 

(a) XYZ-view of pressure distribution (b) YZ-view of pressure distribution 
nd Fig. 14 Air pressure distribution of ABS for slider (2n analysis) 
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(a) XYZ-view of pressure distribution (b) YZ-view of pressure distribution 
Fig. 15 Air pressure distribution of ABS for slider (3rd analysis) 

Type A 
Type B 

Type C 
Cantilever 

Shadow step 

Central ABS 

Fig. 16 Three types of central ABS designs 

Table 4 Parameters for slider design 

Parameters 

Values 

Radius 

(mm) 

25.4 

RPM 

5400 

ATM (Pa) 

1.01325x10s 

Mean 

Free Path 

of Air 

(nm) 

63.5 

Viscosity of 

Air 

(kg/(m-s)) 

1.806X10"5 

Suspension 

Force 

Acting on 

Slider (N) 

2.5 
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Table 5 Flying attitude of slider (ABS area of cantilever = 3.0673 xlO~8m2) 

Step 

FH (nm) 

FH-M (nm) 

Pitch (uRad) 

Roll (uRad) 

Average Pressure (arm) 

Deflection (nm) 

1st 

88.0057 

279.31 

156.894 

-7.82574 

0.4103 

19 

2nd 

106.253 

278.535 

158.481 

-7.78583 

0.3614 

17 

3rd 

104.325 

278.61 

158.32 

-7.79087 

0.3731 

18 

Table 6 FH under different rotating speed 

RPM 

FH (nm) 

3600 

37.6733 

4500 

73.828 

5400 

104.325 

7200 

163.337 

9000 

213.025 

• Ze-FH 

Linear (Ze-FH) 

120 -r 

1100 

5 80 
u 

I 60 
Q. 

^ 40 
re 
u 

I 20 
m 0 50 100 150 200 250 

Flying Height (nm) 

Fig. 17 Ze-FH (Freq. = 232 kHz, k=0.4613 ohm/nm) 

165 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendix Attempt to Design and Fabricate the New Slider 

Table 7 Parameters for cantilever (Unit: um) 

Slider 1 

Slider 2 

Slider 3 

Slider 4 

Slider 5 

Slider 6 

Slider 7 

Slider 8 

Slider 9 

Slider 10 

Slider 11 

Slider 12 

Central 

ABS 

Type 

A 

B 

C 

A 

B 

C 

A 

B 

C 

A 

B 

C 

L 

500 

500 

500 

600 

600 

600 

650 

650 

650 

700 

700 

700 

L6 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

Ltop 

400 

450 

500 

300 

450 

600 

400 

500 

650 

500 

600 

700 

T 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

T6 

150 

200 

250 

150 

200 

250 

150 

200 

250 

150 

200 

250 

D1-D2 

50 

25 

0 

150 

125 

0 

125 

75 

0 

100 

50 

0 

Thickness 

Si02 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Pt/Ti 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

PZ 

T 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

A.2. Realization of Slider 

In the above section, the structure design, ABS design and in-situ flying height 

measurement capability of a novel slider have been discussed in detailed. All these 

designs were carried out by CML code, ANSYS and our FE package. To verify the 

in-situ flying height measurement capability, we need to realize the slider and use the 

experimental results to be compared with the simulation results. In current industry, a 

slider is fabricated by a mature process. For our new slider design, it would be 

fabricated by MEMS technology. In this section, the fabrication details and mask set 
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design are given firstly. Then, the fabrication results, possible factors to affect the 

fabrication and recommendations are discussed. 

A.2.1 Fabrication Details 

The fabrication of MEMS-based slider includes eight main steps: 

1) The thin walls are formed by a deep reaction ion etching (DRIE) method. 

2) The bottom electrode is deposited by sputtering and patterned by a lift-off process. 

3) A PZT thin film is deposited by sol-gel spin coating with commercial Mitsubishi 

E-Series solution and patterned by wet etching. 

4) The upper electrode is deposited and patterned by the same method as that was 

used on the bottom electrode. 

5) A layer of silicon dioxide is deposited on top of slider. 

6) The shadow step of ABS is formed by DRIE. 

7) The cantilever and slider are released from its front side by DRIE process. 

8) The cantilever and slider are released by DRIE from back side by DRIE process. 

