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Abstract

Numerical Simulations of the head-disk interface in hard disk drives

by

Puneet Bhargava

Doctor of Philosophy in Mechanical Engineering

University of California, Berkeley

Professor David B. Bogy, Chair

Over the past few years, the exponential increase in hard disk drive (HDD) capac-

ity and access speeds has made them viable for many consumer products and appliances

that require large storage capacities, such as digital video recorders and digital audio play-

ers. These applications subject the HDD to adverse conditions wherein the reliability and

performance of the drive becomes critical. Thus there is a need to accurately simulate the

dynamics of the head-disk interface (HDI) in HDDs at the design stage to accurately predict

its response to dynamic events such as load/unload (L/UL) as well as disturbances such as

shock and vibration in order to aid in the design process.

We have developed a simulation methodology which allows us to accurately sim-

ulate the dynamics of the HDI. The dynamics of the HDI are governed by the structural

components of the HDD as well as the air-bearing which is formed between the spinning

disk and the flying ‘head’ (slider). We develop a new numerical scheme to solve the result-
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ing nonlinear coupled set of equations using stabilized finite elements, first for the steady

state case and then for the general time dependent case. Meshing and refinement strategies

are explored in order to obtain accurate results with as few degrees of freedom as possible.

Finally we present a methodology to simulate the shock and load/unload processes in HDDs

using the current CML Dynamic Simulator based on a finite volume numerical scheme. The

method is implemented and used to carry out parametric studies on the operational shock

performance of a 1” HDD.

Professor David B. Bogy
Dissertation Committee Chair



i

To my Parents



ii

Contents

List of Figures vi

List of Tables x

Acknowledgements xi

Symbols and Abbreviations xii

1 Introduction 1
1.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Structural modeling 10
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 The HGA model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Disk model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Governing Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.1 Linearization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Guyan reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 Modeling suspension nonlinearities . . . . . . . . . . . . . . . . . . . . . . . 16
2.7 Time discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.9 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Contact modeling 21
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Asperity Contact forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Impact forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22



iii

3.3.2 Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.3 The Boussinesq problem . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3.4 The Boundary Element Method . . . . . . . . . . . . . . . . . . . . 24
3.3.5 Calculation of impact stiffness . . . . . . . . . . . . . . . . . . . . . 27
3.3.6 Radius of effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3.7 Solution comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.5 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Fluid static modeling 39
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.3.1 Governing equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.2 The Weak Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.3.3 The Forward Problem . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.3.4 Inverse problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.5 Inverse Problem Method 1: Series of Forward Problems . . . . . . . 49
4.3.6 Inverse Problem Method 2: Fully linearized system . . . . . . . . . . 52
4.3.7 Streamline Upwind/Petrov-Galerkin formulation . . . . . . . . . . . 56
4.3.8 The force norm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.4 Numerical Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.4.1 Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.4.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.4.3 Forward problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.4.4 Refinement strategies . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4.5 Inverse problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.6 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5 Fluid dynamic modeling 96
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.2 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.3.1 The generalized Reynolds Equation . . . . . . . . . . . . . . . . . . . 97
5.3.2 The Weak Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.3.3 Discretization in time . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3.4 Linearization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3.5 Streamline Upwind/Petrov-Galerkin formulation . . . . . . . . . . . 101
5.3.6 Finite element discretization . . . . . . . . . . . . . . . . . . . . . . 101
5.3.7 Mesh generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.3.8 Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.3.9 Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.3.10 Air bearing damping/stiffness calculation . . . . . . . . . . . . . . . 104



iv

5.3.11 Algorithmic air bearing stiffness . . . . . . . . . . . . . . . . . . . . 107
5.4 Numerical Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.6 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6 Simulation of the shock event 114
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.2 Prior Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.3 The CML L/UL/S Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.3.1 Suspension modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.3.2 Air bearing modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.3.3 Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.4.1 Modeling Shock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.5 Pulse-width effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.5.1 Component Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.5.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.6 Effect of dimple location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.6.1 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.6.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 125
6.6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.8 Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.9 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7 Simulating the Load/Unload Process 159
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
7.2 Previous work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
7.4 Numerical Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.4.1 Unloading process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
7.4.2 Loading process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
7.4.3 Frequency response . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.6 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

8 Conclusion and Future Work 183
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

A The CML Dynamic Load/Unload/Shock Simulator (Version 5.1) 197
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
A.2 Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
A.3 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199



v

A.4 Suspension model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
A.5 Input files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

A.5.1 rail.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
A.5.2 dynamics.def . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
A.5.3 mass.txt, stiffness.txt, coords.txt . . . . . . . . . . . . . . . . . . . . 207

A.6 Output files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
A.6.1 attitude.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
A.6.2 cestatii.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
A.6.3 cpressures.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
A.6.4 imf.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
A.6.5 lultab.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
A.6.6 shock.dat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

A.7 Post-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
A.7.1 displaceLUL.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
A.7.2 displaceSHOCK.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
A.7.3 force.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
A.7.4 cestat.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
A.7.5 lulbehav.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
A.7.6 actmot.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

A.8 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212



vi

List of Figures

1.1 A typical modern hard disk drive . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 The IBM 350 Disk Storage system . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 The Hitachi Deskstar 7K1000 . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Evolution of areal density in hard disk drives . . . . . . . . . . . . . . . . . 8
1.5 Various layers on the disk in a HDD . . . . . . . . . . . . . . . . . . . . . . 9
1.6 The head gimbal assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 An HSA model for a popular 1” drive . . . . . . . . . . . . . . . . . . . . . 18
2.2 Schematic of the HSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Schematic of the HSA showing limiters engaged . . . . . . . . . . . . . . . . 18
2.4 First axisymmetric (umbrella) mode of the disk . . . . . . . . . . . . . . . . 19
2.5 First radial mode of the disk . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.6 First axisymmetric-radial coupled mode . . . . . . . . . . . . . . . . . . . . 19
2.7 Disk response to z-shock for spinning and stationary disks . . . . . . . . . . 20
2.8 Power spectra of disk shock response for spinning and stationary disks . . . 20

3.1 The Boussinesq problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Slider disk contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Elemental basis functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4 Reference element . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.5 Convergence as a function of ‘Radius of Effect’ . . . . . . . . . . . . . . . . 34
3.6 Radial pressure profile for a rigid flat-end circular indenter . . . . . . . . . . 34
3.7 Radial pressure profile for a rigid parabolic circular indenter . . . . . . . . . 35
3.8 Total contact force for a rigid parabolic circular indenter . . . . . . . . . . . 35
3.9 Slider profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.10 Finite element mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.11 Pressure profile during Slider-disk contact 1 . . . . . . . . . . . . . . . . . . 37
3.12 Pressure profile during Slider-disk contact 2 . . . . . . . . . . . . . . . . . . 37
3.13 Pressure profile during Slider-disk contact 3 . . . . . . . . . . . . . . . . . . 38

4.1 Mesh Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 System Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . 67



vii

4.3 Basis Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4 Coarse level system matrix before node reordering for the forward problem 69
4.5 Coarse level system matrix after RCM ordering for Method 1 . . . . . . . . 69
4.6 Coarse level system matrix after RCM ordering for Method 2 . . . . . . . . 70
4.7 Pressure solution for a 2-rail taper slider with and without upwinding . . . 71
4.8 Element length scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.9 Coarse level meshes for two slider designs . . . . . . . . . . . . . . . . . . . 72
4.10 Flat slider profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.11 2-rail slider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.12 Slider 1 profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.13 Grid convergence for flat slider . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.14 Force error for flat slider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.15 Converged pressure profile for flat slider . . . . . . . . . . . . . . . . . . . . 75
4.16 Grid convergence for 2-rail slider . . . . . . . . . . . . . . . . . . . . . . . . 76
4.17 Force error for 2-rail slider . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.18 Converged pressure profile for 2-rail slider . . . . . . . . . . . . . . . . . . . 77
4.19 Grid convergence for slider 1 . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.20 Force error for slider 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.21 Converged pressure profile for slider 1 . . . . . . . . . . . . . . . . . . . . . 79
4.22 Slider design used for refinement studies . . . . . . . . . . . . . . . . . . . . 80
4.23 Refinement slider pressure profile . . . . . . . . . . . . . . . . . . . . . . . . 80
4.24 Coarse mesh error for refinement slider . . . . . . . . . . . . . . . . . . . . . 81
4.25 Coarse mesh for refinement slider . . . . . . . . . . . . . . . . . . . . . . . . 81
4.26 Estimated solution error using pressure based mesh refinement . . . . . . . 82
4.27 Refined mesh generated using pressure based mesh refinement . . . . . . . . 82
4.28 Estimated solution error using clearance based mesh refinement . . . . . . . 83
4.29 Refined mesh generated using clearance based mesh refinement . . . . . . . 83
4.30 Estimated solution error using pressure gradient based mesh refinement . . 84
4.31 Refined mesh generated using pressure gradient based mesh refinement . . . 84
4.32 Estimated solution error using flux jump based mesh refinement . . . . . . 85
4.33 Refined mesh generated using flux jump based mesh refinement . . . . . . . 85
4.34 Estimated solution error using clearance gradient based mesh refinement . . 86
4.35 Refined mesh generated using clearance gradient based mesh refinement . . 86
4.36 Estimated solution error using clearance gradient based mesh refinement . . 87
4.37 Refined mesh generated using RE residual based mesh refinement . . . . . . 87
4.38 Grid convergence for refinement slider using various refinement strategies . 88
4.39 Grid convergence for slider 1 using various refinement strategies . . . . . . . 89
4.40 Grid convergence for slider 2 using various refinement strategies . . . . . . . 90
4.41 Slider 2 profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.42 Slider 3 profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.43 Grid convergence for slider 1 . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.44 Mesh levels for slider 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.45 Grid convergence for slider 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.46 Grid convergence for slider 3 . . . . . . . . . . . . . . . . . . . . . . . . . . 95



viii

5.1 System Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.2 Slider 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.3 Slider attitude for free vibration simulation . . . . . . . . . . . . . . . . . . 111
5.4 Slider forces for free vibration simulation . . . . . . . . . . . . . . . . . . . . 112
5.5 Error-estimate/time-step for free vibration simulation . . . . . . . . . . . . 113

6.1 Half-sine shock pulse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
6.2 The disk umbrella mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
6.3 Disk response for 200G shock of varying pulse widths . . . . . . . . . . . . . 133
6.4 Maximum disk deflection for 200G shock of varying pulse widths . . . . . . 133
6.5 Disk response spectra for 200G shock of varying pulse widths . . . . . . . . 134
6.6 Suspension schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.7 Suspension first bending mode . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.8 Suspension first torsion mode . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.9 Suspension second bending mode . . . . . . . . . . . . . . . . . . . . . . . . 135
6.10 Suspension response to a 200G shock of varying pulse widths . . . . . . . . 136
6.11 Suspension response spectra for a 200G shock of varying pulse widths . . . 136
6.12 Structural Air-bearing coupling scheme . . . . . . . . . . . . . . . . . . . . 137
6.13 Slider Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.14 Slider Response for 125G, 0.2ms shock . . . . . . . . . . . . . . . . . . . . . 139
6.15 Frequency spectra of load beam and disk response to 125G, 0.2ms shock . . 140
6.16 Dimple, limiter status for 125G, 0.2ms shock . . . . . . . . . . . . . . . . . 141
6.17 Air bearing and contact forces for 125G, 0.2ms shock . . . . . . . . . . . . . 142
6.18 Slider Response for 250G, 0.5ms shock . . . . . . . . . . . . . . . . . . . . . 143
6.19 Slider Response for 375G, 1.0 ms shock . . . . . . . . . . . . . . . . . . . . 144
6.20 Slider Response for 400G, 1.0 ms shock . . . . . . . . . . . . . . . . . . . . 145
6.21 Dimple, limiter status for 400G, 1.0 ms shock . . . . . . . . . . . . . . . . . 146
6.22 Slider Response for 400G, 2.0 ms shock . . . . . . . . . . . . . . . . . . . . 147
6.23 Slider Response for 450G, 3.0 ms shock . . . . . . . . . . . . . . . . . . . . 148
6.24 Safe shock levels for varying pulse widths . . . . . . . . . . . . . . . . . . . 149
6.25 Suspension system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.26 Slider free-body diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.27 Slider attitude for BC 400G shock . . . . . . . . . . . . . . . . . . . . . . . 151
6.28 Dimple separation and contact force for BC 400G shock . . . . . . . . . . . 152
6.29 Slider attitude for U1 400G shock . . . . . . . . . . . . . . . . . . . . . . . . 153
6.30 Dimple separation and contact force for U1 400G shock . . . . . . . . . . . 154
6.31 Linearized system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
6.32 czminG variation along xl and yl . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.33 Slider attitude for U2 400G shock . . . . . . . . . . . . . . . . . . . . . . . . 156
6.34 Dimple separation and contact force for U2 400G shock . . . . . . . . . . . 157
6.35 Safe shock levels for various dimple locations . . . . . . . . . . . . . . . . . 158

7.1 Schematic of a 1” drive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
7.2 Slider used for simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169



ix

7.3 Slider attitude history comparison during the unloading process (44.4 mm/s) 170
7.4 Force history comparison during the unloading process (44.4 mm/s) . . . . 171
7.5 Ramp-tab position and ramp contact force during the loading process (44.4

mm/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.6 Dimple and limiter contact status during the loading process (44.4 mm/s) . 172
7.7 Slider attitude history comparison during the loading process (88.9 mm/s) . 173
7.8 Force history comparison during the unloading process (88.9 mm/s) . . . . 174
7.9 Ramp-tab position and ramp contact force during the loading process (88.9

mm/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
7.10 Dimple and limiter contact status during the loading process (88.9 mm/s) . 175
7.11 Slider attitude history comparison during the loading process (50 mm/s) . . 176
7.12 Force history comparison during the loading process (50 mm/s) . . . . . . . 177
7.13 Ramp-tab position and ramp contact force during the loading process (50

mm/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
7.14 Dimple and limiter contact status during the loading process (50 mm/s) . . 178
7.15 Slider attitude history comparison during the loading process (66.7 mm/s) . 179
7.16 Force history comparison during the loading process (66.7 mm/s) . . . . . . 180
7.17 Ramp-tab position and ramp contact force during the loading process (66.7

mm/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
7.18 Dimple and limiter contact status during the loading process (66.7 mm/s) . 181
7.19 Frequency spectra of a typical L/UL process for 4-DOF (a, b, c) and FE

based (d, e, f) simulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

A.1 Actuator nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
A.2 The suspension coordinate system . . . . . . . . . . . . . . . . . . . . . . . 213
A.3 The slider coordinate system . . . . . . . . . . . . . . . . . . . . . . . . . . 213
A.4 The ramp coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
A.5 Sample ramp profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
A.6 Slider attitude for example 1 plotted using the displaceLUL command . . . 215
A.7 Slider attitude for example 3 plotted using the displaceSHOCK command . 216
A.8 Slider attitude for example 4 plotted using the displaceSHOCK command . 217
A.9 Air bearing and contact forces for example 2 plotted using the force command218
A.10 Air bearing and contact forces for example 3 plotted using the force command219
A.11 Contact element data for example 2 plotted using the cestat command . . . 220
A.12 Contact element data for example 3 plotted using the cestat command . . . 221
A.13 L/UL tab behavior for example 1 plotted using the lulbehav command . . . 222
A.14 Actuator motion for example 1 plotted using the actmot command . . . . . 223



x

List of Tables

4.1 Rarefaction and slip models . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Slider attitudes for grid convergence studies . . . . . . . . . . . . . . . . . . 60
4.3 Slider parameters for mesh refinement study . . . . . . . . . . . . . . . . . . 61
4.4 Slider operation parameters for grid convergence studies . . . . . . . . . . . 66

6.1 Disk parameters for shock studies . . . . . . . . . . . . . . . . . . . . . . . . 131
6.2 Slider parameters for shock studies . . . . . . . . . . . . . . . . . . . . . . . 131

7.1 Slider parameters for load/unload comparison studies . . . . . . . . . . . . 163



xi

Acknowledgments

First and foremost I would like to thank my advisor and mentor, Prof. David Bogy

for his guidance these past five years, not only in areas of research but also life in general.

All through my research career he has given me the freedom to explore research areas of

my interest while at the same time not letting me stray off course. It has been an absolute

honor to work with him during my graduate studies here at Berkeley..

I owe a great deal to Dr. C. Singh Bhatia for his guidance and for his insightful

feedback at our weekly group meetings. I would also like to thank Professor Tarek Zohdi

and Professor John Strain for their valuable feedback while reviewing this dissertation.

During my CML years, I have also had the opportunity of close interaction with industry.

I would like to thank Samuel Gan of Seagate Singapore for the helpful discussions and for

supporting part of this project and providing models and equipment for research.

A big thanks is also due to fellow CMLers. Technical discussions with them have

helped me gain a broader education. Brendan Cox, Sujit Kirpekar, Rohit Ambekar, Vineet

Gupta, Sripathi Canchi and Rahul Rai deserve special thanks. Life in Berkeley would not

have been fun without these wonderful friends: Ankit Jain, Ambuj Tewari, Anurag Gupta

and Vishnu Narayanan.

Finally, I attribute all my success to my wonderful family. I am indebted to my

them for their sacrifices and unconditional love throughout my life. Mere words cannot

express my gratitude to them.

The research presented in this dissertation was supported by the Computer Me-

chanics Laboratory at the University of California, Berkeley, and Seagate Singapore.



xii

Symbols

Variables

P Nondimensional normalized pressure

p Pressure

p0 Ambient pressure

H Nondimensional clearance

h Clearance

hm Clearance length scale

T Nondimensional time

t Time

ω Angular velocity of the disk

S Domain of the air bearing slider

∂S Boundary of the air bearing slider

X,Y Nondimensional coordinates

x, y Dimensional coordinates

L Characteristic slider length

Λ Bearing number

µ Dynamic viscosity of air

U Local disk velocity

τ Squeeze number

v Test function



xiii

∂P Update to normalized pressure P

Pi Nodal normalized pressure

φi Basis for clearance and pressure

φ̃i Basis for test functions

Abbreviations

ABS Air-Bearing Surface

BEM Boundary Element Method

CML Computer Mechanics Laboratory

CSS Contact Start/Stop

DLC Diamond like Carbon

DOF Degree of Freedom

FEM Finite Element Method

FH Fly-Height

HDD Hard Disk Drive

HDI Head Disk Interface

HAA Head Actuator Assembly

HGA Head Gimbal Assembly

HSA Head Stack Assembly

ID Inner Diameter



xiv

L/UL Load/Unload

MD Middle Diameter

MFP Mean Free Path

OD Outer Diameter

PC Personal Computer

PSA Pitch Static Attitude

RMS Root Mean Square

RPM Revolutions Per Minute

RSA Roll Static Attitude

SUPG Streamline Upwind Petrov Galerkin

TEC Trailing Edge Center



1

Chapter 1

Introduction

A hard disk drive is one of the most important and also one of the most interesting

components within the PC. They have a long and interesting history dating back to the early

1950s. A hard disk drive (HDD), is a non-volatile storage device which stores digital data

on spinning disks with magnetic surfaces. The research presented in this dissertation was

carried out at the Computer Mechanics Laboratory (CML) at the University of California,

Berkeley and is focused on the numerical simulations of the dynamics of the HDD. In

the following sections we present an introduction to the mechanical workings of the HDD,

followed by a brief history of the evolution of HDDs. We also present the motivation for

this research and then present a brief outline of how this dissertation is organized.

1.1 Basics

A picture of a modern hard disk drive is shown in Fig. 1.1 [Source: Western Digital

Corporation, 2008]. The main components of a typical hard disk drive are the spindle with
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the disk stack (platters), the actuator and the actuator arm and the logic board. Information

is written on (and read back from) concentric tracks on each platter by the read/write

transducer which are located at the trailing edge of a slider. The slider is mounted on a

suspension (together known as the head-gimbal assembly, or the HGA) many of which are in

turn mounted on the e-block arm (one for each data surface). The HGA-Eblock assembly is

known as the head stack assembly (HSA). The HSA rotates about the actuator axis, and is

thus able to access all the tracks on the disk. The disk stack typically rotates at 3600-15000

RPM and this creates an air-bearing under the surface of the slider, which causes it to lift

off and ‘float’ a few nanometers above the surface of the disk.

The disks used in the drives are ultra-smooth (RMS roughness ∼0.2 nm) and are

typically made of glass or aluminum substrate with multiple layers (see Fig. 1.5, [Source: UK

Data Recovery and HDD repair, 2008]). The data is stored as the magnetic polarization of

bits on the magnetic layer which is about 30 nm thick. A hard diamond-like carbon (DLC)

overcoat layer of thickness 1-3 nm exists on top of the magnetic layer to provide wear and

corrosion protection to the data. Above that is a thin layer (1-2 nm) of lubricant necessary

for wear protection and reliability. Figure 1.6 shows the head-gimbal assembly (HGA). The

slider has an air-bearing surface (ABS) with a specially designed etched surface (referred

to as ABS design). The suspension applies a fixed preload (or gramload) on the slider to

press it against the disk. When the disks spin, this preload balances the pressure generated

due to the air-bearing, causing the slider to fly over the disk surface.

The strength of the read-back signal depends on the magnetic spacing between

the head on the slider and the disk, also known as the head-media spacing (HMS). The



1.2. EVOLUTION 3

HMS includes the mechanical spacing, the slider and the disk overcoats and the protective

lubricant layer on the disk. The mechanical spacing between the slider and the disk is also

known as the flying height.

1.2 Evolution

The earliest true HDDs had the heads of the hard disk in contact with the surface

of the disk. This was done to enable the low-sensitivity electronics of the day to read the

magnetic fields on the surface of the disk. The key technological milestone that facilitated

the creation of the modern hard disk drive came in the early 1950s. IBM engineers discovered

that the heads could be made to float above the surface of the disk and read bits as they

passed by underneath instead of rubbing continuously on the surface of the disk. The very

first production hard disk drive was the IBM 350 disk drive system (sold with the IBM 305

RAMAC, Random Access Method of Accounting and Control, shown in Fig. 1.2, [Source:

IBM corporation, 2008]), launched on September 13, 1956. This monster of a drive had

50 disks, each being 2 feet in diameter and could store 5 MB. Its areal density1 was about

2,000 bits/in2, along with a data transfer rate of 8,800 bytes/s.

Fast-forward to the year 2007. Hitachi GST announced the world’s first 1 TB

(Terabyte) drive. The Deskstar 7K1000 (see Fig. 1.3, [Source: Hitachi GST, 2008]) boasts

an areal density of over 150 Gb/in2 and data transfer rates of over 300 MB/s and costs less

than $400. This clearly shows how over the past 50 years, the hard disk drive industry has

made tremendous improvements in terms of storage density, performance and cost. The
1Areal recording density is defined as the amount of data that can be stored on a unit area of the recording

media and is usually expressed as bits/in2
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evolution of hard disk drive areal density over the past 15 years can be seen from the chart

shown in Fig. 1.4 [Source: Seagate Technologies, 2008]. Starting with an areal density of 2

Kbit/in2 (1 byte was 7 bits in those days) for the IBM 350 in 1956, the areal density has

grown exponentially with today’s products exceeding 300 Gb/in2. Note that the scale on

the y − axis is logarithmic and not linear.

This exponential increase in hard disk drive capacity and access speeds has made

them viable for many consumer products and appliances that require large storage capaci-

ties, such as digital video recorders and digital audio players. An excellent summary of the

historical evolution of hard disk drives has been provided by Daniel, Mee, and Clark [1999].

1.3 Motivation

In the past decade, applications for HDDs have expanded far beyond computers

to varied and diverse applications such as digital video recorders, digital audio players,

personal digital assistants, digital cameras and video game consoles. As HDDs migrate

from desktop computers to such dynamic environments, the performance and reliability of

the HDD during adverse condition such as shocks, vibrations, extremes of temperature,

altitude and humidity become of great concern. The HDD that two decades back was

meant to run in a computer sitting stationary on a shelf for its lifetime, today has to sit in

ubiquitous digital audio players and keep up with the active lifestyles of their users. To aid

in the design process of HDDs, an ability to predict the response of the head-disk interface

during dynamic events such as load/unload (L/UL) and disturbances such as shock and

vibration becomes a big facilitator.
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1.4 Outline

This dissertation is divided into 8 chapters. The first chapter gives an introduction

of the hard disk drive, its temporal evolution as well as the future of the hard disk drive. It

also includes a brief outline of the subsequent chapters, which is this section. The second

chapter covers the modeling of the structural components of the hard disk drive, i.e. the

suspension and the disk. In the third chapter we discuss modeling of contact at the head-

disk interface, including asperity contacts and bulk interference contacts. A new boundary

element method procedure is proposed to deal with bulk interference between the head and

the disk. The fourth chapter deals with using the finite element method for the steady-state

modeling of the air bearing. We also discuss methods for finding the steady-state flying

attitude of the slider and propose a new method for doing the same. Strategies for grid

refinement are investigated and convergence studies are also carried out. In chapter five, we

extend the formulation for dynamic modeling of the air bearing. In chapter six, we use the

framework developed in the previous four chapters to simulate shock events. Results from a

previously developed simulator are presented investigating the effect of various parameters

of shock on the performance of the suspension/air-bearing/disk system. In chapter seven,

we use our framework to simulate the load/unload process as well as provide a comparative

study with an earlier method for simulating the load/unload process. Finally in chapter

eight, we outline conclusions we have drawn from this dissertation as well as chart out areas

of further research.
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1.5 Figures

Figure 1.1: A typical modern hard disk drive
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Figure 1.2: The IBM 350 Disk Storage System

Figure 1.3: The Hitachi Deskstar 7K1000
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Figure 1.4: Evolution of areal density in hard disk drives
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Figure 1.5: Various layers on the disk in a HDD

Figure 1.6: The head gimbal assembly
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Chapter 2

Structural modeling

2.1 Introduction

In order to accurately simulate and predict the dynamic response of the head-disk

interface of the hard disk drive, we require a model that not only captures the characteris-

tics of the true system, but is also simple and computationally inexpensive to use. A good

summary of previous works in this area has been provided by Gupta [2007]. Several re-

searchers such as Ponnaganti [1986] and Hu and Bogy [1995] have used a simple HDI model

to predict the system dynamics, which includes the slider model and an air bearing model

which solves the generalized Reynolds equation. These models completely fail to accurately

predict the dynamics of the HSA and the disk, due to the simple nature of the structural

model used. According to Gupta [2007] the system dynamics predicted by these models

is significantly different from the actual system response (measured experimentally) during

slider-disk contact/impact, aerodynamic forcing on HSA due to disk rotation, shocks, track
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seek, load-unload etc. Gupta [2007] proposed a way to more accurately predict the system

dynamics by including the HSA model along with the air bearing model that solves the

generalized Reynolds equation.

In this chapter, we extend the model proposed by Gupta [2007] by including sus-

pension nonlinearities such as flexure-dimple and limiter contacts. This extension enables

us to simulate more complex dynamic processes in the hard disk drive such as load/un-

load, shock and vibration, where these nonlinearities become important. We also present a

method for modeling the rotating disk using a similar procedure.

2.2 The HGA model

The Head gimbal assembly, or the HGA (which includes the suspension and the

slider), is a structure that is used to load the slider (which houses the read/write heads) in

close proximity to the rotating disk, such that the load applied by the suspension is balanced

by the air bearing. A schematic of the suspension is shown in Fig. 2.2. A typical suspension

consists of a stiff load beam and a flexure to which a slider is mounted. The load beam

applies a load onto the flexure through the dimple. The dimple cannot support negative

loads and is often observed to separate during events such as shock and load/unload. In

order to prevent the dimple from opening up too much, there are limiters, which close when

the dimple opens up a certain amount thereby preventing further separation between the

load beam and the flexure (see Fig. 2.3).
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2.3 Disk model

The disk is the second important structural component of the air-bearing system.

However in normal operation, the structural behavior of the disk is not of concern since

the deflections of the disk are very small. The effects of such small deflections due to disk

waviness and run-out can be included in the air-bearing calculations without modeling the

structural behavior of the disk itself.

The structural response of the disk becomes important during dynamic events such

as shock. However for the type of shocks we are modeling (z-shocks), the excitation of the

shock is symmetric about the rotation axis of the disk. It is well known that a rotating

disk has three types of modes. The first type are the axisymmetric modes with m nodal

circles and no nodal diameters (m, 0), which have frequencies that only slightly increase

with the rotation speed, which is due to centrifugal stiffening. The first axisymmetric disk

mode is also referred to as the umbrella mode of vibration (Fig. 2.4). The frequencies

and mode shapes of the axisymmetric mode shapes are very similar in the operating and

non-operating states. The second are the asymmetric modes with zero nodal circles and n

nodal diameters (0, n), each of which splits into two modes in the operating state (Fig. 2.5).

They have no response to symmetric excitations. The third are the coupled asymmetric

modes (m,n) where (m > 0, n > 0) (Fig. 2.6), which are higher frequency modes, and their

responses are much smaller than the responses from the low frequency modes for ordinary

shocks (e.g., 0.5 ms half sinusoidal acceleration). A finite element model for the disk was

created in ANSYS using shell elements. The disk was subject to a 200 G shock for two cases:

when the disk was rotating at 3600 RPM and in the stationary state. Figure 2.7 shows the
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z-displacement of a point on the outer periphery (OD) of the disk for both cases. Figure 2.8

shows the frequency spectra of the displacement. The first peak corresponds to the first

axisymmetric mode of vibration of the disk. The other small peaks correspond to radial

modes of vibrations of the disk, but the power contained within these is relatively very small.

Thus we can see that since the disk response is predominantly axisymmetric, we can assume

there is no significant difference in the shock responses of the disk during the operating and

non-operating states when the shock is applied axially to the hub. In addition, the change

in frequency due to the spinning of the disk is also negligible. Although the slider’s load on

the disk is not axisymmetric, it has been shown previously that its contribution to the disk

response is negligible [Zeng and Bogy, 2000c]. Therefore, the disk responses to a symmetric

shock are expected to be mainly from the axisymmetric modes, and they are similar in the

operating and non-operating states. Hence, it is expected that this assumption will not

cause a significant error in the simulation results. For non-axial shocks it will be important

to consider the rotation of the disk while simulating the shock.

2.4 Governing Equation

In this section, we present the governing equation for the slider/air-bearing/disk

system. When the slider is flying on the disk, it’s motion is governed by the following

equations:

Ms ẍs + Cs ẋs + Ks xs + Fs = Fabs(xs − xd, ẋs − ẋd) + Fcon(xs − xd) (2.1)
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M ẍ + C ẋ + K x + Fsusp = Fabs(x, ẋ) + Fcon(x) (2.2)

where x is the vector of the displacements of the degrees of freedom of the suspension,

including the 6 degrees of freedom of the slider, namely displacements and rotations in the

x, y and z directions. M, C and K correspond to the mass, damping and stiffness matrices

for the suspension. Fsusp is the preload on the suspension, Fabs is the air-bearing force and

Fcon is the contact force between the slider and the disk. Fabs and Fcon have non-zero values

only at the degrees of freedom corresponding to those of the slider. These are calculated

by integrating the air-pressure, shear stress, contact pressures and frictional stresses under

the slider.

To calculate the stead state attitude of the slider, we neglect the time dependent

terms in Eqn. 2.1 thus reducing it to:

K x + Fsusp = Fabs(x) + Fcon(x) (2.3)

The above equation is solved directly to obtain the steady state attitude of the

slider.

2.4.1 Linearization

Equations 2.1 and 2.3 are nonlinear in the displacement vector x. In order to

solve these equations, we linearize them and use the Newton Raphson scheme to solve them

iteratively to obtain the solution to the corresponding nonlinear problems. Linearizing the
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dynamic governing equation Eqn. 2.1 with respect to x about a point x0, we obtain:

M ∂̈x + C ∂̇x + K ∂x−Cabs ∂̇x−Kabs ∂x−Kcon ∂x =

−M ẍ0 −C ẋ0 −K x0 − Fsusp + Fabs(x0, ẋ0) + Fcon(x0) (2.4)

where ∂x = x− x0, Cabs and Kabs are the damping and stiffness matrices associated with

the air bearing and Kcon is the stiffness matrix associated with contact. Similarly the

linearized form of the steady state equation Eqn. 2.3 works out to:

K ∂x−Kabs ∂x−Kcon ∂x = −Fsusp + Fabs(x0) + Fcon(x0) (2.5)

Solving this equation iteratively yields the solution to the nonlinear steady state

inverse problem.

2.5 Guyan reduction

HSA models used in today’s drives are highly complex high performance structures,

designed to satisfy stringent dynamic performance requirements such as shock. Typical

finite element models of the HSA (see Fig. 2.1) can include over 100,000 nodes, which results

in a huge number of degrees of freedom. Solving such a large system coupled nonlinearly with

the fluid dynamic air bearing makes our problem of evaluating the dynamic performance of

the air bearing slider very expensive.

In order to make our problem more tractable, we use the technique of Dynamic

reduction to reduce the total number of degrees of freedom of our suspension system. Per-

haps the most widely used dynamic reduction technique is Guyan reduction [Guyan, 1965].

A good survey of newer, more accurate dynamic reduction techniques has been presented
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by Gupta [2007]. However for our problem, the original method proposed by Guyan [1965]

is sufficiently accurate and is used here. Moreover we are using ANSYS, which is a com-

mercially available finite element modeling program to model our suspension, and Guyan

reduction is already available in ANSYS in the form of substructuring. We use ANSYS

to generate mass and stiffness matrices for our dynamic computations [see Bhargava and

Bogy, 2006].

2.6 Modeling suspension nonlinearities

As discussed in section 2.2, even though the HSA is a linear elastic system, its

response is nonlinear due to contacts at the dimple and limiter. After exporting the linear

structural mass and stiffness matrices from ANSYS with no contacts, we impose the contact

conditions on the matrices by using a Lagrange multiplier method. However simply imposing

the contact and no-contact conditions is not sufficient, we also require impact and release

conditions for the contacting nodes. We use the contact and impact conditions proposed by

Hughes, Taylor, Sackman, Curnier, and Kanoknukulchai [1976]. In that paper the authors

derive discrete impact and release conditions for structural finite-element models with node

to node contacts using the results from the impact of two elastic rods.

2.7 Time discretization

For discretizing the equation in time, we use the Newmark-Beta method [see Paz

and Leigh, 2004]. Time-step size selection is accomplished by employing an a posteriori

error estimator proposed by Zienkiewicz and Xie [1991]. Time-step size is also reduced
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during status change of contact elements and when the slider crashes into the disk.

2.8 Discussion

The modeling of the structural components of the hard disk drive system were

discussed in this chapter. We propose to use a stationary disk with centrifugal stiffening to

model the axisymmetric response of a rotating disk. For the suspension model, we propose

to use pre-assembled reduced mass and stiffness matrices from ANSYS, with nonlinear

contact constraints imposed on top of these matrices using a Lagrange multiplier method

and impact/release conditions.
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2.9 Figures

Figure 2.1: An HSA model for a popular 1” drive

Figure 2.2: Schematic of the HSA

Figure 2.3: Schematic of the HSA showing limiters engaged
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Figure 2.4: First axisymmetric (umbrella) mode of the disk

Figure 2.5: First radial mode of the disk

Figure 2.6: First axisymmetric-radial coupled mode
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Figure 2.7: Disk response to z-shock for spinning and stationary disks

Figure 2.8: Power spectra of disk shock response for spinning and stationary disks
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Chapter 3

Contact modeling

3.1 Introduction

In hard disk drives, failure at the head disk interface is often caused by head-disk

contacts leading to permanent damage of either the head or the disk or both as well as loss

of data. The seriousness of a head disk-impact during events such as shock and load/unload

can be characterized by the magnitude of the contact forces and pressures observed during

the course of the contact, thus accurately modeling the contact phenomenon during such

events is of utmost importance.

We define the net contact force between the head and the disk as a sum of two

forces, the asperity contact force and the impact force. The asperity contact force is the

force due to the roughness of the contacting surfaces, i.e. the force due to the contacting

asperities on the two surfaces. The impact force on the other hand is the force generated

due to bulk interference between the two contacting surfaces.
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3.2 Asperity Contact forces

The asperity contact forces are calculated using the Greenwood-Williamson sta-

tistical asperity contact model [see Greenwood and Williamson, 1966].

3.3 Impact forces

For modeling the impact forces, we develop a new boundary element method based

quasi-static impact model. The details of this model are presented in this section.

3.3.1 Assumptions

The problem of two bodies in contact is nonlinear due to the nonlinear boundary

conditions of contact. Considering the problem of the slider impacting the disk, we make

the following assumptions:

1. Small deformations: The deformations due to the slider-disk interactions are assumed

to be small such that linear elasticity theory is applicable.

2. Quasi-static behavior: We assume the behavior of the slider and the disk is close to

quasi-static contact, such that the slider and disk are in equilibrium at each instant

of the impact. This assumption is valid for most contacts, since the speed of impact

(∼ 1m/s) is much lower than the speed of sound in the materials. This assumption

allows us to independently calculate contact pressures at each time step given the

slider attitude.

3. Rigid slider: Since the slider (usually made of AlTiC, E ≈ 390MPa) is much stiffer
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than the substrate of the disk (Aluminum or glass, E ≈ 70MPa), we can assume

the deformation of the slider is negligible as compared to the disk. The effect of

slider deformation can however be partially included by defining an effective Young’s

modulus for the disk, which takes into account the compliance of the slider.

4. Effect of overcoats is negligible: The effects of various overcoats on the disk such as

the magnetic layer, TLC, etc., is neglected due to their small thickness (∼ 25nm).

5. Half space assumption: The disk is modeled as a half-space because the length scale

for the thickness of the disk is 4 to 5 orders of magnitude larger than the scale of the

deformation.

3.3.2 Formulation

Under the assumptions listed above, the governing equation for the slider disk

system becomes:

Mẍ + Cẋ + Kx = Fabs(x, ẋ) + Fcon(x) + Fimp(x) (3.1)

where M, C and K refer to the mass, damping and stiffness for the slider suspension system,

and Fabs, Fcon and Fimp are the air bearing, asperity contact and impact forces. The above

equation is linearized about (x0, ẋ0, ẍ0) to get:

Mẍ + Cẋ + Kx = Fabs(x0, ẋ0) + Kabs∂x + Cabs∂ẋ

+ Fcon(x0) + Kcon∂x + Fimp(x0) + Kimp∂x

(3.2)

where ∂x = x−x0. Thus for the impact force calculations, we need to find the impact force

at any given attitude Fimp(x) and also to find the impact stiffness at an given attitude

Kimp(x).
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3.3.3 The Boussinesq problem

The Boussinesq problem is that of a concentrated force F applied on an unbounded

elastic medium (see Fig. 3.1). The exact solution for the particular Boussinesq problem [see

Lur’e, 2005] wherein the concentrated force is applied normal to the half space is used in our

formulation. The displacement in the half space due to the concentrated force of magnitude

F at the origin are given by:

u =
F

4πµ

{
1
R

[
(3− 4ν)i3 +

z

R3
R
]
− (1− 2ν)∇ln(R+ z)

}
(3.3)

Simplifying and evaluating the z-displacement at the surface (i.e. z = 0), we get:

d =
F (1− ν)

2µπR
(3.4)

We use Eqn. 3.4 as the Green’s function in our BEM formulation.

3.3.4 The Boundary Element Method

Consider the case when the slider (denoted by S) and the disk (assumed to be a

half space, denoted by D) are in contact, as shown in Fig. 3.2. Let the contact region be

denoted by C, such that C = ∂A ∩ ∂B. Our problem is to determine the contact pressure

p over the region C, given the attitude of the slider (and hence the deformation of the disk

d). The region C is not known initially, so we assume that the area of the slider below the

undeformed surface of the disk (i.e. the region on the slider with negative fly-height) is in

contact with the disk. To apply the boundary element method, we discretize the contact

pressures as having the form:

p =
Nn∑
i=1

piφi (3.5)
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where pi are the unknowns and φi form our set of basis functions. We also assume the same

form for the deformations:

d =
Nn∑
i=1

diφi (3.6)

For our solution, we discretize (mesh) our contact domain C into triangular ele-

ments Ti such that C =
⋃
Ti. We use piecewise linear functions over these elements as our

basis functions (see Fig. 3.3). This is consistent with the finite element discretization for

the spacing and air bearing pressures for the generalized Reynold’s equation, in case such a

method is employed. Now from the solution to the Boussinesq problem, we know that the

deformation at a location (xp, yp) due to a pressure p at a location (x, y) over an area dA

can be calculated from Eqn. 3.3 as:

d(xp, yp) =
p(1− ν) dA

2µπ
√

(xp − x)2 + (yp − y)2
(3.7)

Thus the deformation at (xp, yp) due to the complete contact pressure distribution

over the region C is:

d(xp, yp) =
∫
C

p(1− ν) dA
2µπ

√
(xp − x)2 + (yp − y)2

=
Ne∑
j=1

∫
Tj

p(1− ν) dA
2µπ

√
(xp − x)2 + (yp − y)2

(3.8)

For each element, we can map the physical element onto a reference element with

barycentric coordinates ψ and η (see Fig. 3.4). Substituting the form of our contact pressure
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assumed in Eqn. 3.5 into Eqn. 3.8, it becomes:

d(xp, yp) =

Ne∑
j=1

[
4j

µπ

∫ 1

0

∫ 1−ψ

0

[p1(1−η−ψ) + p2η + p3ψ](1− ν) dη dψ√
(x1(1−η−ψ) + x2η + x3ψ − xp)2 + (y1(1−η−ψ) + y2η + y3ψ − yp)2

]

(3.9)

Although the above integral can be evaluated numerically, a high order quadrature

is required for an accurate value, especially when deformations are being evaluated at a

point which lies close to the element. This would be numerically very expensive. Hence the

integral is evaluated analytically using Mathematica. Evaluating the integral, we get:

dp =
Nn∑
i=1

cpi pi (3.10)

where cpi represents the deformation at node p due to the pressure at node i. Assembling

the equations at each node, we get a system of equations in the unknown nodal pressures

pi with the nodal deformations di on the right hand side as:

{d} = [K] {p} (3.11)

⇒ {p} = [K]−1 {d} (3.12)

The size of this system of equations depends on the number of nodes interfering

with the disk, which depends on the severity of the contact. This system of equations can

be solved by Gaussian elimination (LU) to obtain the unknown nodal contact pressures.