The fabrication process is listed in Table 8 and series of 3-dimensional, top/bottom 

and cross-session A-A view are shown in Table 9. All the fabrication steps will be 

performed in Micro Machines Center of Scholl of Mechanical and Aerospace 

Engineering in Nanyang Technological University of Singapore. 
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Table 8 Main fabrication process flow of MEMS-based slider 

Sequence No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Fabrication 

Wafer cleaning 

Forming thin walls 

St02 deposition 

Bottom electrode 

PZT 

Upper electrode 

Sf02 deposition 

Back side St 02 etching 

Shadow step of ABS 

etching 

Front side Sj 0-, etching 

Front side bulk Si etching 

Back side bulk Si etching 

Thickness (um) 

5 

0.5 

Ti (0.05)/ 

Pt(0.15) 

0.7 

Ti (0.05)/ 

Pt(0.15) 

0.5 

0.5 

0.5 

1 (=0.5+0.5) 

145(=150-5) 

150(=300-150) 

Deposition Method 

Thermal oxide 

Sputtering 

Sol-gel 

Sputtering 

Etching Method 

DRIE 

Lift-off 

PZT etching solution 

Lift-off 

Wet etching 

DRIE 

Wet etching 

DRIE 

DRIE 

Table 9 Development for slider (shown continuously in following two pages) 
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A.2.2 Mask Set Design 

From the above discussions, it shows that there should be 8 masks for the fabrication 

of MEMS-based slider. Figure 18 shows the wafer layout for the whole mask design-

Figure 19 shows part of the whole wafer. In this figure, it also shows the individual 

cell device and the alignment mark for the wafer. The alignment mark is very 

important for the fabrication as it will offer us the convenience to make the different 

layers into same coordinates. Table 10 shows one of the individual layers and related 

information. Black or Transparent inside table means the part corresponding to that 

shown in figure is kept or etched away. Eight layers are used in this MEMS-base 

slider fabrication. The mask design is carried out in Micro-Machine Centre (MMC) of 

Nanyang Technological University. And they are designed by commercial software 

LEdit 10.2, which is one of the best software for mask design. The MEMS fabrication 
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will be also carried out in MMC. Twelve different types of sliders (shown in Table 7) 

are fabricated at the same time. Fabrication results will be shown in next section. 

/ 
\ 

wmmmwtmwMKmmmmmmm — I M I I 

Fig. 18 Wafer layout 
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Fig. 19 Part A of wafer layout 

Table 10 Mask set design (shown continuously in following one page) 
Mask 

& Color 

1 
Dark 

2 
Transparent 

3 
Dark 

4 
Transparent 

Cell 

| D 
^ " 

m 

r- . 

Construction 

1*3" 
1*3' 
1G Ji 
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A.2.3 Fabrication Results 

Following the fabrication steps which are shown in the previous section, the novel 

slider has been fabricated. The fabrication results for some individual step are shown. 

Figure 20 shows several sliders that PZT has been deposited on the part of cantilever. 

Figure 21 shows the zoom-in view of Figure 20 (a). The layer of PZT is not very 

clean and uniform as shown in these figures. The possible reasons for these defects 

are: 1) contamination inside the clean room, 2) photoresistive is not deposited 

smoothly and uniformly, 3) particle or air bubble keeps inside PZT after thermal 
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processing. Figure 22 shows the results after top electrodes have been sputtered onto 

the PZT layer. Figure 23 shows the zoom-in view. From these figures, it can be seen 

obviously that the deposition of top electrodes is worse than that of bottom electrodes. 

Top electrode is rough and uneven compared with bottom electrode. This 

ununiformity comes from: 1) the adhesion between Pt/Ti and PZT is much lower than 

that between Pt/Ti and silicon dioxide, 2) the uniformity of PZT is much worse than 

that of silicon dioxide. To improve the deposition of top electrodes, the PZT 

deposition must be improved firstly to keep a uniform surface of PZT. Figure 24 

shows the fabrication results after the silicon dioxide has been deposited onto the 

surface of whole wafer. Silicon dioxide is deposited here for separating the electrodes 

from contacting suspension after assembling slider into head gimbal assembly (HGA). 

Figure 25 shows the air bearing surface for several designs. It can be seen that the 

ABS is not uniform and rough. At the same time, on the ABS, there is lots of 

contamination and chip off at the edge. For an industry slider, contamination existing 

on ABS surface would not be acceptable due to flying height of slider is very low and 

contamination will cause slider contacting with disk, which will make both slider and 

disk be damaged. So in industry, the slider will be fabricated in a high class (class 100) 

clean room. As in NTU, the class of clean room is only class 1000, which is not clean 

enough for slider fabrication. This is the root cause of our failure to fabricate an 

acceptable slider in PhD limited time. Figure 26 shows that a layer of photoresistive 

has been deposited onto the ABS surface before the wafer is released from back. 