Initially we had assumed that the entire region of the slider with negative fly-height

is in contact with the disk. However in reality this will not be the case. After solving the

set of equations in Eqn. 3.11, we obtain negative values of pressure at some of the nodes.
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These are the points which are not in contact with the disk. Thus these points must be

removed from the system of equations and the remaining equations must be resolved. This

procedure is a sort of fixed point iteration for the nonlinear contact problem.

After solving for the impact pressures, we can integrate the pressures over all the

elements to obtain contact forces and moments using:

Fz =
Ne∑
j=1

∫
Tj

p(x, y) dA (3.13)

Mpitch =
Ne∑
j=1

∫
Tj

p(x, y) · x dA (3.14)

Mroll =
Ne∑
j=1

∫
Tj

p(x, y) · y dA (3.15)

3.3.5 Calculation of impact stiffness

As seen in our governing equations in Eqn. 3.2, we also need to find the impact

stiffness Kimp. The stiffness here is the variation in contact forces and moments due to

variations in the attitude of the slider (i.e. the z-height, pitch and the roll). We can write

Kimp as being composed of two components: one due to the change in contact pressure over

the existing contact region and the second due to the change in the contact region itself.

Since the slider has sharp etched features, we assume that the component of the stiffness

due to the change in contact area is negligible, i.e. the contact area does not change

for small variations in slider attitude. Thus the contact stiffness is simply the change in

contact pressures due to variations in slider attitude. Let the parameter αi refer to the

z-height, pitch and the roll for i = 1, 2, 3. We need to evaluate ∂pj

∂αi
. We take Eqn. 3.11 and
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differentiate both sides with respect to αi:

{
∂p
∂αi

}
= [K]−1

{
∂d
∂αi

}
(3.16)

Our system matrix K is independent of the slider attitude because we are neglect-

ing the change in the contact region due to small variations in the slider attitude. Looking

at the definition of di:

di = h0i + α1 + x · α2 + y · α3 (3.17)

for small values of pitch (α2) and roll (α3). Thus the derivatives with respect to the slider

attitude become:

∂di
∂α1

= 1 (3.18)

∂di
∂α2

= x (3.19)

∂di
∂α3

= y (3.20)

Thus by solving three additional linear systems (which is cheap if we’re using a

direct method, since K has already been factorized), we can obtain the pressure variation

due to the slider’s attitude. Now to calculate the changes in contact forces and moments,

we simply substitute ∂p
∂αi

for p in Eqns. 3.13, 3.14 and 3.15. Thus we get:

∂Fz
∂αi

=
Ne∑
j=1

∫
Tj

∂p

∂αi
dA (3.21)

∂Mpitch

∂αi
=

Ne∑
j=1

∫
Tj

∂p

∂αi
· x dA (3.22)

∂Mroll

∂αi
=

Ne∑
j=1

∫
Tj

∂p

∂αi
· y dA (3.23)



3.3. IMPACT FORCES 29

3.3.6 Radius of effect

The K in the system of equations obtained from the above described procedure

(Eqn. 3.11) is full, typically with no zero terms. This is because contact pressure at one

location will cause deformation at all other locations on the contact region. This makes

the process of forming the equations very expensive. To reduce this computation, we can

make the assumption that the contact pressure at one location will only cause a deformation

within a radius re around it, which we refer to as the ‘radius of effect’. This simplification

significantly cuts down the computation time for the contact pressures. The effect of this

parameter re (normalized with respect to indenter size, a0) on the contact force is plotted

in Fig. 3.5 for a flat-end circular indenter indenting on a half plane. We find that the

error in the net contact force is about 35% for re = 0.5a0 and reduces to less than 12% for

re = 0.8a0. This simplification also makes the matrix K sparse. This sparsity can also be

exploited during the solution of the system of equations.

3.3.7 Solution comparison

In this section, we compare the results of the new method with exact analytical

solutions for problems of an axisymmetric punch [Fu and Chandra, 2002]. Meshes for the

boundary element method are generated using Triangle [Shewchuk, 1996].

Flat-end circular indenter

The pressure profile for a flat-ended circular indenter is given by:

p(r) = −a0

π
· E

1− ν2
· 1√

a2 − r2
(3.24)
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where a0 is the penetration depth and a is the radius of the indenter. The exact and BEM

impact pressure profiles are plotted in Fig. 3.6. We observe that the two solutions are in

good agreement.

Parabolic indenter

Consider a parabolic indenter where the vertical displacement profile is defined as:

d(r) = a0 + a2r
2 (0 ≤ r ≤ a) (3.25)

where a is again the radius of the indenter. Figure 3.7 shows a plot of the radial pressure

profile under a parabolic indenter for various penetration depths. The middle set of curves

shows critical complete contact, wherein there is no singularity at the indenter edge and

for the top set of curves, penetration depth is larger than the critical depth and there is a

square root singularity at the indenter edge in the analytical solution. In Fig. 3.8, we plot

the total force under the indenter. We observe that the BEM based model agrees well with

the analytical solution.

Hard disk air bearing slider

Figure 3.9 shows the geometry of the air bearing surface of a hard disk slider. The

CML Finite Element Dynamic Air Bearing simulator is a computer program used to solve

the air bearing equations for such a slider [Bhargava and Bogy, 2007a]. Figure 3.10 shows a

mesh used for the solution of the generalized Reynolds equation over the slider. We use the

same mesh in the program for the solution of contact pressures. Figures 3.11-3.13 plot the
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impact pressures for varying slider attitudes. We see that the peak pressures are observed

at the edges of the interfering rails and not in areas of maximum penetration (as expected).

The forces and moments calculated by integrating the pressures are included in the dynamic

simulations to calculate the accurate response of the slider during head-disk contacts.

3.4 Discussion

A new boundary element method based quasi-static impact model is developed

for slider-disk impacts in hard disk drives. The model is used to calculate impact forces as

well as impact stiffness, and it is used in the CML FE Dynamic Air Bearing simulator to

accurately model slider-disk impacts. The impact pressures calculated are compared with

analytical solutions and are found to be in good agreement.
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3.5 Figures
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Figure 3.1: The Boussinesq problem
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Figure 3.2: Slider disk contact
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Figure 3.6: Radial pressure profile for a rigid flat-end circular indenter
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Figure 3.8: Total contact force for a rigid parabolic circular indenter
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Figure 3.9: Slider profile
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Figure 3.10: Finite element mesh
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Figure 3.11: Pressure profile during Slider-disk contact 1

Figure 3.12: Pressure profile during Slider-disk contact 2
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Figure 3.13: Pressure profile during Slider-disk contact 3
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Chapter 4

Fluid static modeling

4.1 Introduction

The hard disk drive industry continually faces a demand for higher data areal

densities and access speeds. This in turn translates into a need for lower fly heights for the

read/write heads. The lower fly heights and the demand for increased reliability forces the

design of extremely complex slider geometries with steep etches that define the air bearing

surface shapes. In order to evaluate such designs, there is a need for fast, reliable simulations

of their flying characteristics. Thus there is a need for a simulation program which can solve

for the flying attitudes of complicated slider designs as quickly as possible.

Before considering the transient solution for the air bearing, we first look at the

behavior of the air bearing slider in the steady state for two reasons:

1. The primary criterion used to evaluate the design of any air bearing slider are the

attitude of the slider in the steady state and the stiffness of the air bearing.
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2. The solution to the steady state problem is often used as an initial condition to many

dynamic problems such as shock and slider unloading. Hence the solution to the

steady state problem is important. The alternative of solving a transient analysis

until steady state is reached is a very expensive proposition.

4.2 Previous Work

The problem of obtaining the static fly height of hard disk drive air-bearing sliders

has previously been solved by various researchers in academia and industry. An excellent

survey of these works was presented by Holani and Müftü [2005]. These studies have used

the finite difference [White and Nigam, 1980; Castelli and Pirvics, 1968], finite volume

[Hu and Bogy, 1995; Wu and Bogy, 2000; Cha and Bogy, 1995] and finite element [Smith,

Wahl, and Talke, 1995; Garcia-Suarez, Bogy, and Talke, 1984; Hendricks, 1988; Kubo,

Ohtsubo, Kawashima, and Marumo, 1988; Peng and Hardie, 1995] methods for solving this

problem. The equilibrium attitude of the slider depends on the suspension forces acting on

the slider and the air pressure due to the air-bearing. Various methods have been proposed

to accomplish the coupling between the two sets of equations (structural and air-bearing).

One such approach includes the dynamic effects of the air bearing (i.e. the squeeze term

for the Reynolds equation and inertial effects for the slider) [Tang, 1972; Ono, 1972; White

and Nigam, 1980; Miu and Bogy, 1986; Ruiz and Bogy, 1990; Cha and Bogy, 1995]. The

steady state flying attitude is found by computing the transient solution until a steady state

condition has been achieved. Another completely different approach obtains the coupled

solution by formulating the problem for the steady state by neglecting the time-dependent
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terms [Yamaura and Ono, 1990; Choi and Yoon, 1994; Smith et al., 1995]. As stated by

Holani and Müftü [2005], probably the most challenging problem with numerical methods

is the need to discretize a continuous domain into one with finite discrete parameters.

The finite difference method typically requires a structured mesh and is thus limited in

its mesh refinement capabilities. Wu and Bogy [2000] presented a finite volume method

with unstructured triangular meshing to solve the Generalized Reynolds Equation. A finite

element method does not require a structured mesh. This offers a major advantage in that

it renders the method highly suitable for local adaptive mesh refinement using geometry

and pressure gradients.

In this paper we present a new formulation for dealing with the inverse problem

wherein the nonlinear structural-fluid coupling is linearized along with the Reynolds equa-

tion to solve just one set of iterations, instead of two (solving for the slider attitude in one,

and solving the nonlinear Reynolds equation in the other). We also present a new method

of obtaining air bearing stiffness wherein the exact stiffness matrix is obtained by solving a

set of 3 linear problems, as opposed to the conventional perturbation method where three

nonlinear systems are required to solve for the directional stiffness and 6 nonlinear systems

are needed to solve for centered stiffness matrices. We also present a new hybrid strategy for

mesh refinement which uses pressure gradient and pressure gradient discontinuities across

elements to give rapid spatial grid convergence.
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4.3 Methodology

4.3.1 Governing equations

When the slider is flying on the disk, it’s motion if governed by the following

equation:

M ẍ + C ẋ + K x + Fsusp = Fabs(x, ẋ) + Fcon(x) (4.1)

where x is the vector of the 6 degrees of freedom of the slider, namely displacements and

rotations in the x, y and z directions. To calculate the steady state (static) flying attitude,

we neglect the time dependent terms, to get:

K x + Fsusp = Fabs(x) + Fcon(x) (4.2)

The air-bearing force is calculated by integrating the air-pressure and the shear

stress under the slider. The Generalized Reynolds Equation is solved to get the pressure

field. However the spacing between the slider and the disk is extremely small (of the order

of a few nm, which is much less than the mean free path of air). Under these conditions,

the continuum assumption for the air and the no-slip boundary conditions are no longer

valid. Hence the Reynolds equation is modified to include rarefaction and slip effects. The

modified Generalized Reynolds Equation can be written in the following form in terms of

dimensionless variables, P = p/p0 (pressure normalized with respect to the ambient pressure

p0), H = h/hm (slider-disk clearance normalized with respect to a nominal spacing hm) and

T = ωt (time non-dimensionalized with respect to the angular velocity of the disk ω):

∇ · (Q PH3 ∇P ) = Λ · ∇(PH) + τ
∂

∂T
(PH) (4.3)
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where ∇ = ∂
∂XEX + ∂

∂Y EY is the gradient operator with respect to the normalized coor-

dinates X = x/L and Y = y/L where L is the characteristic length scale for the slider.

The non-dimensional vector Λ is the bearing number defined as Λ = 6µUL
p0h2

m
, where µ is the

dynamic viscosity of air and U is the velocity of the disk. The squeeze number τ is defined

as τ = 12µωL2

p0h2
m

. It represents the ratio of transient effects to the diffusion effects in the prob-

lem. The factor Q is the modification to the continuum Generalized Reynolds Equation for

incorporating slip and rarefaction effects. Various formulae have been proposed for Q to

implement rarefaction and slip effects. A good discussion of the various models has been

given by Wu [2001]. Values of the parameter Q for different models are briefly listed in

Table 4.1.

Table 4.1: Rarefaction and slip models

Model Flow Factor Q

Continuum model 1
First order slip model 1 + 6aKn

PH

Second order slip model 1 + 6Kn
PH + 6

(
Kn
PH

)2
Fukui-Kaneko model f

(
Kn
PH

)

In the table above, a = 2−α
α , where α is the accommodation factor and Kn = λ

hm

is the Knudsen number, λ being the mean free path of air. The function f
(
Kn
PH

)
is given

by Fukui and Kaneko [1990]. To calculate the steady state pressure distribution over the

slider, we neglect the time dependent terms to get the steady state generalized Reynolds

equation:

∇ · (Q PH3 ∇P ) = Λ · ∇(PH) (4.4)

The above equation is solved over the domain of the slider (denoted by S) with
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the boundary conditions of ambient pressure (P = 1) at the edges of the slider to get the

pressure distribution over the slider.

4.3.2 The Weak Form

To derive the weak form of Eqn. 4.4, we multiply the equation by a test function

v, integrate over the domain S and use the divergence theorem to get:

∫
S
∇v · (Q PH3 ∇P ) dA +

∫
S
v Λ · ∇(PH) dA−

∫
∂S
v (Q PH3 ∇P ) · n dS = 0 (4.5)

The above equation along with the boundary condition P = 1 over ∂S is the weak

form of Eqn. 4.4 and can be solved to give the pressure field over the slider S. We decompose

the domain of the slider S into a finite number of triangular domains called ‘elements’, such

that:

S =
Ne⋃
i=1

Ti || Ti ∩ Tj = ∅ for i 6= j (4.6)

Writing the weak form Eqn. 4.5 over each element Ti, we have:

∫
Ti

∇v · (Q PH3 ∇P ) dA +
∫
Ti

v Λ · ∇(PH) dA−
∫
∂T i

v (Q PH3 ∇P ) · n dS = 0 (4.7)

Now since pressure boundary conditions are being applied to the boundary of the

slider (i.e. pressure is known on ∂S), we set v = 0 over ∂S. Thus we have:

∫
Ti

∇v · (Q PH3 ∇P ) dA +
∫
Ti

v Λ · ∇(PH) dA−
∫
∂T i\∂S

v (Q PH3 ∇P ) · n dS = 0 (4.8)

This is the elemental weak form of the equation.
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4.3.3 The Forward Problem

In the forward problem the objective is to find the pressure distribution given the

attitude of the slider. Since the attitude is specified and the slider profile is known, H over

the slider S is known, thus the only unknown in the problem is P over the slider S.

Linearization

To solve the nonlinear forward problem by the Newton Raphson method, Eqn. 4.8

needs to be linearized with respect to the pressure P. Writing P = P0 + ∂P and retaining

only the linear terms in ∂P we get:

∫
Ti

∇v · (Q P0H
3 ∇P0 +Q P0H

3 ∇∂P +Q ∂PH3 ∇P0) dA

+
∫
Ti

v Λ · (H ∇P0 + P0 ∇H +H ∇∂P + ∂P ∇H) dA

−
∫
∂T i\∂S

v (Q P0H
3 ∇P0 +Q P0H

3 ∇∂P +Q ∂PH3 ∇P0) · n dS = 0 (4.9)

The above equation gives the linearized form of the elemental weak form. The

linearized form will later be formulated in the form of Newton’s iterations to obtain the

solution to the nonlinear problem.

Finite element discretization

In order to solve the pressure field problem numerically, we approximate it by

assuming the form:

P =
Nn∑
i=1

Piφi (4.10)
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where Pi are the unknowns and φi are basis functions. We use piecewise linear functions

over triangular elements as our basis functions (see Fig. 4.3) where the Pi correspond to

the values of the pressure at the vertices of the elements (i.e. the nodes). Locally over each

element, for our bilinear basis functions, we have P = Piφ
e
i for i = 1, 2, 3, where φei are

the local basis functions corresponding to node i. We denote the nodal pressures and basis

functions for each element by the vectors Pe = Pi and φe = φi. Thus P = φeTPe. The

pressure gradient becomes ∇P = BeTPe where Be =
{
∂φe

i
∂X

∂φe
i

∂Y

}
.

For the test functions, we use a different set of basis functions φ̃i, such that:

v =
Nn∑
i=1

viφ̃i (4.11)

Locally over each element, again we have v = viφ̃
e
i for i = 1, 2, 3 where φ̃ei are the

local test basis functions corresponding to node i. We denote the nodal test function value

and basis functions for each element by the vectors ve = vi and φ̃
e

= φ̃i. Thus v = φ̃
eT

ve.

The gradient of the test function becomes ∇v = BeTve, where Be =
{
∂φi

e

∂X
∂φ̃e

i
∂Y

}
.

Substituting these into Eqn. 4.9, we get:

∫
Ti

(
BeTve

)T
(Q P0H

3 ∇P0 +Q P0H
3 BeT∂Pe +Q φeT∂PeH3 ∇P0) dA

+
∫
Ti

φ̃
eT

ve Λ · (H ∇P0 + P0 ∇H +H BeT∂Pe + φeT∂Pe ∇H) dA

−
∫
∂T i\∂S̃

φ
eT

ve (Q P0H
3 ∇P0 +Q P0H

3 BeT∂Pe +Q φeT∂PeH3 ∇P0) · n dS = 0 (4.12)
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Collecting the terms we can rewrite this as:

veT
[∫
Ti

(QP0H
3 BeBeT +QH3 Be∇P0 φ

eT +H φ̃
e
ΛTBeT + φ̃

e
ΛT∇H φeT ) dA

]
∂Pe

+ veT
[∫
Ti

(QP0H
3 Be∇P0 +H φ̃

e
ΛT∇P0 + P0φ̃

e
ΛT∇H) dA

]
− veT

∫
∂T i\∂S̃

φ
e

(Q P0H
3 ∇P0 +Q P0H

3 BeT∂Pe +Q φeT∂PeH3 ∇P0) · n dS = 0 (4.13)

Since the test functions are arbitrary, Eqn. 4.12 reduces to:

Ke ∂Pe −Re −
∫
∂T i\∂S̃

φ
e

(Q P0H
3 ∇P0 +Q P0H

3 BeT∂Pe +Q φeT∂PeH3 ∇P0) · n dS = 0

(4.14)

where Ke and Re are the element stiffness matrix and element flux vector defined as:

Ke =
∫
Ti

(QP0H
3 BeBeT +QH3 Be∇P0 φ

eT +H φ̃
e
ΛTBeT + φ̃

e
ΛT∇H φeT ) dA (4.15)

Re = −
∫
Ti

(QP0H
3 Be∇P0 +H φ̃

e
ΛT∇P0 + P0φ̃

e
ΛT∇H) dA (4.16)

Assembly

In order to obtain the complete pressure profile over the slider S, Eqn. 4.13 needs

to be simultaneously solved over all of the elements. Thus the equations are assembled

to form the global stiffness matrix and the global flux vector. During assembly, the flux

discontinuities between the elements, accounted for by the third term in Eqn. 4.13, are

neglected and hence the global system of equations is obtained as:

K ∂P = R (4.17)

where, K =
Ne

A
i=1

Ke , ∂P =
Ne

A
i=1

∂Pe and R =
Ne

A
i=1

Re, and A is the assembly operator.
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Solution

The above method is implemented as an iterative Newton scheme with line search

to ensure rapid convergence. The resulting system of equations obtained at each iteration

is sparse, but not ordered and has a large bandwidth (see Fig. 4.4). In a previous study

Dutto [1993] found that the Reverse Cuthill McKee algorithm gives good orderings which

result in rapid convergence using the ILU(0) (Incomplete LU with no fill-in) preconditioned

GMRES (Generalized Minimum Residual) methods for solving the compressible Navier

Stokes equations. Hence we use the Reverse Cuthill McKee algorithm [see Quarteroni,

Sacco, and Saleri, 2000] for bandwidth reduction to obtain a banded matrix (as in Fig. 4.5).

The system is then solved using the ILU(0) Preconditioned Restarted GMRES Method [see

Saad, 2003] with adaptive subspace selection.

Calculation of forces, moments

Once the pressure field over the slider has been determined, the forces and moments

about the pivot location can be determined by simply integrating the pressures over the

elements using the following relations:

Fz = p0L
2
Ne∑
j=1

∫
Tj

P dA = CT
Fz

P (4.18)

Mpitch = p0L
3
Ne∑
j=1

∫
Tj

P ·X dA = CT
Mpitch

P (4.19)

Mroll = p0L
3
Ne∑
j=1

∫
Tj

P · Y dA = CT
Mroll

P (4.20)
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where the coefficient vectors CFz , CMpitch
and CMroll

are defined as:

CFz = p0L
2
Ne

A
i=1

∫
Ti

φe dA (4.21)

CMpitch
= p0L

3
Ne

A
i=1

∫
Ti

Xφe dA (4.22)

CMroll
= p0L

3
Ne

A
i=1

∫
Ti

Y φe dA (4.23)

4.3.4 Inverse problem

In the inverse problem the net forces and moments on the slider are known and

the pressure distribution and the flying attitude of the slider are to be determined. The

inverse problem can be solved in two ways, 1) by linearizing Eqn. 4.2 and solving a series

of forward problems, or, 2) by linearizing Eqn. 4.8 along with Eqn. 4.2 and solving the

resulting system. The first method requires two levels of iterations, the first one to solve

the linearized version of Eqn. 4.2 and the second level to solve the forward problem at each

of iteration. The second method on the other hand requires just one level of iterations,

which however are more difficult to solve and take longer to converge.

4.3.5 Inverse Problem Method 1: Series of Forward Problems

Linearizing the governing equation Eqn. 4.2 about x0, we get the following equa-

tion:

K ∂x−Kabs ∂x + Kcon ∂x = Fabs(x0) + Fcon(x0)−K x− Fsusp (4.24)

where Kabs and Kcon are the air-bearing and contact stiffnesses of the slider-disk interface.
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Equation 4.24 can be formulated in an iterative form and the solution to the resulting

problem will involve solving the forward problem (at x0) along with the air-bearing stiffness

matrix. Solution of the forward problem has already been discussed in the previous section.

Air bearing stiffness calculation

The air-bearing stiffness matrix is defined as the change in forces and moments

of the air-bearing due to changes in the flying attitude of the slider. To determine these,

we need to find the change in pressure P due to changes in the attitude of the slider. The

clearance H depends on the attitude of the slider as:

H =
1
hm

(detch + zpivot +XL · θpitch + Y L · θroll) = H(zpitch, θpitch, θroll) (4.25)

where detch is the etch depth, zpivot is the z-height of the pivot location, θpitch is the pitch

angle and θroll is the roll angle, and X and Y are the coordinates of the point measured

from the pivot location (see Fig. 4.2). We can write the weak form of the time-independent

Generalized Reynolds equation, Eqn. 4.5 as:

ϑ(P,H) = 0 (4.26)

Differentiating with respect to zpivot, we get:

dϑ(P,H)
dzpivot

=
∂ϑ(P,H)
∂H

· ∂H

∂zpivot
+
∂ϑ(P,H)

∂P
· dP

dzpivot
= 0 (4.27)

⇒ dP
dzpivot

=
[
∂ϑ(P,H)

∂P

]−1{∂ϑ(P,H)
∂H

· ∂H

∂zpivot

}
(4.28)
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Similarly differentiating with respect to θpitch and θroll, we obtain:

dP
dθpitch

=
[
∂ϑ(P,H)

∂P

]−1{∂ϑ(P,H)
∂H

· ∂H

∂θpitch

}
(4.29)

dP
dθroll

=
[
∂ϑ(P,H)

∂P

]−1{∂ϑ(P,H)
∂H

· ∂H
∂θroll

}
(4.30)

Substituting the finite element interpolations (Eqns. 4.10, 4.11) and evaluating the

expressions above, we get:

{
dP

dzpivot

}
=
[

K
]−1

{
∂R

∂zpivot

}
(4.31){

dP
dθpitch

}
=
[

K
]−1

{
∂R

∂θpitch

}
(4.32){

dP
dθroll

}
=
[

K
]−1

{
∂R
∂θroll

}
(4.33)

where K is the global stiffness matrix and the vectors ∂R
∂zpivot

, ∂R
∂θpitch

and ∂R
∂θroll are defined

as:

{
∂R

∂zpivot

}
= − 1

hm

Ne

A
i=1

∫
Ti

(3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0) dA (4.34)

{
∂R

∂θpitch

}
= − L

hm

Ne

A
i=1

∫
Ti

(3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0) ·X dA (4.35)

{
∂R
∂θroll

}
= − L

hm

Ne

A
i=1

∫
Ti

(3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0) · Y dA (4.36)

The terms of the 3× 3 stiffness matrix can then be evaluated as:

Kabs =


CT
Fz

{
∂R

∂zpivot

}
CT
Mpitch

{
∂R

∂zpivot

}
CT
Mroll

{
∂R

∂zpivot

}
CT
Fz

{
∂R

∂θpitch

}
CT
Mpitch

{
∂R

∂θpitch

}
CT
Mpitch

{
∂R

∂θpitch

}
CT
Fz

{
∂R
∂θroll

}
CT
Mpitch

{
∂R
∂θroll

}
CT
Mroll

{
∂R
∂θroll

}

 (4.37)
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Thus the stiffness is obtained by the solution of three extra linear systems. How-

ever this is not computationally very expensive even with iterative methods (where the

system matrix K has not been factorized) since preconditioners for K will already have

been evaluated.

Solution

The equation of motion is solved using the Newton Raphson method by repeatedly

solving the linearized equation. The forward problem is solved at each iteration. Again we

use line search to speed up convergence of the iterations. Stiffness calculations for the air

bearing are made after every few iterations (and when line-search fails) with symmetric

Broyden updates of rank-2 after each iteration. This avoids wasting too much time on cal-

culating the stiffness matrix at each iteration, while still maintaining a good approximation

of the stiffness matrix at each iteration.

4.3.6 Inverse Problem Method 2: Fully linearized system

The second method for solving the inverse problem is to linearize the governing

equation Eqn. 4.2 and the Reynolds equation together, and then solve only one level of

iterations.
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Linearization

Consider again the elemental weak form of the Generalized Reynolds equation,

Eqn. 4.8. Linearizing with respect to {P,H} about {P0, H0}, we get:

∫
Ti

∇v · (Q P0H
3
0 ∇P0 +Q P0H

3
0 ∇∂P +Q ∂PH3

0 ∇P0 + 3Q P0H
2
0 ∂H ∇P0) dA

+
∫
Ti

v Λ · (H0 ∇P0 + P0 ∇H0 +H0 ∇∂P + ∂P ∇H0 + ∂H ∇P0 + P0 ∇∂H) dA

−
∫
∂T i\∂S

v (Q P0H
3
0 ∇P0 +Q P0H

3
0 ∇∂P +Q ∂PH3

0 ∇P0 + 3Q P0H
2
0 ∂H ∇P0) · n dS = 0

(4.38)

The above equation is referred to as the ‘fully linearized’ form of the elemental

weak form.

Finite element discretization

Substituting the discrete forms of the pressure (Eqn. 4.10) and the test functions

(Eqn. 4.11), we obtain:

∫
Ti

(
BeTve

)T
(Q P0H

3
0 ∇P0+Q P0H

3
0 BeT∂Pe+Q φeT∂PeH3

0 ∇P0+3Q P0H
2
0 ∂H ∇P0) dA

+
∫
Ti

φ̃
eT

ve Λ · (H0 ∇P0 +P0 ∇H0 +H0 BeT∂Pe+φeT∂Pe ∇H+∂H ∇P0 +P0 ∇∂H0) dA

−
∫
∂T i\∂S̃

φ
eT

ve (Q P0H
3
0 ∇P0+Q P0H

3
0 BeT∂Pe+Q φeT∂PeH3

0 ∇P0+3Q P0H
2
0 ∂H0 ∇P0)·n dS = 0

(4.39)

Now using the definition of H in Eqn. 4.25, we can rewrite ∂H and ∇∂H as:

∂H =
1
hm

(∂zpivot +XL · ∂θpitch + Y L · ∂θroll) = CT
H∂x (4.40)

∇∂H =
L

hm
(∂θpitch EX + ∂θroll EY ) = CT

∇H∂x (4.41)
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where CH = 1
hm

{
1 XL Y L

}T
and x =

{
zpivot θpitch θroll

}T
and C∇H = L

hm

 0 1 0

0 0 1


T

.

Thus we get:

Ke
full

{
∂PeT ∂xT

}T
−Re

full−∫
∂T i\∂S̃

φ
e

(Q P0H
3
0 ∇P0+Q P0H

3
0 BeT∂Pe+Q φeT∂PeH3

0 ∇P0+3Q P0H
2
0 ∂H ∇P0)·n dS = 0

(4.42)

where Ke
full and Re

full are the element stiffness matrix and element flux vector defined as:

Ke
full =

[
Ke
P Ke

H

]
(4.43)

Ke
P =

∫
Ti

(Q P0H
3
0 BeBeT +Q H3

0 Be∇P0 φ
eT +H0 φ̃

e
ΛTBeT + φ̃

e
ΛT∇H φeT ) dA

Ke
H =

∫
Ti

(3Q P0H
2
0 BeBeT∇P0 CH + φ̃

e
ΛT∇P0 CH + P0 φ̃

e
ΛT C∇H) dA

Re
full = −

∫
Ti

(QP0H
3
0 Be∇P0 +H0 φ̃

e
ΛT∇P0 + P0φ̃

e
ΛT∇H0) dA (4.44)

Assembly

After assembling the set of equations in Eqn. 4.42, we get a system of Nn equations

in Nn + 3 unknowns. We need 3 more equations to determine the solution of the system.

These three equations are the linearized governing equations (Eqn. 4.24) in the zpivot, θpitch

and θroll directions. Thus we end up with the following system of equations: KP KH

Cabs Keff




∂P

∂x

 =


Rfull

RH

 (4.45)
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where:

KP =
Ne

A
i=1

Ke
P (4.46)

KH =
Ne

A
i=1

Ke
H (4.47)

∂P =
Ne

A
i=1

∂Pe (4.48)

Rfull =
Ne

A
i=1

Re
full (4.49)

Cabs =
{

CFz CMpitch
CMroll

}
(4.50)

Keff = Ksusp + Kabs + Kcon (4.51)

RH = CT
absP0 + Fcon(x0)−Ksuspx0 − Fsusp (4.52)

Solution

The formulation described above is again implemented using a Newton Raphson

iterative scheme. The resulting system of equations at each iteration is also sparse, however

the equations corresponding to the balance of forces/moments are full and the coefficients

corresponding to the slider attitude are nonzero for all of the equations. Hence after the

application of the Reverse Cuthill McKee algorithm, we end up with an ‘arrowhead’ matrix

(see Fig. 4.6). For simplicity, the arrowhead matrix is also solved using the preconditioned

GMRES algorithm used for the forward problem and the inverse problem solved using

method 1. The method is found to be slower than method 1 using this algorithm, however
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it is expected to be faster using either a direct method or a preconditioner which exploits

the structure of the matrix.

4.3.7 Streamline Upwind/Petrov-Galerkin formulation

The finite element method makes use of a weighted residual formulation to arrive at

a system of equations. The most common type of weighting used is the Galerkin method,

wherein the basis functions for the pressure P and the test functions v are the same.

However, it is observed that when the Galerkin method is applied to convection dominated

convective-diffusive equations, the system matrices are non-symmetric due to the convection

terms. This leads to a loss of the ‘best approximation’ property and the resulting solutions

are often corrupted by spurious oscillations (see Fig. 4.7(a)). One way to eliminate these

oscillations is by refining the mesh such that convection no longer dominates on the element

level. But this refinement is needlessly expensive. It was discovered that the spurious

oscillations can be removed by using ‘upwind’ methods which amounts to adding artificial

diffusion in the streamline direction. Probably the most successful of the upwinding schemes

is the Streamline upwind/Petrov-Galerkin (SUPG) formulation presented by Brooks and

Hughes [1982]. They present a formulation in which the standard Galerkin functions are

modified by adding a streamline upwind perturbation. We shall use the SUPG formulation

for our finite element method. With the basis φ̃ for our test function v is modified to:

φ̃ = φ+ k̃
u · ∇φ
||u||2

(4.53)
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and where for our problem u and k̃ are defined as,

u = HΛ− 2Q H3 ∇P − 3Q PH2 ∇H (4.54)

k̃ =
||u|| h

2
ξ̃ (4.55)

ξ̃ = coth(α)− 1
α

(4.56)

α =
||u|| h

2Q H3P
(4.57)

where α is the Peclet number and h is the characteristic element length as shown in Fig. 4.8.

4.3.8 The force norm

For the analysis to be carried out in the subsequent sections of this chapter, we

define a new norm: the force norm. The force norm is a weighted norm that can be directly

used to correlate fields (pressures etc.) to their integrals over the domain S (forces etc.).

The force norm is defined as:

|ζ|F = p0L
2
Ne∑
j=1

∫
Tj

|ζi| φei dA ≈ CT
Fz
|ζ| (4.58)

4.4 Numerical Simulations

4.4.1 Meshing

Mesh Generation

Meshes for the sliders are generated using TRIANGLE, a robust 2D triangular

mesh generator developed by Shewchuk [1996]. In order to ensure that errors in the solutions

are small, the mesh is automatically refined based on certain criteria have been proposed
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and tested. Refinement and regeneration of the meshes is also done using TRIANGLE.

The coarsest level meshes are generated such that the element edges conform to the slider’s

rail and wall geometries. Coarse level meshes for two slider designs are shown in Fig. 4.9.

Various criteria for refinement are investigated in section 4.4.4.

Solution prolongation

Our formulation is based on the Newton Raphson scheme, which requires an initial

guess of the pressure for the solution. For the coarsest mesh, we use ambient pressure as

the initial guess. However when meshes are refined, using ambient pressure as the initial

guess is wasteful because we already have the converged solution on the coarse mesh. Hence

the solution is projected from the coarse mesh onto the fine mesh. Since the solution is

only an initial guess for the finer mesh, we use simple linear interpolation over the coarse

elements to determine nodal pressure values over the fine mesh. The problem then reduces

to determining which element of the coarse mesh contains any given node of the new mesh.

This is accomplished by a greedy algorithm which moves across adjoining elements using

the distance between the fine mesh node and the coarse element centroid as a cost function.

This algorithm is simple and fast and a solution is guaranteed since in the worst case all of

the triangles on the coarse mesh will be traversed.

4.4.2 Implementation

The formulations described above were implemented in C++ and studies were

carried out to investigate grid convergence. The code is available for CML members to

download from the Computer Mechanics Lab website (http://cml.me.berkeley.edu).
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4.4.3 Forward problem

Three slider designs are simulated for increasing grid sizes. These are the flat

slider, the 2-rail slider and Slider 1 shown in Figs. 4.10, 4.11 and 4.12. The operating

attitudes of the three designs are listed in Table 4.2. The grid used for each of the meshes

is a uniform triangular grid.

Figure 4.13 shows plots of the resultant pressure force and pitch-moment for the

flat slider. In Fig. 4.14, we plot the error at each level. The error is computed by calculating

the pressure profile at a very fine grid and treating it as the exact solution. Data points for

fine meshes are neglected since they appear to be too close to the mesh used for calculating

the error. We see that the order of accuracy is close to 1.1 for both the force and the

pitch-moment. The pressure profile for the flat slider can be seen in Fig. 4.15, where we

observe a very large pressure gradient near the trailing edge of the slider which increases the

interpolation error in the solution, causing the solution to have a low order of convergence.

Figure 4.16 shows plots of the resultant pressure force and pitch-moment for the 2-rail slider.

In Fig. 4.17, we plot the error at each level. The pressure profile for the 2-rail slider can

be seen in Fig. 4.18. Again we see a large pressure gradient near the trailing edge of the

slider however this is restricted to one corner of the slider. The rest of the pressure profile

appears smooth. Hence an order of convergence of 1.2 is observed numerically. Figure 4.19

shows plots of the resultant pressure force and pitch-moment for slider 1. In Fig. 4.20, we

plot the error at each level. The pressure profile for slider 1 can be seen in Fig. 4.21. No

large pressure gradients are observed and hence an order of convergence of 1.5 is observed

numerically.
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Thus we see that the order of convergence of the solution for our problem is strongly

dependent on the slider geometry and the operating parameters of the slider. However the

grid convergence discussed in this section is for a uniform mesh. We can artificially enhance

grid convergence by using selective mesh refinement to refine only areas of the slider where

the error is high. This will be discussed in the next sub-section.

4.4.4 Refinement strategies

In this section we will study various refinement strategies for the mesh so as to

obtain the most accurate solution with the fewest number of nodes. We will use the slider

design shown in Fig. 4.22 to show how the error changes with various meshing strategies.

The error is calculated by assuming that the solution calculated on a very fine mesh is

the exact solution. The operating parameters for the slider are tabulated in Table 4.3

and the pressure profile under the slider is plotted in Fig. 4.23. We use the same coarse

level mesh for all the refinement cases. The coarse level mesh is a uniform mesh with a

maximum element area of 5× 10−4 (nondimensionalized with respect to L2). The error in

the coarsest mesh and the associated mesh are shown in Figs. 4.24 and 4.25 respectively.

Table 4.2: Slider attitudes for grid convergence studies

Flat 2-Rail Slider 1

Nominal FH (nm) 15 15 20
Pitch (µrad) 150 150 200
Roll (µrad) 0 0 1

Radius (mm) 23 23 32
Skew (◦) -9.1 -9.1 0.0

RPM 10K 10K 10K
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In the following sections we will present briefly a study of various refinement strategies.

Although there are many parameters that can be adjusted to control refinement, such as

refinement thresholds and refinement factors, we will only present representative cases for

each refinement strategy.

Table 4.3: Slider parameters for mesh refinement study

Refinement slider

Nominal FH (nm) 6
Pitch (µrad) 150
Roll (µrad) 0

Radius (mm) 23
Skew (◦) -9.1

RPM 10K

Pressure based refinement

The value of the steady state pressure can be used as a refinement criterion to

refine the coarse level mesh. This leads to the mesh being refined in areas with higher

pressures. The rationale behind using this refinement scheme is that areas with higher

pressures contribute more to the forces and moments and hence need to be resolved more

accurately than regions with lower pressures.

θpres =
∫
Ti

|P | dA (4.59)

The errors obtained by using this refinement technique are plotted in Fig. 4.26 for

two levels of refinement. The associated meshes are plotted in Fig. 4.27.
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Clearance based refinement

The clearance under the slider at the steady state can be used as a refinement

criterion to refine the coarse level mesh. Thus areas which are closer to the disk (rails and

areas closer to the trailing edge) will have a finer mesh than other areas. The rationale here

is that areas closer to the disk typically have high pressure and may have higher errors.

θspacing =
1∫

Ti
H dA

(4.60)

The estimated errors when using this technique for refinement are plotted in

Fig. 4.28 for two levels of refinement. The associated meshes are plotted in Fig. 4.29.

Pressure gradient based refinement

The pressure gradient under the slider at the steady state can be used as a re-

finement criterion to refine the coarse level mesh. Thus areas which have large pressure

gradients (typically near the trailing edge pads on the slider) will have a finer mesh than

other areas.

θ∇P =
∫
Ti

|∇P | dA (4.61)

The estimated errors when using this technique for mesh refinement are plotted in

Fig. 4.30 for two levels of refinement. The associated meshes are plotted in Fig. 4.31.

Flux jump based refinement

The pressure flux jumps under the slider at the steady state can also be used as

a refinement criterion to refine the coarse level mesh. In some sense this measure is repre-

sentative of the interpolation error of the solution. Thus areas which have large pressure



4.4. NUMERICAL SIMULATIONS 63

flux discontinuities will have a finer mesh than other areas. We observe that the flux jump

terms across the elements were neglected during the assembly of the system equations and

hence a larger flux jump term may be an indicator of larger error.

θ[|∇P |] =
∣∣hi (∇P+ −∇P−

)
· n
∣∣ (4.62)

The estimated errors using this technique are plotted in Fig. 4.32 for two levels of

refinement. The associated meshes are plotted in Fig. 4.33.

Streamwise clearance gradient based refinement

Next we can also use the streamwise clearance gradient of the slider at the steady

state as a refinement criterion to refine the coarse level mesh. Thus areas which have steep

clearance gradients (such as on the walls) will have a finer mesh than other areas.

θ∇H·λ =
∫
Ti

|Λ · ∇H|
|Λ|

dA (4.63)

The estimated errors using this technique are plotted in Fig. 4.34 for two levels of

refinement. The associated meshes are plotted in Fig. 4.35.

Residual

Finally we explore the strategy wherein the residual of the nonlinear Reynolds

equation is used as a refinement criterion to refine the coarse level mesh. Thus areas with

higher residuals are used as an indication of higher error and to generate refined meshes.

θRe =
∫
Ti

|Ren+1| dA (4.64)
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The estimated errors using this technique are plotted in Fig. 4.36 for two levels of

refinement. The associated meshes are plotted in Fig. 4.37.

The grid convergence for the refinement slider (shown in Fig. 4.22 for each of the

refinement strategies discussed above is plotted in Fig. 4.38. We see that convergence is

most rapid when the pressure gradient and the flux jumps are used as refinement criteria.