Figure 27 shows the fabrication results before the wafer will be etched from back side. 
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Figure 28 shows the results of after releasing slider from front side for 10 mins. When 

released the slider from front side of wafer, the etch rate of silicon, gas type and 

etching time etc are all very important for a good result. There are twelve wafers at 

the beginning of our fabrication, and only 2 pieces of wafers are left with acceptable 

results. During the last step, release slider from front side of wafer, we observed the 

results after 10 minutes' etching, even the designed etching time is 30 minutes for 

etching away about 150 um silicon. From these figures, it can be seen that: 1) the 

surface becomes dark, 2) surface becomes very uneven. The results are not acceptable. 

Firstly, the dark surface is the results of high temperature heating and over-etching of 

the photoresistive. And we can say that the protecting layer of photoresistive is not 

thick enough to prevent silicon from direct contacting with etched gas. Secondly, the 

etchants inside DRIE machine did not etch the surface evenly. To improve the etching 

results, the etchants and a very good recipe for DRIE machine are required. 

(a) (b) 

Fig. 20 PZT deposited on cantilever 
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Fig. 21 Zoom-in view of Fig. 20 (a) 

(a) 

(b) (c) 

Fig. 22 Top electrodes (Pt/Ti) deposition 
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Fig. 23 Zoom-in view of Fig. 22 (a) 

(a) (b) (c) (d) 

Fig. 24 Top silicon dioxide deposition 
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Fig. 25 Air bearing surface 
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 26 Photoresistive deposited onto ABS 
(before releasing slider from back side of wafer) 
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Fig. 27 Fabrication results before etching from back side of wafer 

(a) (b) 
Fig. 28 Results after 10 minutes' etching 
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A.3. Discussions and Recommendations 

In the above several sections, the slider fabrication results have been shown and the 

possible causes of failing to fabricate it have also been discussed. The cause could be 

concluded as below: 

1. The clean room is only Class 1000, which is not clean enough for slider 

fabrication. Class 100 is a must for the clean room for fabricating a slider. 

2. Lots of particles and contaminations exist inside clean room. They are landing 

on the surface of wafer, or penetrating into the photoresistive, or reacting with 

the gas during fabricating slider. All these defects make some layers of slider 

be contaminated. For example, there are ununiformities, chip off and debris on 

the top surface of PZT due to insufficiently clean air and lots of particle. 

3. The recipe of some MEMS fabrication machine has limited capability. For 

example, when the slider is released front side of wafer, as the etchants inside 

etching machine can not be evenly distributed, and the temperature 

distribution is also not even, so the etching rate is not same along the whole 

surface of wafer, but the protect layer for etching silicon is same, this 

difference causes that protect layer of some part of wafer has been etched 

away, but other part are still left on wafer surface. In our fabrication, middle 

part of wafer has a higher etch rate than that of other part. 

4. Limited samples at the etching stage can be used to study the exact etching 

time required to forming the shallow step and ABS. This maybe the first try of 
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fabricating a slider by MEMS technique, so, the etching time for forming ABS 

is not confirmed. Theoretically, one may obtain a rough required etching time 

by using different etching conditions and measuring the fabrication results. 

For the ABS fabrication with high resolution of sub-micro, we need an exact 

etching time to etch the shallow step and ABS etc. One could achieve this 

exact etching time after many etching trials. But as limited samples we have at 

my last PhD stage, we could not have enough trials and could not get an exact 

etching time for forming the ABS. 

5. Do not successfully examine the fabrication results after each step. There are a 

lot of sub-steps during the MEMS fabrication. Every result after a single 

MEMS fabrication step plays important role for the whole process. For 

example, if we need to deposit the electronic pole, we have better give a 

detailed check on the sample after it is cleaned in the water tank before 

deposition of Pt/Ti. A left tiny particle on the sample will result in the 

electrical short circuit, and even a small bump on the sample will make sample 

crack in the future process. So keep in mind that checking every step's results, 

even a very single step like cleaning. This maybe time-consuming, but it is 

worthwhile. 

The above five points are the main reasons which cause failure to fabricate the novel 

slider. 

To fulfill a successful fabrication, it is recommend that, 1) slider must be fabricated 
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inside a higher class clean room, for example, Class 100, which is the standard class 

for a successful slider fabrication, 2) contamination and humidity inside clean must be 

controlled well, 3) MEMS machine should be kept in a well working condition and 

the recipe of them should be carefully studied, debugged and correctly written inside 

machine itself, and 4) a good fabrication plan is needed and enough samples should 

be prepared. 
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