Convergence is slower when the residual and streamwise clearance gradient are used as

criteria. Convergence is slowest when pressure is used as a refinement criterion. However

when the clearance is used as a refinement criterion, the solution does not converge to the

correct value for the grid sizes simulated. This is because errors towards the leading edge

of the slider do not get reduced quickly enough.

In Figs. 4.39 and 4.40, we plot the grid convergence for slider 1 (shown in Fig. 4.12)

and slider 2 (shown in Fig. 4.41), respectively. A similar convergence behavior is observed

as for the refinement slider, with convergence being fastest when pressure gradients and flux

jumps are used as the refinement criteria. Looking at the error plots in Figs. 4.26-4.36, we

observe that most of the error is concentrated in regions of high pressure gradients, which

is often observed in areas with steep clearance gradients, such as along walls of rails, and

more so towards the trailing edge. With further investigation we find that convergence

can be enhanced by generating an initial mesh which has smaller elements near the walls

as compared to on top of the rails. This concept will be further investigated in the next

section.
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4.4.5 Inverse problem

Three slider designs are simulated for the inverse problem. These are Slider 1,

shown in Fig. 4.12, Slider 2 is shown in Fig. 4.41 and Slider 3 which is shown in Fig. 4.42.

The operating parameters of the three designs are listed in Table 4.4. The initial grid used

for each of the meshes is obtained by the dense-edge strategy described in the subsection on

refinement to ensure rapid convergence, wherein the refinement after each level is uniform.

The flying attitude, i.e. the nominal fly-height, the pitch and the roll are plotted for each

case.

Figure. 4.43 shows plots of the convergence of the slider fly height, pitch and the

roll with reducing grid sizes. We see that the result obtained from the coarsest mesh is

within half a nanometer of the final converged value. Similarly the pitch is found to be

within 2 µrad and roll within 0.2 µrad. In Fig. 4.44 we show plots of the three mesh levels

used for the convergence study. Similarly attitude convergence plots for the inverse problem

are obtained for sliders 2 and 3 in Figs. 4.45 and 4.46, respectively. For slider 2, the nominal

FH is within 0.2 nm and the pitch and roll are within 2 µrad and 0.2 µrad respectively. For

slider 3, the nominal FH is within 0.2 nm and the pitch and roll are within 3 µrad and 0.3

µrad, respectively.

4.5 Discussion

A novel method of solving the inverse problem for air-bearing sliders in hard disk

drives is presented. The formulation is implemented and convergence studies are carried out

for the method. The order of convergence is found to depend on the geometry of the slider



4.5. DISCUSSION 66

and the resulting pressure profile that develops under it. Various strategies for refinement

of the mesh are discussed. Refinements based on flux jumps and pressure gradients are

found to work well. It is also found that the number of levels required for convergence can

be reduced if the initial mesh is generated so as to have a fine mesh along rail walls.

Table 4.4: Slider operation parameters for grid convergence studies

Slider 1 Slider 2 Slider 3

Gram load (g) 1.5 2.0 3.0
PSA (rad) 0.1 0.0 0.0
RSA (rad) 0.0 0.0 0.0

Radius (mm) 32 32 27
Skew (◦) 0.0 3.2 -17.5

RPM 10K 7.2K 7.2K
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Figure 4.3: Basis Functions
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Figure 4.4: Coarse level system matrix before node reordering for the forward problem

Figure 4.5: Coarse level system matrix after RCM ordering for Method 1
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Figure 4.6: Coarse level system matrix after RCM ordering for Method 2 (Note: the last 3
rows and columns are full)
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(a) No upwinding

(b) Upwinding

Figure 4.7: Pressure solution for a 2-rail taper slider with and without upwinding



4.6. FIGURES 72

U

h

Element

Figure 4.8: Element length scale h

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
Coarse level mesh for Insic5nm design

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
Coarse level mesh for SFF design

Figure 4.9: Coarse level meshes for two slider designs



4.6. FIGURES 73

Figure 4.10: Flat slider

Figure 4.11: 2-rail slider profile

Figure 4.12: Slider 1
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Figure 4.13: Grid convergence for flat slider
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Figure 4.14: Force error for flat slider
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Figure 4.15: Converged pressure profile for flat slider
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Figure 4.16: Grid convergence for 2-rail slider
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Figure 4.17: Force error for 2-rail slider
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Figure 4.18: Converged pressure profile for 2-rail slider
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Figure 4.19: Grid convergence for slider 1
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Figure 4.20: Force error for slider 1
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Figure 4.21: Converged pressure profile for slider 1
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Figure 4.22: Slider design used for refinement studies

Figure 4.23: Refinement slider pressure profile
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Figure 4.24: Coarse mesh error for refinement slider

Figure 4.25: Coarse mesh for refinement slider
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(a) Level 1 (b) Level 2

Figure 4.26: Estimated solution error using pressure based mesh refinement

(a) Level 1 (b) Level 2

Figure 4.27: Refined mesh generated using pressure based mesh refinement
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(a) Level 1 (b) Level 2

Figure 4.28: Estimated solution error using clearance based mesh refinement

(a) Level 1 (b) Level 2

Figure 4.29: Refined mesh generated using clearance based mesh refinement
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(a) Level 1 (b) Level 2

Figure 4.30: Estimated solution error using pressure gradient based mesh refinement

(a) Level 1 (b) Level 2

Figure 4.31: Refined mesh generated using pressure gradient based mesh refinement
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(a) Level 1 (b) Level 2

Figure 4.32: Estimated solution error using flux jump based mesh refinement

(a) Level 1 (b) Level 2

Figure 4.33: Refined mesh generated using flux jump based mesh refinement
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(a) Level 1 (b) Level 2

Figure 4.34: Estimated solution error using clearance gradient based mesh refinement

(a) Level 1 (b) Level 2

Figure 4.35: Refined mesh generated using clearance gradient based mesh refinement
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(a) Level 1 (b) Level 2

Figure 4.36: Estimated solution error using clearance gradient based mesh refinement

(a) Level 1 (b) Level 2

Figure 4.37: Refined mesh generated using RE residual based mesh refinement
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Figure 4.38: Grid convergence for refinement slider using various refinement strategies
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Figure 4.39: Grid convergence for slider 1 using various refinement strategies
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Figure 4.40: Grid convergence for slider 2 using various refinement strategies
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Figure 4.41: Slider 2 profile

Figure 4.42: Slider 3 profile
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Figure 4.43: Grid convergence for slider 1
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Figure 4.44: Mesh levels for slider 1
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Figure 4.45: Grid convergence for slider 2
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Figure 4.46: Grid convergence for slider 3
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Chapter 5

Fluid dynamic modeling

5.1 Introduction

Air bearing designs today are becoming increasingly complex due to requirements

of extremely low fly heights and increased reliability in hostile environments. In order to

evaluate such designs, there is need for fast, reliable simulations of their dynamic flying

characteristics during events such as shock, vibration and load/unload.

In this chapter, we propose and implement a new unstructured finite element based

scheme to solve the time-dependent Reynolds equation.

5.2 Previous Work

A good summary of previous work has been presented by Gupta [2007]. Many

researchers in the past have made an attempt to predict the system dynamics using a

simple head-disk interface model [Ponnaganti, 1986; Lu, 1997] which includes a simplified
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slider model and an air-bearing model which solves the generalized Reynolds equation.

These models ignore the dynamic effects of the suspension and the disk. According to

Gupta [2007], it has been shown that the system dynamics predicted by these models is

significantly different from the actual system response (measured experimentally) during

slider-disk contact/impact, aerodynamic forcing on the HSA due to disk rotation, shocks,

track-seek and load-unload. Bhargava and Bogy [2007b] used a method whereby structural

simulations carried out in ANSYS, which is a commercial FE Analysis software, were coupled

with air bearing simulations obtained by using the finite volume method developed by Hu

and Bogy [1995] to simulate the shock response of the suspension/air-bearing/disk system.

However this method suffered from overheads relating to data exchange between ANSYS

and air bearing calculations. This method was subsequently improved to include suspension

and disk models in the form of reduced mass/stiffness matrices which were used to carry

out studies on load/unload [Bhargava and Bogy, 2005], shock [Bhargava and Bogy, 2007c]

and aerodynamic forcing Gupta [2007]. In this section, we improve upon this method by

incorporating the FE scheme developed in Chapter 4 as well as a variable time-stepping

scheme based on apparent frequencies.

5.3 Methodology

5.3.1 The generalized Reynolds Equation

The air-bearing pressure used to determine the air-bearing forces and moments

is calculated by solving the generalized Reynolds Equation. In this section we present

the SUPG (Streamline Upwind/Petrov Galerkin) formulation for the generalized Reynolds
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Equation. As discussed in Chapter 4, the spacing between the slider and the disk is ex-

tremely small (much less than the mean free path of air). Under these conditions, the con-

tinuum assumption for the air and the no-slip boundary conditions are no longer valid and

the Reynolds equation is generalized to include rarefaction and slip effects. The generalized

Reynolds Equation can be written in the following form in terms of dimensionless vari-

ables, P = p/p0 (pressure normalized with respect to the ambient pressure p0), H = h/hm

(slider-disk clearance normalized with respect to a nominal spacing hm) and T = ω · t (time

non-dimensionalized with respect to the angular velocity of the disk, ω):

∇ · (Q PH3 ∇P ) = Λ · ∇(PH) + τ
∂

∂T
(PH) (5.1)

over the domain of the slider (S) along with the boundary condition of ambient pressure

(P = 1) at the boundary of the slider (∂S). In the above equation, ∇ = ∂
∂XEX + ∂

∂Y EY

is the gradient operator with respect to normalized coordinates X = x/L and Y = y/L

where L is the characteristic length scale for the slider. The non-dimensional vector Λ is

the bearing number defined as Λ = 6µUL
p0h2

m
, where µ is the dynamic viscosity of air and U is

the local velocity vector of the disk. The squeeze number τ is defined as τ = 12µωL2

p0h2
m

and

is the ratio of transient effects to the diffusion effects in the problem. The flow factor, Q,

is the modification to the continuum Generalized Reynolds Equation for incorporating slip

and rarefaction effects.

5.3.2 The Weak Form

To derive the weak form of the dynamic generalized Reynolds Equation, Eqn. 5.1,

we multiply the equation by a test function v, integrate over the domain S and use the
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divergence theorem. Thus we get:

∫
S
∇v · (Q PH3 ∇P ) dA +

∫
S
v Λ · ∇(PH) dA +

∫
S
v τ

∂

∂T
(PH) dA

−
∫
∂S
v (Q PH3 ∇P ) · n dS = 0 (5.2)

The above equation along with the boundary condition P = 1 over ∂S is the weak

form of Eqn. 5.1, and it can be solved to give the pressure field over the slider S. We

decompose the domain of the slider S into a finite number of triangular domains, Ti, the

finite elements, such that:

S =
Ne⋃
i=1

Ti || Ti ∩ Tj = ∅ for i 6= j (5.3)

Writing the weak form Eqn. 5.2 over each element Ti, we have:

∫
Ti

∇v · (Q PH3 ∇P ) dA +
∫
Ti

v Λ · ∇(PH) dA +
∫
Ti

v τ
∂

∂T
(PH) dA

−
∫
∂T i

v (Q PH3 ∇P ) · n dS = 0 (5.4)

Now since pressure boundary conditions are applied to the boundary of the slider

(i.e. pressure is known on ∂S), we set v = 0 over ∂S. Thus we have:

∫
Ti

∇v · (Q PH3 ∇P ) dA +
∫
Ti

v Λ · ∇(PH) dA +
∫
Ti

v τ

(
H
∂P

∂T
+ P

∂H

∂T

)
dA

−
∫
∂T i\∂S

v (Q PH3 ∇P ) · n dS = 0 (5.5)

This is the elemental weak form of the dynamic generalized Reynolds Equation.
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5.3.3 Discretization in time

For the temporal discretization of the dynamic generalized Reynolds Equation, we

use the trapezoidal rule [see Hairer and Wanner, 1996]. This gives:

Ṗn+1 = 2
Pn+1 − Pn

∆Tn+1
− Ṗn (5.6)

where ∆Tn+1 = Tn+1 − Tn. Substituting this in Eqn. 5.5, we get:

∫
Ti

∇vn+1 · (Qn+1 Pn+1H
3
n+1 ∇Pn+1) dA +

∫
Ti

vn+1 Λn+1 · ∇(Pn+1Hn+1) dA

+
∫
Ti

vn+1 τ

[
Hn+1

(
2
Pn+1 − Pn

∆Tn+1
− Ṗn

)
+ Pn+1Ḣn+1

]
dA

−
∫
∂T i\∂S

vn+1 (Qn+1 Pn+1H
3
n+1 ∇Pn+1) · n dS = 0 (5.7)

For simplicity, we drop the subscript from all terms evaluated at Tn+1 (thus write Pn+1 as

simply P ) and add the subscript ‘−1’ for all terms evaluated at Tn (thus Pn will be written

as P−1).

5.3.4 Linearization

We see that the weak form of the dynamic generalized Reynolds Equation is non-

linear. To solve the nonlinear problem, we utilize the Newton Raphson scheme [see Iserles,

1996], whereby we iteratively solve a series of linearized problems to obtain the solution to

the nonlinear problem. In this section we will linearize the weak form presented in Equa-

tions 5.5. Consider the linearization of Eqn. 5.5 with respect to the pressure P about the
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pressure P0
1. Writing P = P0 + ∂P and retaining only the linear terms in ∂P we get:

∫
Ti

∇v ·
(
Q P0H

3 ∇P0 +Q P0H
3 ∇∂P +Q ∂PH3 ∇P0

)
dA

+
∫
Ti

v Λ · (H ∇P0 + P0 ∇H +H ∇∂P + ∂P ∇H) dA

+
∫
Ti

v τ

(
2H

P0 − P−1

∆T
−HṖ−1 + 2H

∂P

∆T
+ P0 Ḣ + ∂P Ḣ

)
dA

−
∫
∂T i\∂S

v
(
Q P0H

3 ∇P0 +Q P0H
3 ∇∂P +Q ∂P H3 ∇P0

)
· n dS = 0 (5.8)

We will use Equation 5.8 to solve the nonlinear forms using the Newton Raphson

scheme.

5.3.5 Streamline Upwind/Petrov-Galerkin formulation

As seen for the static case in Chapter 4, spurious oscillations are also observed

when a regular non-stabilized finite element formulations is used to solve the transient

advection-diffusion equation. Hence the SUPG stabilization technique proposed by Brooks

and Hughes [1982] discussed in the previous section is also implemented in the dynamic

case.

5.3.6 Finite element discretization

As discussed for the steady state case, in order to solve for the pressure field

numerically, we approximate it to have a piecewise linear form over each triangular element.

We eventually obtain P = Piφ
e
i for i = 1, 2, 3, where φei are the local basis functions

corresponding to node i. Similarly for the test functions, locally over each element, again
1P0 is distinct from atmospheric non-dimensional pressure
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we have v = viφ̃
e
i for i = 1, 2, 3 where φ̃ei are the local test basis functions corresponding to

node i. Substituting these in Eqn. 5.8, we get:

∫
Ti

(
BeTve

)T
(Q P0H

3 ∇P0 +Q P0H
3 BeT∂Pe +Q φeT∂PeH3 ∇P0) dA

+
∫
Ti

φ̃
eT

ve Λ · (H ∇P0 + P0 ∇H +H BeT∂Pe + φeT∂Pe ∇H) dA

+
∫
Ti

φ̃
eT

ve τ
[

2H
∆T

(P0 − P−1)−HṖ−1 +
2H
∆T

φeT∂Pe + P0 Ḣ + Ḣ φeT∂Pe

]
dA

−
∫
∂T i\∂S̃

φ
eT

ve (Q P0H
3 ∇P0 +Q P0H

3 BeT∂Pe +Q φeT∂PeH3 ∇P0) · n dS = 0 (5.9)

Collecting the terms we can rewrite this as:

veT
∫
Ti

 QP0H
3 BeBeT +QH3 Be∇P0 φ

eT +H φ̃
e
ΛTBeT

+φ̃
e
ΛT∇H φeT + τ

(
Ḣ + 2H

∆T

)
φ̃
e
φeT

dA ∂Pe

+ veT
∫
Ti

 QP0H
3 Be∇P0 +H φ̃

e
ΛT∇P0 + P0 φ̃

e
ΛT∇H

+τ φ̃
e
HṖ−1 + τ φ̃

e 2H
∆T (P0 − P−1) + τ φ̃

e
P0Ḣ

dA

− veT
∫
∂T i\∂S̃

φ
e
(
Q P0H

3 ∇P0 +Q P0H
3 BeT∂Pe +Q φeT∂PeH3 ∇P0

)
· n dS = 0 (5.10)

Again, since the test functions are arbitrary, Eqn. 5.10 reduces to:

Ke
dyn ∂Pe−Re

dyn−
∫
∂T i\∂S̃

φ
e

(Q P0H
3 ∇P0+Q P0H

3 BeT∂Pe+Q φeT∂PeH3 ∇P0)·n dS = 0

(5.11)

where Ke
dyn and Re

dyn are the element stiffness matrix and element flux vector defined as:

Ke
dyn =

∫
Ti

 QP0H
3 BeBeT +QH3 Be∇P0 φ

eT +H φ̃
e
ΛTBeT

+φ̃
e
ΛT∇H φeT + τ

(
Ḣ + 2H

∆T

)
φ̃
e
φeT

dA (5.12)

Re
dyn = −

∫
Ti

 QP0H
3 Be∇P0 +H φ̃

e
ΛT∇P0 + P0 φ̃

e
ΛT∇H

+τ φ̃
e
HṖ−1 + τ φ̃

e 2H
∆T (P0 − P−1) + τ φ̃

e
P0Ḣ

dA (5.13)
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5.3.7 Mesh generation

The Reynolds equation is solved in a Lagrangian frame and the spatial mesh is not

modified during the temporal solution. The spatial mesh used is obtained from the solution

to the steady state problem discussed in Chapter 4.

5.3.8 Assembly

In order to obtain the complete pressure profile over the slider S, we need to

solve Eqn. 5.11 simultaneously over all of the elements. Thus the equations are assembled

to form the global stiffness matrix and the global flux vector. During assembly, the flux

discontinuities between the elements, accounted for by the third term in Eqn. 5.11, are

neglected and hence the global system of equations is obtained as:

K ∂P = R (5.14)

where, K = Kdyn =
Ne

A
i=1

Ke
dyn, R = Rdyn =

Ne

A
i=1

Re
dyn for the dynamic case, ∂P =

Ne

A
i=1

∂Pe

and A is the assembly operator.

5.3.9 Solution

The resulting sparse linear system of equations is renumbered to form a banded

matrix and the resulting system is solved using a preconditioned GMRES technique similar

to the one for the static case.
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5.3.10 Air bearing damping/stiffness calculation

The air-bearing damping and stiffness matrices are defined as the changes in forces

and moments of the air-bearing due to changes in the flying attitude and velocities of the

slider. To determine these, we need to find the change in pressure P due to changes in the

attitude/velocity of the slider. The clearance H under the slider depends on the attitude

of the slider as:

H = detch + zpivot +X · θpitch + Y · θroll = H(zpitch, θpitch, θroll) (5.15)

where detch is the etch depth, zpivot is the z-height of the pivot location, θpitch is the pitch

angle and θroll is the roll angle, and X and Y are the coordinates of the point measured

from the pivot location (see Fig. 5.1). Similarly the time derivatives of the clearance Ḣ

depend on the velocity of the slider as:

Ḣ = żpivot +X · θ̇pitch + Y · θ̇roll = Ḣ(żpitch, θ̇pitch, θ̇roll) (5.16)

Now we can write the weak form of the generalized Reynolds equation, Eqn. 5.2 as some

function ϑ of pressures, clearance and their derivatives as:

ϑ(P,H, Ṗ , Ḣ) = 0 (5.17)

To calculate the stiffness, we differentiate this expression with respect to the slider attitude.

Differentiating with respect to zpivot, we get:

dϑ(P,H, Ṗ , Ḣ)
dzpivot

=
∂ϑ(P,H, Ṗ , Ḣ)

∂H
· ∂H

∂zpitch
+
∂ϑ(P,H, Ṗ , Ḣ)

∂P
· dP

dzpivot
= 0 (5.18)

⇒ dP
dzpivot

=

[
∂ϑ(P,H, Ṗ , Ḣ)

∂P

]−1{
∂ϑ(P,H, Ṗ , Ḣ)

∂H
· ∂H

∂zpivot

}
(5.19)
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In the above formulation, we are neglecting the dependence of Ṗ on the slider’s attitude H.

Similarly differentiating with respect to θpitch and θroll, we obtain:

dP
dθpitch

=

[
∂ϑ(P,H, Ṗ , Ḣ)

∂P

]−1{
∂ϑ(P,H, Ṗ , Ḣ)

∂H
· ∂H

∂θpitch

}
(5.20)

dP
dθroll

=

[
∂ϑ(P,H, Ṗ , Ḣ)

∂P

]−1{
∂ϑ(P,H, Ṗ , Ḣ)

∂H
· ∂H
∂θroll

}
(5.21)

Substituting the finite element interpolations (Eqns. 4.10, 4.11) and evaluating the

expressions above, we get:

{
dP

dzpivot

}
=
[

Kstat

]−1
{
∂Rstat

∂zpivot

}
(5.22){

dP
dθpitch

}
=
[

Kstat

]−1
{
∂Rstat

∂θpitch

}
(5.23){

dP
dθroll

}
=
[

Kstat

]−1
{
∂Rstat

∂θroll

}
(5.24)

where Kstat is the global steady state stiffness matrix and the vectors ∂Rstat
∂zpivot

, ∂Rstat
∂θpitch

and

∂Rstat
∂θroll are defined as:

{
∂Rstat

∂zpivot

}
= −

Ne

A
i=1

∫
Ti

(3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0) dA (5.25)

{
∂Rstat

∂θpitch

}
= −

Ne

A
i=1

∫
Ti

(3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0) ·X dA (5.26)

{
∂Rstat

∂θroll

}
= −

Ne

A
i=1

∫
Ti

(3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0) · Y dA (5.27)

The above expressions hold for both the time dependent and the steady state versions of
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the Reynolds equation. The terms of the 3× 3 stiffness matrix can then be evaluated as:

Kabs =


CT
Fz

{
∂Rstat
∂zpivot

}
CT
Mpitch

{
∂Rstat
∂zpivot

}
CT
Mroll

{
∂Rstat
∂zpivot

}
CT
Fz

{
∂Rstat
∂θpitch

}
CT
Mpitch

{
∂Rstat
∂θpitch

}
CT
Mpitch

{
∂Rstat
∂θpitch

}
CT
Fz

{
∂Rstat
∂θroll

}
CT
Mpitch

{
∂Rstat
∂θroll

}
CT
Mroll

{
∂Rstat
∂θroll

}

 (5.28)

Thus the stiffness is obtained by the solution of three extra linear systems. However this is

not computationally very expensive even with iterative methods (where the system matrix

K has not been factorized) since preconditioners for K will already have been evaluated.

Now we consider the damping matrix evaluation. Again we consider Eqn. 5.17.

This time, we differentiate with respect to the time derivative of the clearance Ḣ and

velocities of the slider attitudes. Differentiating with respect to żpivot, we obtain:

dϑ(P,H, Ṗ , Ḣ)
dżpivot

=
∂ϑ(P,H, Ṗ , Ḣ)

∂Ḣ
· ∂Ḣ

∂żpitch
+
∂ϑ(P,H, Ṗ , Ḣ)

∂P
· dP

dżpivot
= 0 (5.29)

⇒ dP
dżpivot

=

[
∂ϑ(P,H, Ṗ , Ḣ)

∂P

]−1{
∂ϑ(P,H, Ṗ , Ḣ)

∂Ḣ
· ∂Ḣ

∂żpivot

}
(5.30)

Again, we are neglecting the dependence of Ṗ on Ḣ. This assumption is reasonable when

the slider is close to the steady state fly height. Similarly differentiating with respect to

θ̇pitch and θ̇roll, we obtain:

dP
dθ̇pitch

=

[
∂ϑ(P,H, Ṗ , Ḣ)

∂P

]−1{
∂ϑ(P,H, Ṗ , Ḣ)

∂Ḣ
· ∂Ḣ

∂θ̇pitch

}
(5.31)

dP
dθ̇roll

=

[
∂ϑ(P,H, Ṗ , Ḣ)

∂P

]−1{
∂ϑ(P,H, Ṗ , Ḣ)

∂Ḣ
· ∂Ḣ
∂θ̇roll

}
(5.32)

Substituting the finite element interpolations (Eqns. 4.10, 4.11) and evaluating the expres-
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sions above, we get:

{
dP

dżpivot

}
= [Kstat]−1

{
∂Rdyn

∂żpivot

}
(5.33){

dP

dθ̇pitch

}
= [Kstat]−1

{
∂Rdyn

∂θ̇pitch

}
(5.34)

{
dP

dθ̇roll

}
= [Kstat]−1

{
∂Rdyn

∂θ̇roll

}
(5.35)

where Kstat is the global steady state stiffness matrix and the vectors ∂Rdyn

∂żpivot
, ∂Rdyn

∂θ̇pitch
and

∂Rdyn

∂θ̇roll
are defined as:

{
∂Rdyn

∂żpivot

}
= −

Ne

A
i=1

∫
Ti

(τP φ̃
e
) dA (5.36)

{
∂Rdyn

∂θ̇pitch

}
= −

Ne

A
i=1

∫
Ti

(τP φ̃
e
) ·X dA (5.37)

{
∂Rdyn

∂θ̇roll

}
= −

Ne

A
i=1

∫
Ti

(τP φ̃
e
) · Y dA (5.38)

The terms of the 3× 3 damping matrix can then be evaluated as:

Cabs =


CT
Fz

{
∂Rdyn

∂żpivot

}
CT
Mpitch

{
∂Rdyn

∂żpivot

}
CT
Mroll

{
∂Rdyn

∂żpivot

}
CT
Fz

{
∂Rdyn

∂θ̇pitch

}
CT
Mpitch

{
∂Rdyn

∂θ̇pitch

}
CT
Mpitch

{
∂Rdyn

∂θ̇pitch

}
CT
Fz

{
∂Rdyn

∂θ̇roll

}
CT
Mpitch

{
∂Rdyn

∂θ̇roll

}
CT
Mroll

{
∂Rdyn

∂θ̇roll

}

 (5.39)

Thus the damping is obtained by the solution of three additional systems.

5.3.11 Algorithmic air bearing stiffness

The algorithmic stiffness matrix is defined as the change in forces and moments of

the air-bearing due to changes in the flying attitude of the slider after time discretization
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has been done. Proceeding in a fashion similar to the previous section, we get:

{
dP

dzpivot

}
= [Kdyn]−1

{
∂Rdyn

∂zpivot

}
(5.40){

dP
dθpitch

}
= [Kdyn]−1

{
∂Rdyn

∂θpitch

}
(5.41){

dP
dθroll

}
= [Kdyn]−1

{
∂Rdyn

∂θroll

}
(5.42)

where Kdyn is the global dynamic stiffness matrix and the vectors ∂Rdyn

∂zpivot
, ∂Rdyn

∂θpitch
and ∂Rdyn

∂θroll

are defined as:

{
∂Rdyn

∂zpivot

}
= −

Ne

A
i=1

∫
Ti

 3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0 + P0 φ̃

e
ΛTBeT

+τ φ̃
e
Ṗ−1 + τ φ̃

e 2
∆T (2P0 − P−1)

 dA (5.43)

{
∂Rdyn

∂θpitch

}
= −

Ne

A
i=1

∫
Ti

 3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0 + P0 φ̃

e
ΛTBeT

+τ φ̃
e
Ṗ−1 + τ φ̃

e 2
∆T (2P0 − P−1)

 ·X dA (5.44)

{
∂Rdyn

∂θroll

}
= −

Ne

A
i=1

∫
Ti

 3 QP0H
2 Be∇P0 + φ̃

e
ΛT∇P0 + P0 φ̃

e
ΛTBeT

+τ φ̃
e
Ṗ−1 + τ φ̃

e 2
∆T (2P0 − P−1)

 · Y dA (5.45)

Again, the terms of the 3× 3 stiffness matrix can then be evaluated as:

Kalg =


CT
Fz

{
∂Rdyn

∂zpivot

}
CT
Mpitch

{
∂Rdyn

∂zpivot

}
CT
Mroll

{
∂Rdyn

∂zpivot

}
CT
Fz

{
∂Rdyn

∂θpitch

}
CT
Mpitch

{
∂Rdyn

∂θpitch

}
CT
Mpitch

{
∂Rdyn

∂θpitch

}
CT
Fz

{
∂Rdyn

∂θroll

}
CT
Mpitch

{
∂Rdyn

∂θroll

}
CT
Mroll

{
∂Rdyn

∂θroll

}

 (5.46)

The algorithmic stiffness matrix is used in place of the stiffness and damping matrices for

Newton’s iterations for the equations of motion, since it is a more accurate representation

of the stiffness of the time-discretized generalized Reynolds equation.
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5.4 Numerical Simulations

In this section we simulate the free vibrations of the suspension/air-bearing/disk

system. The initial conditions provided to the system are perturbed from the steady state

and the resulting free vibrations of the system are simulated. Forced responses to events

such as shock and load/unload are presented in Chapters 6 and 7.

The slider design used in this simulation is shown in Fig. 5.2. The slider fly-height,

pitch and roll for the simulation are plotted in Fig. 5.3 along with z-force and pitch/roll

moments in Fig. 5.4. In Fig. 5.5, we plot the error estimate and the time-step size.

5.5 Discussion

In this chapter we extended the finite element formulation developed for the steady

state case in Chapter 4 to the time dependent case. We use a variable time-step discretiza-

tion scheme to advance the equation in time. Finally the method is implemented and we

present results for a free vibration simulation carried out using the method.
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Figure 5.3: Slider attitude for free vibration simulation
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Chapter 6

Simulation of the shock event

6.1 Introduction

The increased usage of small form factor hard disk drives in hostile environments

such as MP3 players, cameras etc. as well as the need to improve operating-shock spec-

ifications for traditional applications such as laptops have led to a need to design better

head/suspension systems. In order to aid in the design process, there is a need to quickly

and accurately simulate the operating shock response of the hard disk drive system. In

this chapter we present a method for simulating shock for the suspension/air-bearing/disk

system implemented on the dynamic formulation discussed in Chapters 2 and 5. We also

present results from various parametric studies carried out using a previous implementation

using finite volume modeling [developed by Hu and Bogy, 1995] for the air-bearing, but

using the structural method discussed in Chapter 2 developed by the author.
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Zeng and Bogy [2000c] mentioned that there are essentially three approaches for

dealing with shock problems. The first being the design and installation of a suitable

isolation system for the disk drives. The second, to design a robust servo control mechanism

to prevent read/write errors during shock and the third is to design a robust mechanical

system such that the head-disk interface is resistant to shock. A combination of these three

techniques needs to be used to effectively counter the problem of shock.

6.2 Prior Work

Over the past few years there have been various experimental and simulation stud-

ies on the shock response of the mechanical system and its effects on the head-disk interface.

Many of these studies [Harrison and Mundt, 2000; Edwards, 1999; Kumar, Khanna, and

Sri-Jayantha, 1994; Kouhei, Yamada, Keroba, and Aruga, 1995] have been limited to the

non-operating state of the drives, and/or to the component level. Various other papers

[Jayson, Murphy, Smith, and Talke, 2003; Jiang, Takashima, and Chonan, 1995] have con-

sidered shock simulations in the operating state using simplified models for one or more

components of the drive, i.e. either the disk,suspension or the air bearing. A summary of

these studies has been presented by Bhargava and Bogy [2007b].

For the simulation of operational shock Zeng and Bogy [2000c] proposed a method

whereby they separate the simulation work into two essentially uncoupled sets. They de-

veloped a finite element model of the disk and suspension system and used it to obtain

the dynamic normal load and moments applied to the slider air bearing. These were then

used as input data for an air bearing dynamic simulator to calculate the dynamic flying
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attitudes. They were able to obtain not only the responses of the structural components,

but also the responses of the slider air bearings. Also, simulations where the air bearing

exhibits highly nonlinear behavior, such as when the air bearing collapses, may require

iterations between the structural and air bearing simulations, thereby making the process

cumbersome and computationally more expensive. In a previous paper, Bhargava and Bogy

[2007b] proposed a method in which the modeling of the structural components was per-

formed in ANSYS, a commercial finite element package. The air bearing modeling used the

CML dynamic air bearing simulator. The two modules are coupled and each is iterated to

convergence at every time step. The pulse width of the shock was kept constant at 0.5 ms

and the magnitude of the shock pulse was varied. However, this method was inefficient and

computationally expensive due to the exchange of data between the two modules at each

time step.

Here we propose an improved simulation method whereby the structural modeling

module is transferred into the air bearing code using pre-assembled exported mass and

stiffness matrices from ANSYS. This method is found to be as accurate, though much faster

and more robust, than the one proposed earlier. Using this new approach, we simulate the

effect of the pulse width on the shock resistance of a 1” drive.

6.3 The CML L/UL/S Simulator

This study was carried out using the CML Load/Unload/Shock simulator also

developed by the author. The simulator was released for use by CML members in July,

2006. The manual for the simulator is attached in Appendix A. A brief outline of the
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procedure used by this simulator is described in this section.

6.3.1 Suspension modeling

The suspension modeling is carried out in the same manner as described in Chap-

ter 2. A finite element model of the suspension is used to generate reduced stiffness and

mass matrices. The nonlinear contact constraints are imposed on top of the stiffness matrix

using the technique described in Hughes et al. [1976].

6.3.2 Air bearing modeling

The air bearing modeling is done differently from the procedure described in Chap-

ter 5. The air bearing modeling is based on Patankar’s [Patankar, 1980] finite volume

method. This procedure has been documented in detail in several CML reports [Hu and

Bogy, 1995]. However, in addition, 6 degrees of freedom (DOF) are used here rather than

just three to model the slider state: the displacements and rotations in each of the 3 direc-

tions (x, y and z).

6.3.3 Coupling

The structural and air bearing components are coupled by a fixed point iteration

scheme that iterates all forces and displacements at each time step to convergence. The

basic scheme is shown in Fig. 6.12.
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6.4 Methodology

6.4.1 Modeling Shock

A hard disk drive experiences shock when it is suddenly brought to rest from a

state of motion, such as during a drop on to a hard surface. This sudden deceleration

of the system is modeled as a body force field pulse to the structural components of the

system. Numerically this pulse is approximated to have the form of a half sine wave (see

6.1). In this study we investigate shocks in the z-direction only, i.e. shocks in a direction

perpendicular to the spinning disk. In the z-direction, we can have two types of shocks:

positive and negative (where the acceleration pulse is applied in the +z and −z directions

respectively). In a previous study, Bhargava and Bogy [2007b] showed that drives are less

robust for positive shocks than for negative shocks. Hence in this chapter we discuss only

positive shocks.

6.5 Pulse-width effect

In this section we study the mechanism of failure of the head-disk interface during

shock. The simulation program developed earlier in this chapter is used to simulate the

shock response of a system for various different kinds of shock, which are characterized

by varying pulse widths for their acceleration pulse. This allows us to simulate drops on

surfaces of varying stiffness. We simulate shocks of pulse widths in the range of 0.2 ms

to 3.0 ms. A shock of 0.2 ms could correspond to the disk-drive falling on a concrete

pavement (depending on the amount of shock isolation provided in the drive) and 3.0 ms
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could correspond to the drive falling on a carpeted floor. As we increase the pulse width of

the shock the response tends to become more quasi static in nature, with the acceleration

pulse leading simply to a gram load change for the air bearing, but with little dynamic

effects. Hence we limit the study to a maximum pulse width of 3.0 ms.

In the following subsections we start with a discussion on the dynamics of the in-

dividual structural components, i.e. the disk and the suspension, followed by a presentation

of our simulation results and an explanation of those results based on the dynamics of the

individual components, followed by conclusions and remarks at the end of the section.

6.5.1 Component Dynamics

In this section we discuss the dynamics and the shock response of the main struc-

tural components of the disk drive, i.e. the disk and the suspension.

Disk

To study the effect of the shock pulse width on the response of the disk drive, we

first study the response of the disk to shocks of varying pulse widths (see Fig. 6.1 for a

description of the shock pulse). The parameters of the disk are given in Table 6.1. It has

been shown in various studies [Zeng and Bogy, 2000c; Bhargava and Bogy, 2007b] that the

shock response of a rotating disk to an axisymmetric shock is primarily composed of the

first axisymmetric (umbrella) mode (Fig. 6.2). The only effect of the rotation of the disk on

the axisymmetric modes is due to centrifugal stiffening. For low speeds of rotation, such as

3600 RPM, and small diameters of the disk, this effect is negligible and hence the disk can

be modeled as stationary for these cases. The z-displacement of a point on the OD of the



6.5. PULSE-WIDTH EFFECT 120

disk, when subject to an acceleration pulse of 200G magnitude and varying pulse width is

plotted in Fig. 6.3. We observe that even though the magnitude of the acceleration impulse

is 200G in each case, the response of the disk is very different for different pulse widths. We

observe that for a short pulse width like 0.2 ms, much more energy is transferred to the disk

than for a pulse width of 0.5 ms. The maximum amplitudes during the shock and during

the post-shock response of the disk are plotted in Fig. 6.4. We see that the deflection in

the post-shock response of the disk is a strong function of the pulse width of the shock. For

example, with a pulse width of 0.5 ms, even though the disk might deflect more than 6 µm

during the shock, the disk only oscillates at less than 0.5 µm after the shock. However for

a pulse width of 0.2 ms the disk deflection during and after the shock both are large. We

will see that such large disk oscillations in the post-shock stage can lead to failure of the

head-disk interface due to resonance with the suspension. Fig. 6.5 shows a waterfall plot of

the frequency spectra of the disk response to a 200G shock of varying pulse widths. We see

that the primary mode excited in all cases, is the first umbrella mode (see Fig. 6.2) at 3.04

KHz. However, the amount of power in this mode varies strongly with the pulse width, as

also seen in Fig. 6.4.

Suspension

The suspension is one of the most important structural components in the hard

disk drive. A schematic diagram of the suspension is shown in Fig. 6.6. In a 1” drive, the

suspension attaches directly to the actuator hub.

For the simulations we used a suspension model from a popular 1” drive. The
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first three suspension modes of vibration, the first and second bending modes and the first

torsion mode, are plotted in Figs. 6.7-6.9. We see that the frequency of the second bending

mode, shown in Fig. 6.9, is 3.12 KHz, which is very close to the umbrella mode of vibration

of the disk. In Fig. 6.10 we plot the free suspension shock response (displacement of slider

center) to a 200G shock of varying pulse widths. In Fig. 6.11 we plot the power spectra of

these responses. We see that the primary mode of vibration for all pulse widths is the first

bending mode, with a frequency of 320.6 Hz. For a pulse width of 0.2 ms there is also some

power in the second bending mode, which is at around 3.12 KHz. However, we will see that

when the suspension is loaded onto the disk, the second bending mode can get excited due

to resonance with the umbrella mode of the disk, which can lead to failure of the head-disk

interface.

6.5.2 Results and Discussion

Various simulations were carried out to investigate the effect of the pulse width

on the shock response of the system. In the simulations the slider design is a ‘femco’ slider

from a popular 1” disk drive. The design is shown in Fig. 6.13 and its operating parameters

are listed in Table 6.2.

Fig. 6.14 shows the slider attitude response to a 125G shock of 0.2 ms pulse width.

The various quantities plotted are, the shock profile in a), the absolute displacement of the

slider center, the load/unload (L/UL) tab and the disk in b), the nominal fly height in c), the

minimum clearance in d) and the roll and the pitch in e) and f) respectively. In b), we see

that the slider center follows the displacement of the disk perfectly. However for the L/UL
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tab, we see that its oscillations (which correspond to the oscillations of the load beam) grow

in time, which is due to the resonance between the disk and the suspension. In Fig. 6.15,

we see that the frequency of the oscillations of the load beam as well as the disk are close to

3 KHz, which corresponds to the umbrella mode of the disk and the second bending mode

of the suspension. In Fig. 6.14 d), we see that this resonance eventually causes head disk

contact. In Fig. 6.16 we plot the contact forces and separations of the dimple and the two

limiters (referred to as CE1 and CE2). We can see that as the oscillations of the load beam

increase, the dimple begins to open and close repeatedly. Eventually the impacts between

the load beam and the flexure become strong enough to cause the slider to contact the disk.

The forces corresponding to this response are plotted in Fig. 6.17. In a), we plot the air

bearing forces, positive, negative and total and in b) we plot the asperity contact forces

(quasi-static, calculated when the fly height is less than the glide height) and the dynamic

impact forces (calculated when the fly height is less than zero). We see even though there is

no impact between the head and the disk during the shock, the resonance in the post-shock

response causes severe head disk impact.

In Fig. 6.18, we plot the slider attitude response to a 250G shock of 0.5 ms pulse

width. In this case, we see that the oscillations of the load beam (L/UL tab) do not grow in

time, since the disk oscillations are weak and insufficient to resonate the suspension. Hence

there is no head-disk contact in this case.

In Fig. 6.19, we plot the slider attitude response to a 375G shock of 1.0 ms pulse

width. We observe that the disk oscillations are strong enough to excite the suspension,

however not strong enough to overcome damping and cause head disk contact. Hence we
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see that eventually the oscillations of both, the disk and the suspension die out.

If we increase the shock to 400G, we see that there is head-disk contact, not due

to resonance, but because of the shock itself. This is plotted in Fig. 6.20. We see that at

about 1.1 ms the load beam which springs back after being pulled by the shock, hits the

flexure and causes the slider to hit the disk. This can be seen from the contact element

forces and spacings in Fig. 6.21. We see that just before the slider crashes into the disk,

the dimple closes with a large spike in the contact force, which signifies impact.

In Fig. 6.22 and Fig. 6.23, we plot the slider response to shocks of 400G, 2.0 ms

and 450G, 3.0 ms, respectively. We see that the head-disk interface is able to withstand

larger values of shock at increasing pulse widths. The reason for this is that larger pulse

widths lead to lower force gradients and weaker post-shock disk response.

6.5.3 Conclusions

In this section we found that the disk response is critical to the shock resistance

of the disk drive. We also found that matching suspension and disk frequencies can lead

to resonance and hence failure of the head disk interface. The results of the study are

summarized in Fig. 6.24. We plot the ‘Safe’ shock levels, i.e. the amount of shock the disk

drive is able to withstand without head-disk contact as a function of the shock pulse width.

We see that for short pulse widths, small magnitudes of shock are sufficient to cause head

disk contacts, while for larger pulse widths, the head disk interface is able to withstand

much higher amplitude shocks. However, we can avoid short pulse widths during shocks

easily by providing a minimal amount of padding/isolation in a space/weight constrained
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system to increase the shock resistance dramatically even for shocks on the hardest surfaces.

We can also avoid resonances between the suspension and the disk by properly designing

the suspension such that none of the bending/torsional frequencies are close to the disk

umbrella mode frequency.

6.6 Effect of dimple location

In this section we study the effect of varying the location of the dimple (pivot) of

the suspension on the shock performance of a small form factor drive. Previously we have

developed a shock simulator to accurately simulate the shock event and predict the response

of the suspension-slider-disk system [Bhargava and Bogy, 2007c]. Here this simulator is used

to simulate the shock response of a system for a suspension system with varying dimple

locations in the x and y directions (see Fig.6.25). Simulations are carried out to determine

the ‘safe’ operating shock levels, wherein no head-disk contacts occur.

6.6.1 Procedure

Fig. 6.6 shows a schematic diagram of a suspension. A typical suspension consists

of a slider mounted on a flexure. The flexure provides roll and pitch stiffness to the slider,

while the stiffness in the z direction is provided by the load beam through a dimple which

pushes down into the flexure that adheres to the slider. Limiters may be provided on

the suspension to limit the maximum separation of the flexure from the dimple during

unloading. Figure 6.26 shows a free body diagram of the slider in the steady state flying

condition. For simplicity, we consider here the force and moment balances in the z − x
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plane only. Forces and moments in the third direction can be similarly balanced. We also

assume that the gram load on the slider is completely applied by the dimple and moments

are applied only by the flexure, thereby neglecting the z-stiffness of the flexure and the

friction moments applied by the dimple. Writing the force balance in the z-direction and

the moments in the y-direction, we have,

Fb = Fg (6.1)

Mf − Fg × xl = Mb (6.2)

Thus to get the same torques in the steady state (and hence the same flying

attitude for the slider) for different load points xl, the Fgxl term needs to be balanced by

the Mf term, which is achieved by adjusting the pitch static attitude (PSA) of the slider to

generate the additional moment. If xl is positive, a negative PSA is used, and vice versa.

Similarly in the z− y plane, the roll static attitude (RSA) is adjusted to maintain the same

flying roll attitude.

6.6.2 Results and Discussion

We carried out simulations for various dimple locations on the flexure for half

sinusoid shocks of varying magnitudes. The operating parameters of the slider used are

listed in Table 6.2.

Fig. 6.27 presents several graphs of the shock response to a 0.5 ms pulse width for

the dimple located at the center of the slider (BC) (xl = 0.0,yl = 0.0) mm). In Fig. 6.28,

we plot the dimple separation and dimple contact forces. It is observed that during the

course of the shock, the load beam is pulled up and the dimple separates from the flexure.
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Subsequently, the load beam slaps back onto the flexure, hitting it with a large contact

force. This causes the slider to crash into the disk. This kind of response is typical for

shock pulse widths of 0.5 ms. The mechanism of failure has been previously shown to be

typical of pulse widths of 0.5 - 3.0 ms [Bhargava and Bogy, 2007c].

Fig. 6.29 shows the shock response for the dimple location U1 (xl = −0.1,yl = 0.0

mm). We observe no head disk contact in this case. In Fig. 6.30 we plot the dimple

separation, as well as the dimple contact force. As the dimple unloads, we observe in

Fig. 6.29 that the pitch angle is larger than was observed for the base case (BC) in Fig. 6.27.

This is a consequence of the positive PSA used to account for the dimple load moment Fgxl.

We also note that the minimum fly height is less than what was observed for the base case,

again as a consequence of the larger pitch angle. As the load beam snaps back onto the

flexure, there is a spike in the dimple contact force. This large contact force also generates

a contact moment about the center of the slider.

We can explain this difference in the behavior of the two dimple location cases

using a simple linearized dynamic model.

Here, z is the fly height of the center of the slider, α is the pitch and β is the roll of

the slider. We linearize the air bearing for the base case at time t, with attitude u0 which is

the instant when the load beam impacts the flexure (see Fig. 6.31). The incremental force

vector F defined as the vector of restoring forces and moments generated due to changes in

the attitude, is given by:

F = Kbu, (6.3)
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where the attitude vector u and force vector F are defined as:

u =



z

α

β


; F =



Fz

Mα

Mβ


(6.4)

The matrix Kb is the linear spring stiffness of the air bearing, given as:

Kb =



kzz kzα kzβ

kαz kαα kαβ

kβz kβα kββ


(6.5)

Inverting the stiffness matrix, we obtain the compliance matrix, which relates the

attitude of the slider to applied forces and moments.

C = Kb
−1 (6.6)

u = CF (6.7)

We observe that during head-disk contact, the pitch is positive, while the roll can

be positive or negative depending on the value of yl, slider design, skew and other operating

parameters. Thus the location of the point on the slider with the minimum fly height will

be near the trailing edge. For simplicity, we assume that the minimum fly height (zmin)

location is in fact one of the corners of the trailing edge (depending on the roll of the slider).

Then we calculate the ratio of the displacement of the minimum fly height to an applied

force at (xl, yl), i.e. czminG). A force Fg acting at (xl, yl) is equivalent to the following force



6.6. EFFECT OF DIMPLE LOCATION 128

vector in our defined attitude coordinate system:

F =



Fg

Fgxl

Fgyl


(6.8)

Also we can calculate zmin, given the slider attitude vector as:

zmin =
{

1 l
2 sign(β) b2

}


z

α

β


(6.9)

Here l and b are the length and breadth of the slider, and the pitch and roll are

assumed to be small. Thus we have for czminG:

czminG =
{

1 l
2

b
2

}
C



Fg

Fgxl

Fgyl


(6.10)

The czminG values for various values of xl and yl are plotted in Fig. 6.32 using

Kb determined from simulations for our system. The black line on the plot is the zero

displacement line, which means that the minimum fly height will not change when a small

force is applied in the z direction anywhere along this line. This concept is similar to a

‘center of percussion’, the only difference being that we are looking at the displacement of

a point other than where the force is applied. A positive value of czminG implies that the

change in the minimum fly height will be positive for a given positive Fg applied at (xl, yl),

while a negative value indicates that the minimum fly height will actually increase when a

force Fg is applied at (xl, yl). We see that czminG is smallest when xl = l
2 and yl = ± b

2 .
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However, earlier we noted that the pitch for the U1 case was larger than, and the minimum

fly height was lower than, that of the BC, before the load beam had snapped back onto

the flexure. If we choose a large negative value of xl, the slider crashes into the disk even

before the load beam snaps back onto the flexure. In Fig. 6.33 we plot the flying attitude

for location U2 (xl = −0.2,yl = 0.0) mm. We observe that the mechanism of failure for

this dimple location is completely different from that in the first two cases. In Fig. 6.34 we

plot the dimple separation and contact force. We see that the slider crashes soon after the

dimple separates. This is due to the large positive torque generated as the dimple unloads.

Various other simulations were carried out at other values of (xl, yl) to determine

the ‘safe’ shock map shown in Fig. 6.35 for this particular slider-suspension system.

6.6.3 Conclusions

The effect of the location of the dimple on the shock performance of a small form

factor drive was investigated. Simulations were carried out using the CML Dynamic L/UL/S

simulator using a shock pulse. The results of the study are summarized in Fig. 6.35. We

see that maximum shock resistance is realized when the dimple is located at (−0.13, 0.015).

It was shown that moving the dimple towards the leading edge of the slider improves shock

performance when the mechanism of shock failure is load beam-flexure impact. However if

the dimple is moved too far, the mechanism of shock failure changes and shock performance

degrades.
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6.7 Discussion

In this chapter we presented a methodology for simulating the shock response in

hard disk drives. This is followed by results from parametric studies on investigating the

effect of the nature of shock (pulse-width) and suspension design (specifically the location

of the dimple on the slider).
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6.8 Tables

Table 6.1: Disk parameters for shock studies

Parameter Value

Inner diameter 3.45 mm
Outer diameter 13.68 mm
Thickness 0.38 mm
Young’s modulus 75.0 GPa
Density 2.71 g/mm3

Poisson’s ratio 0.3

Table 6.2: Slider parameters for shock studies

Parameter Value

Drive form factor 1”
Gram load 1.25 g
RPM 3600
Steady state fly height (OD) 6.24 nm
Steady state pitch 58.3 µrad
Steady state roll -2.6 µrad
Operating PSA 2.5 mrad
Operating RSA 0.0 mrad
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6.9 Figures
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Figure 6.1: Half-sine shock pulse

Figure 6.2: The disk umbrella mode
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Figure 6.3: Disk response for 200G shock of varying pulse widths
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Figure 6.4: Maximum disk deflection for 200G shock of varying pulse widths
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Figure 6.5: Disk response spectra for 200G shock of varying pulse widths

Figure 6.6: Suspension schematic
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Figure 6.7: Suspension first bending mode

Figure 6.8: Suspension first torsion mode

Figure 6.9: Suspension second bending mode
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Figure 6.10: Suspension response to a 200G shock of varying pulse widths

Figure 6.11: Suspension response spectra for a 200G shock of varying pulse widths
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Figure 6.12: Structural Air-bearing coupling scheme
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Figure 6.13: Slider Design
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Figure 6.14: Slider Response for 125G, 0.2ms shock
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Figure 6.15: Frequency spectra of load beam and disk response to 125G, 0.2ms shock
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Figure 6.16: Dimple, limiter status for 125G, 0.2ms shock
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Figure 6.18: Slider Response for 250G, 0.5ms shock
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Figure 6.19: Slider Response for 375G, 1.0 ms shock
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Figure 6.20: Slider Response for 400G, 1.0 ms shock



6.9. FIGURES 146

0 0.5 1
−5

0

5

10

15

20

25

Time (ms)

C
E

 S
pa

ci
ng

 (
µm

)

a) Dimple spacing

0 0.5 1
0

50

100

150

Time (ms)

C
E

 F
or

ce
 (

m
N

)

b) Dimple contact force

0 0.5 1

55

60

65

70

75

80

Time (ms)

C
E

 S
pa

ci
ng

 (
µm

)

c) Limiter Spacings

CE 1
CE 2

0 0.5 1
−1

−0.5

0

0.5

1

Time (ms)

C
E

 F
or

ce
 (

m
N

)

d) Limiter contact forces

Figure 6.21: Dimple, limiter status for 400G, 1.0 ms shock
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Figure 6.22: Slider Response for 400G, 2.0 ms shock
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Figure 6.23: Slider Response for 450G, 3.0 ms shock
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Figure 6.24: Safe shock levels for varying pulse widths
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Figure 6.25: Suspension system

Figure 6.26: Slider free-body diagram
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Figure 6.27: Slider attitude for BC 400G shock
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Figure 6.28: Dimple separation and contact force for BC 400G shock
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Figure 6.29: Slider attitude for U1 400G shock
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Figure 6.30: Dimple separation and contact force for U1 400G shock

Figure 6.31: Linearized system
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Figure 6.32: czminG variation along xl and yl
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Figure 6.33: Slider attitude for U2 400G shock
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Figure 6.34: Dimple separation and contact force for U2 400G shock
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Figure 6.35: Safe shock levels for various dimple locations



159

Chapter 7

Simulating the Load/Unload

Process

7.1 Introduction

Traditionally HDDs have prevented power interruptions from shutting the drive

down with its heads landing in the data zone by moving the heads to a special ‘landing

zone’. A landing zone is an area of the platter usually near its inner diameter (ID), where

no data is stored. This area is also called the Contact Start/Stop (CSS) zone. Although in

CSS drives the sliders are designed to survive many landings and takeoffs from the disk, the

wear on the slider and the disk eventually takes its toll and causes the drive to fail. Most

manufacturers design the sliders to survive 50,000 contact cycles before the probability of

failure on startup exceeds 50%. Around 1995 IBM pioneered laser texturing of landing

zones producing an array of smooth nanometer-scale ‘bumps’ in the landing zone. This
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technology is still in use today, predominantly in desktop and enterprise (3.5 inch) drives.

However, CSS technology is still prone to increased stiction (the tendency of the heads to

stick to the disk surface due to intermolecular and meniscus forces) as well as wear due to

the rubbing of head-disk at the landing zones.

Load/Unload technology relies on the heads being lifted off the disk onto a ramp,

thus eliminating the risks of wear and stiction altogether. Load/Unload (L/UL) technology

today is finding widespread application not only in small form factor drives, but also in

desktop and high-end server drives. Although the first application of load/unload technology

was as early as the late 1950s [IBM corporation, 2008] the ramp load/unload technology

of today first appeared in mobile drives in the early 1990s. The ramp load/unload system

is now well established as the standard for almost all segments of small form factor drives:

from 2.5” mobile drives to the 1”-0.8” drives, which today find widespread application in a

host of consumer electronic devices. Load/unload technology offers many advantages over

the traditional CSS technology. One of the most important advantages is the much greater

shock resistance in the non-operational state. Today’s drives equipped with L/UL systems

can withstand shocks, which would fatally damage the air-bearing slider and the disk in

CSS systems. And with the emergence of smaller form factor drives such as, the 1” and

the 0.8” drives which find widespread application in shock-prone environments like MP3

players and cameras, shock resistance is perhaps the biggest advantage of L/UL technology.

Another advantage of L/UL is that of avoiding the problem of stiction, which CSS systems

are inherently prone to. This leads to lower power consumption as well as lower wear and

debris for the ABS. L/UL technology also has the potential to do away with CSS landing
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zones, and with efforts being made to load/unload on data tracks, this valuable space on

the disk can be recovered to increase the storage capacity of the drive. The main design

objectives of L/UL are to avoid or at least minimize the occurrence of slider-disk contacts

leading to media and head damage, small ramp forces such that ramp wear is minimized,

and a smooth and short unloading process.

7.2 Previous work

In the period from 1988 to 2003, many pioneering studies [Zeng and Bogy, 2000a,

1999a,b, 2000b; Zeng, Chapin, and Bogy, 1999; Jeong and Bogy, 1990, 1991, 1993; Chapin

and Bogy, 2000; Yamada and Bogy, 1988] on L/UL were carried out at the Computer

Mechanics Laboratory (CML) at U.C. Berkeley. It is found that the suspension model is

critical in the simulations. Zeng and Bogy [2000a] implemented a reduced suspension model

for the purpose of load unload simulations. They included four degrees of freedom for the

suspension: one for the lift (L/UL) tab and three for the slider z-height, pitch and the roll.

They also incorporated suspension contact nonlinearities at the dimple and the limiters by

including different suspension states, where in a different suspension stiffness matrix would

be used for each of the suspension states (i.e. dimple closed, limiters open; dimple open,

limiters open; dimple open, limiters closed; etc.). This model was used in various studies

to carry out parametric and slider design studies [Zeng and Bogy, 1999a,b, 2000b]. The

performance of the model was also compared with experimental measurements [Zeng et al.,

1999; Chapin and Bogy, 2000]. This model was perhaps the most accurate L/UL model

previously developed. However it suffered from some limitations in terms of accurately
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capturing suspension dynamics.

In this chapter we present a new L/UL simulator with more sophisticated and

complete modeling for the suspension (as described in Chapter 2). The new simulator

allows us to model the actuator swinging motion during the load and unload processes so

that these processes can be more realistically simulated. This new simulator also allows us to

simulate the loading and unloading processes much more accurately without any significant

loss in computational efficiency as compared to the simulator developed by Zeng and Bogy

[2000a]. In this chapter we present the basic methodology employed to simulate the loading

and unloading processes as well as some results from this new simulator and compare these

results with those predicted by the previous L/UL Simulator developed at CML [Zeng and

Bogy, 2000a].

7.3 Methodology

The CML L/UL/S simulator discussed in chapter 6 is used to carry out the L/UL

simulations carried out in this chapter.

7.4 Numerical Simulations

Simulations were carried out for two loading and unloading processes, and the

results were compared with those of the previous version of the CML L/UL simulator.

The simulations were carried out using a slider from a currently popular 1” drive shown in

Fig. 7.2. The operation parameters for this slider suspension system are listed in Table 7.1.

The new simulator models actuator rotation over a user defined ramp profile. However
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since the 4-DOF model simulator models the loading and unloading processes as a constant

velocity load and unload, a flat ramp profile of inclination 27.7 degrees was used here in

the new simulator for comparison of the two simulators. Also the loading and unloading

processes are coupled with a track seek motion in the 4-DOF simulator to model the effect

of the actuator motion.

Table 7.1: Slider parameters for load/unload comparison studies

Parameter Value

Drive form factor 1”
Gram load 1.25 g
RPM 3600
Steady state fly-height (OD) 5.5 nm
Steady state pitch 95 µrad
Steady state roll -5 µrad
Operating PSA 10.0 mrad
Operating RSA 0.0 mrad

7.4.1 Unloading process

The unloading process is simulated using the new as well as the previous versions of

the CML L/UL simulators. The first unloading process simulated is for a vertical unloading

velocity of 44.44 mm/s (this corresponds to turning the actuator at a constant angular

velocity of 4 rad/s). The simulation results are plotted in Figs. 7.3-7.6. Figure 7.3 has several

plots showing various components of the attitude of the slider for the two simulators; the

slider center displacements in a), the nominal fly heights in b), the minimum clearances in

c) and the rolls and the pitches in subplots d) and e) respectively. We see that the unloading

results predicted by the two simulators are very similar, with both the simulators predicting
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that unloading occurs at about 3.1 ms. However, we notice that more suspension oscillations

as well as lesser damping are predicted by the FE suspension model based simulator (using

similar damping parameters), especially in the z and the pitch directions. Fig. 7.4 plots

the forces during the unloading process. The force curves show remarkable agreement, with

both the simulators predicting slider disk impact at about 2.5 ms and 3 ms. In Fig. 7.5

we plot the ramp and the tab positions in a) and ramp contact forces for both of the

simulators in b). We see that the ramp contact forces follow the same trend in the two

simulations, however, in the FE based simulator we see a much richer frequency content as

well as the effect of oscillations during the unloading process. In Fig. 7.6, we plot the status

of the contact elements in the FE based simulator, which gives us information regarding

the dimple contact forces and the limiter forces. In a), we see how the dimple separates

and following the unloading process, how the flexure oscillates and impacts the load beam.

These contact forces are plotted in b), where we see that the maximum magnitude of these

forces exceeds 60 mN, which would likely lead to wear of the dimple and also generate debris

inside the drive. In c) and d) we see that the limiters do not engage during this particular

unloading process. The two curves correspond to the two contact elements on both sides of

the hammer head limiter. This data is not compared to the 4-DOF based simulator, since

that simulator is unable to generate these results. The second unloading simulation was

for an unloading velocity of 88.89 mm/s, achieved by doubling the angular velocity of the

actuator to 8 rad/s. The slider attitudes for this process are plotted in Fig. 7.7. Again the

results from the two simulators are in good agreement. Fig. 7.8 shows plots of the forces for

the second unloading process. The forces are in good agreement, however there is a slight
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difference after about 1.8 ms, which is the time when the limiters engage. This difference

can be attributed to the fact that the new simulator describes the actual impact between

the limiters and the load beam using contact elements rather than modeling the limiter

engagement solely as a change in stiffness of the suspension. In Fig. 7.9 a) we again plot

the ramp and tab positions as a function of time. In b) we plot a comparison of the ramp

forces. The results are similar to those discussed for the previous unloading process. In

Fig. 7.10, we plot the contact element behavior. Subplots a) and b) show the dimple spacing

and contact forces. Here we see that the contact forces at the dimple exceed 80 mN, which

may be harmful for the drive in terms of particle contamination. In c) we plot the limiter

spacing, where we see that the limiter closes at about 2 ms, after which the slider quickly

unloads from the disk.

7.4.2 Loading process

The loading process was first simulated using a vertical loading velocity of 50

mm/s. The results for the comparison of this loading process between the two simulators

are plotted in Figs. 7.11-7.14. Figure 7.11 shows plots of the slider attitude as predicted by

the two simulators. The various quantities plotted are the slider center displacements in a),

the nominal fly heights in b), minimum clearances in c) and rolls and pitches in d) and e)

respectively. We see that the HGA moves down the ramp, and the slider reaches the disk

at about 3 ms. We see in Fig. 7.12 that the processes predicted by the two simulators are

qualitatively and quantitatively very similar in the slider behavior as well as the development

of the air bearing. There are no impacts during the loading process and the magnitudes
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of the asperity contact forces are also almost the same. In Fig. 7.13, we plot the ramp

and tab positions in a) as well as the ramp contact forces in b). In Fig. 7.14, we plot the

contact element data. In a) we see that the dimple is initially in the open position. This

is because even though there is a dimple preload, the bending of the load beam due to the

ramp negates the effect of the preload in the parked state. During the course of the loading

process, oscillations cause the flexure to strike the load beam until it finally closes at about

2.4 ms as the slider begins to load onto the disk through the air bearing. For the second

loading simulation case, we increase the loading velocity to 66.67 mm/s, using the same

ramp profile, but increasing the actuator angular velocity to 8 rad/s. Again we observe

that the attitudes predicted by the two simulators, as plotted in Fig. 7.15, are quite similar.

In this case, however we see that the 4-DOF model predicts slider disk impact at about 2.5

ms. In c) in the inset zoomed plot, we can see that there is an impact at about 2.5 ms.

Also since the pitch is negative, it is the front of the slider that hits the disk. This can also

be seen from the force plots in Fig. 7.16. In c) we see an impact between the slider and the

disk at about 2.5 ms when the air bearing has not yet fully developed. This seems to be the

result of strong oscillations of the slider in the pitch direction. In the 4-DOF model based

simulator, all of the suspension mass is transferred to the slider as the ‘effective mass’ of

the slider. Hence the slider has the same effective mass irrespective of whether the dimple

is closed or open, whereas in reality this would depend on whether the dimple is closed

or open. Thus we see that when the dimple closes during the loading process at 2 ms as

seen in Fig. 7.18, the magnitude of the pitch oscillations reduces as some of the energy is

transferred to the load beam for the FE model based simulator, whereas for the 4-DOF
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simulator, the oscillation magnitude remains the same. This leads to the slider-disk impact.

Increasing the loading speed, we observe similar behavior with the 4-DOF model based

simulator, predicting contacts which may not have occurred.

7.4.3 Frequency response

Figure 7.19 shows a comparison of the frequency contents between the two simula-

tors for a typical loading process. In a), b) and c), we plot the spectra for the 4-DOF based

simulator and in d), e) and f), we plot the spectra for the FE based simulator. In a) we

observe two distinct peaks labeled 1 and 2. Peak 1 corresponds to the first bending mode of

the suspension at 320 Hz, which was used to calculate the effective mass of the slider in the

4-DOF suspension model. The second peak, at about 800 Hz, corresponds to the bending

frequency of the system when the dimple is open. Since the effective mass of the slider is

unchanged in this state, this is actually a ‘false’ frequency, a figment of the mathematical

modeling. In b), which shows plots of the pitch curve, we again see these two frequency

peaks. In c) where the roll frequency is plotted we again observe the false frequency at 800

Hz, which is seen in roll as a result of the coupling between roll and bending (since the stiff-

ness matrix is not diagonal). We also observe a sharp peak 3 at 2700 Hz which corresponds

to the first torsion mode of the suspension, which was used to calculate the effective mass

in the roll direction in the 4-DOF model. For the FE-model based simulator, we observe

much richer frequency spectra, as well as no false frequencies. In d), we observe various

peaks labeled 1, 2, 3, 4 and 5 which correspond to the first bending (320 Hz), two flexure

bending modes (dimple open, 1160 Hz), flexure bending mode (dimple closed, 1700 Hz),
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a third flexure bending mode (dimple open, 2100 Hz) and two flexure-load beam coupled

bending modes (dimple open, 3220 Hz and 3180 Hz dimple closed). In e) which plots the

pitch frequency, we see peaks 1,2,4,5 and in addition peaks 6 and 7 which correspond to a

bending-torsion coupled mode (4056 Hz) and a load beam-second bending torsion coupled

mode of the suspension (5900 Hz). For the roll, plotted in f), we observe peaks at 8, 6 and

9. Here 8 is the first torsion mode (2700 Hz) of the suspension.

7.5 Conclusion

We discuss the methodology developed for carrying out load/unload simulations.

We compared simulation results obtained using the new simulator with those based on the

CML 4-DOF model for two loading and unloading cases. We found that the results are

in excellent agreement for unloading and for the slower loading processes. However for

faster loading processes, we found slider-disk contacts in results obtained using the 4-DOF

simulator which were not predicted by the FE based simulator. We explained these false

contacts as resulting from the same effective mass being used for the suspension for all

suspension states. Finally we also compared the spectra of various parameters and found

the existence of false frequencies in the 4-DOF based simulator as well as a much richer

modal representation for the FE model based simulator. This makes the FE based L/UL

simulator much more useful in the simulation of faster loading and unloading processes in

the presence of strong disturbances as well as other phenomena such as shock and vibration.
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7.6 Figures

Figure 7.1: Schematic of a 1” drive

Figure 7.2: Slider used for simulations
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Figure 7.3: Slider attitude history comparison during the unloading process (44.4 mm/s)
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Figure 7.4: Force history comparison during the unloading process (44.4 mm/s)
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Figure 7.5: Ramp-tab position and ramp contact force during the loading process (44.4
mm/s)

Figure 7.6: Dimple and limiter contact status during the loading process (44.4 mm/s)
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Figure 7.7: Slider attitude history comparison during the loading process (88.9 mm/s)



7.6. FIGURES 174

Figure 7.8: Force history comparison during the unloading process (88.9 mm/s)
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Figure 7.9: Ramp-tab position and ramp contact force during the loading process (88.9
mm/s)

Figure 7.10: Dimple and limiter contact status during the loading process (88.9 mm/s)
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Figure 7.11: Slider attitude history comparison during the loading process (50 mm/s)
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Figure 7.12: Force history comparison during the loading process (50 mm/s)
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Figure 7.13: Ramp-tab position and ramp contact force during the loading process (50
mm/s)

Figure 7.14: Dimple and limiter contact status during the loading process (50 mm/s)
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Figure 7.15: Slider attitude history comparison during the loading process (66.7 mm/s)
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Figure 7.16: Force history comparison during the loading process (66.7 mm/s)
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Figure 7.17: Ramp-tab position and ramp contact force during the loading process (66.7
mm/s)

Figure 7.18: Dimple and limiter contact status during the loading process (66.7 mm/s)
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Figure 7.19: Frequency spectra of a typical L/UL process for 4-DOF (a, b, c) and FE based
(d, e, f) simulators
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

With the increased usage of hard disk drives in consumer electronic devices such as

digital video recorders and personal audio players, as well as in laptops and ultra-portable

computers, there is a great need for hard disk drives, now more than ever, to perform under

the most adverse conditions with high reliability. Although the improvements made by the

industry over the past few decades in this area have been phenomenal, there is a continuous

necessity for the improvement of reliability of the drive and to make the head-disk interface

more robust. Also with the continual increase in the areal density of drives, the head-media

mechanical spacing has to be made smaller or the slider flown closer to the disk. This has

necessitated the need for complex slider designs with steep wall profiles and intricate etch

designs to meet the demands of low fly-height and high reliability.

The research presented in this dissertation is hopefully a contribution in meeting
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the demands of tomorrow. Starting from the basic equations of motion for the suspension/air-

bearing/disk system, we develop a methodology to solve the coupled equations of motion

for the fluid-structural system.

To model the structural components of the system, we use finite element models.

To improve computational efficiency, dynamic reduction is carried out to reduce the degrees

of freedom of the system. The nonlinear contact constraints are imposed on the reduced

models using a Lagrange multiplier formulation and impact/release conditions.

In order to model the impact between the head and the disk, we propose a new

boundary element formulation for the quasi-static head-disk indentation problem. The

model is compared with exact solutions available in the literature and found to be in good

agreement. We also a propose a method to speed up the calculations by limiting the radius

of effect. The method is implemented for modeling head-disk impacts in our dynamic

simulator.

The air-bearing is perhaps the most critical component of our system. The air-

bearing is modeled using the Reynolds equation which is generalized to account for rar-

efaction effects of air, due to the extremely small spacing between in the air bearing. We

employ a finite element method with SUPG stabilization to solve the generalized Reynolds

equation. We derive the weak form and linearize the resulting equations first with respect

to pressure to solve the forward problem, which leads to a series of banded linear systems

to find the solution for the pressure field. To solve the inverse problem, we first present

the traditional method, whereby the flying attitude of the slider is obtained by solving a

series of forward problems. Expressions for the stiffness and damping of the air bearing
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are derived. This method requires two levels of iterations, the first to solve the equations

of motion for the slider attitude, and the second to solve the Reynolds equation for the

pressure field. An alternative linearization is suggested whereby pressure and slider atti-

tude are both treated as variables. This leads to a series of arrowhead linear systems to

solve for the pressure and slider attitude together. In this case only one level of iterations is

present. We next investigate refinement strategies to obtain optimal meshes for solving the

steady state problem. Pressure gradients and pressure flux jumps are found to work very

well for all cases considered. The air-bearing formulation is next extended to the general

time-dependent case. Expressions for the algorithmic tangent stiffness are derived. The

method is implemented and tested.

Finally we employ the framework developed to solve practical problems of shock

and load/unload. Parametric studies on shock and load/unload are presented which have

been carried out using a previous implementation of the above framework (using a finite

volume formulation [Hu and Bogy, 1995] for the air bearing instead of the finite element

formulation discussed here). For shock, we investigate the mechanism of failure for various

types of shock which are characterized by varying the pulse widths of the shock pulse

for a 1” drive. We plot the safe shock levels for varying pulse widths. We find that,

as expected, shorter pulse widths are more critical than longer pulse widths in terms of

shock magnitudes. We also investigate the effect of varying the location of the dimple on

the suspension on the shock performance of a the same drive. It is found that instead of

locating the dimple at the center of the slider, if the dimple is offset a few hundred microns

towards the leading edge, shock resistance can be improved significantly. Finally we carry
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out load/unload simulations and compare our methodology with a simpler one previously

developed at CML. The differences in results predicted by the two methods are explained

on the basis of models used by them.

8.2 Future Work

The simulation tools developed as part of this research have been made available for

use to CML industry members. However improvements and additions to the methodology

and program will continue to be developed at CML.

The modeling of the structural components in our model has been strictly compo-

nent level, i.e. only individual components have been modeled, without the entire structure

of the drive such as the bas plate and spindle motor/bearing and bearings for the actuator.

It has been observed in experiments that the stiffness of these components can play a role

in the dynamics of the system, especially during shock. Some researchers in industry have

used the CML L/UL/S simulator developed herein to numerically investigate the effect of

the base plate and spindle bearing and found that they can affect the shock performance

of the hard disk drive significantly (private discussions). However instead of such ad-hoc

approaches a more complete framework can be developed for including the complete disk

drive in terms of structural modeling.

In our method, we have modeled the disk as stationary. The assumption of the

response of the spinning disk being closely approximated by a stationary disk is only valid

for axisymmetric shocks. For non-axisymmetric shocks, the rotation of the disk becomes

important and needs to be considered.
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Another direction of future research could be in terms of validation of the simu-

lation code developed herein with experiments. Although word-of-mouth figures on shock

limits from experimental investigations from industry lie in the same ball park as those pre-

dicted from simulations, a formal validation study correlating experiments and simulations

would lend more credibility to the simulation results.
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Appendix A

The CML Dynamic

Load/Unload/Shock Simulator

(Version 5.1)

A.1 Introduction

This report is a detailed manual for the new Load/Unload and Shock (L/UL/S)

simulator developed at the Computer Mechanics Laboratory at the University of California,

Berkeley. The response of the suspension-slider-disk system during events such as L/UL

and shock is determined by the air bearing behavior as well as the structural response

of the suspension and the disk. In this version of the L/UL/S simulator, the air bearing

is modeled using the finite volume method as discussed by Hu and Bogy [1995]. The

suspension modeling is done using the finite element method with the program taking the
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pre-assembled mass and stiffness matrices as inputs [see Bhargava and Bogy, 2005].

The new L/UL/S simulator has many improvements over the previous version of

the L/UL simulator [Zeng and Bogy, 1999c]. These include:

1. Finite element modeling for the suspension. The L/UL/S simulator takes as inputs

pre-assembled mass and stiffness matrices for the suspension. Since a full FE model

for the suspension would be overkill, we employ a technique of reducing the number

of degrees of freedom of the system using Guyan reduction [Guyan, 1965] in ANSYS

[ANSYS, 2005], which is a commercial finite element package.

2. Modeling of user defined ramp profiles, whereby load and unload velocities are calcu-

lated automatically using the specified angular motion of the actuator.

3. Simulation of shock and vibration. In addition to simulating the L/UL process, the

new simulator can also simulate shock and vibration. Shock is modeled as a half-

sine/square wave acceleration pulse to the system, while vibration is modeled as a

constant/decaying amplitude sinusoidal acceleration wave.

4. Improved elastic impact modeling. The impact model calculates the force on the

slider when the fly-height at any point becomes negative. The new model discussed

in Chapter 3 is more robust and faster than the model used previously.

5. Inclusion of intermolecular forces. The L/UL/S simulator incorporates the intermolec-

ular force model proposed by Gupta and Bogy [2004].
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A.2 Installation

The file LULSV51.zip is a compressed zip file of the L/UL/S simulator and the pre

and post processing files. Create the directory CML DLULS in the root directory of a drive,

eg. c:\CML DLULS and copy LULSV51.zip into this directory. You can use Winzip to extract

the files from the archive into the CML DLULS directory, and thereby get the LULSV51.exe

and five subdirectories (mfiles, example1, example2, example3 and example4.

To run a simulation, eg. example1, you should open a new DOS command prompt

(cmd), change the directory to c:\CML DLULS\example1 (using cd c:\CML DLULS\example1)

and run the program LULSV51.exe from the parent directory (..\LULSV51.exe). To post

process the results using the provided MATLAB subroutines, you will need to run MAT-

LAB, change the current directory to c:\CML DLULS\example1 and set path to use the

directory c:\CML DLULS\mfiles (using path(path,‘c:\CML DLULS\example1’). Then you

can use the m-files to display the results in MATLAB. eg. force(0,0).

A.3 Procedure

1. Design the air bearing using the CML air bearing design program [Grisso and Bogy,

1999]. Export the rail.dat file for input to the L/UL/S simulator.

2. Create the dynamics.def input file. The easiest way to do this is to use the sample

dynamics.def file and modify the desired parameters.

3. Find the steady state flying attitudes of the slider and create the grid. The following

procedure suggested by Zeng and Bogy [1999c] is recommended. Use the results from a
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static fly-height simulation using the CML air bearing design program as initial values

to run a “no L/UL/S” simulation (L/UL=0, shmod=0 in the dynamics.def file) with

adaptive gridding turned on (iadpt=1, ioldgrid=0) and using dt=1e-7, tf=2e-3.

The steady state flying attitudes can be obtained using the post processing programs

to view the attitude histories. The grid created will be saved in the files x.dat and

y.dat. Now run the desired simulations with adaptive gridding turned off using the

previously generated grid files.

4. Perform the L/UL or shock/vibration simulations.

5. Analysis of the results can be done using the provided MATLAB postprocessing rou-

tines.

A.4 Suspension model

This section discusses the method for obtaining the mass and stiffness matrices for

the suspension-slider system. The procedure described here uses the finite element model

of the suspension in ANSYS. It is up to the user to export stiffness and mass matrices from

other finite element software. Typically suspension models have a very large number of

degrees of freedom, and solving such large models at each time step for a large number of

time steps is very expensive as well as unnecessary. Hence we reduce the total number of

degrees of freedom of the suspension using a procedure known as Guyan reduction, which

is available in ANSYS as the substructuring option. In the method we discuss here, we will

be able to reduce the suspension model as well as obtain the mass and stiffness matrices
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in one single step. Since the suspension model is inherently nonlinear, due to contacts at

the dimple-flexure and the limiters, we will obtain the mass and stiffness matrices for the

free state (i.e. when the dimple is open and limiters are not in contact) of the suspension

only, and implement the contacts on top of the matrices using additional contact elements

in the L/UL/S simulator itself. All contacts are modeled as node to node contacts. The

following procedure discusses how to reduce the finite element model and obtain the mass

and stiffness matrices:

1. Open the suspension model (*.db, *.inp etc) in ANSYS. Enter the solution mode.

2. Unselect all contact elements

3. Identify node numbers corresponding to our primary DOF of interest. These are:

(a) The six DOF for the attitude of the slider (3 displacements and 3 rotations, see

Figure A.3)

(b) DOFs for the dimple-flexure, and limiters which will be used for contact elements

(c) DOF for the L/UL tab. This will be used to implement contact with the ramp,

and can also be used to monitor the motion of the load beam during the event

of shock.

4. Define the DOFs identified above as master DOFs using the M command.

5. Define the total number of master DOFs using the TOTAL command (a total of 250

MDOFs are recommended, i.e. TOTAL,250).
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6. Define a new substructuring analysis. Set the analysis options to generate Stiffness

and Mass matrices along with load vector and matrix printouts enabled.

7. Redirect output from the screen to a file SuperNNN.txt using the /OUTPUT command,

where NNN is the total number of master DOFs defined using the TOTAL command.

8. Run the substructuring analysis

9. After the analysis save the listing of the master DOF set using the NSEL,S,M,,ALL and

NLIST commands. Save the output from the NLIST command to a file coordsNNN.txt.

10. Now use the fileprocessor program using the command fileproc.exe NNN in the same

directory as the files superNNN.txt and coordsNNN.txt to generate the files mass.txt,

stiffness.txt and coords.txt.

The generated stiffness, mass and coordinate data files can be used as inputs to the L/UL/S

simulator.

A.5 Input files

A.5.1 rail.dat

The rail.dat file defines the rail shape and the air bearing surface. This file is

generated by the CML Air Bearing Design Program [Grisso and Bogy, 1999].

A.5.2 dynamics.def

The dynamics.def file is the primary parameter input file to the L/UL/S simulator.

Most of them are the same as described in Chen et al. [1998]. The parameters which are
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important, different or additional are discussed here.

Problem definition

f0: suspension normal load (kg)

xf0(/xl), yf0(/yl): normalized coordinates of the load point. They must be same

as xg and yg.

rpm: disk revolutions per minute

dt: time step (s). A value of 1e-7 is recommended for all simulations.

ra: radius of the reference position (see Figure A.1).

Suspension

iact: 0 = no actuator; 1 = inline actuator. Always keep iact = 1.

xact: length of actuator arm [m] (see Figure A.1).

dact: angular position of actuator with respect to the reference position [rad] (see

Figure A.1).

vact: angular velocity of actuator, positive velocity indicates that slider moves from

OD to ID [rad/s].

ske: the skew angle (degree) at the specified reference radial position (see Figure A.1).
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Initial Flying Condition

hm, hp, hr, dx, dy and yaw: the initial nominal flying height (m), pitch, roll

(rad), x, y displacements (see Figure A.3) and yaw (rad) of the slider. For loading,

these values are not used.

Grid Control

iadpt: 1 = use adaptive grid to generate the grid; 0 = disable grid generation.

ioldgrid: 1 = use the old grid saved in the x.dat and y.dat files; 0 = use adaptive

grid.

nx, ny: grid size in the x and y directions, respectively. Must be in the form of

16× n+ 2. Usually, these should be larger than 146.

difmax, decay: used in the adaptive grid. See Zeng and Bogy [1999c] for more

information.

Asperity Contact

icmod: Asperity contact model: 1=GW model; 2=elastic-plastic model. We suggest

using the GW model here.

gldht: glide height (m).
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Dynamic Load/Unload

L/UL: 0=disable L/UL simulation; 1=simulate the load process; 2=simulate the un-

load process.

OutPr5: 0=no pressure profile output; 1=output pressure profiles at the specified

times.

p@t1(ms), p@t2, p@t3, p@t4: output pressure profiles at these times [ms] if OutPr5

is equal to 1.

S.pitch, S.roll: static pitch (PSA) and roll (RSA) [rad].

I ey, I ydst: composite elastic modulus and yield strength [Pa] used in calculating

slider/disk impact if the clearance between the slider and disk at some point is less

than zero.

suspsz: Total number of DOFs in the suspension

dofux, ..., dofrotz: DOF numbers corresponding to slider x, y, z displacements

and x, y, z rotations (roll, pitch and yaw).

doftab: DOF number corresponding to L/UL tab z-displacement.

dtfac: Time step reduction factor during contact. It is recommended this value be

kept at 10 (i.e. the time step will be reduced by a factor of 10, when contact occurs).

For quicker simulations a value of 1 may be used with some loss of accuracy during

contact.
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nocele: Number of contact elements to be defined. nocele = # of limiter contacts+

1 (for dimple).

dofcu, dofcd, constat, preload: DOF number corresponding to nodes above

(dofcu) and below (dofcd) contact element. constat indicates whether the con-

tact elements are closed (1) or open (0) at the beginning of the simulation. preload

indicates the preloading of the contact element. This can be used to adjust the dimple

preload [mN] for the dimple contact element (otherwise leave at 0).

nrp, theta, z: The description of the ramp profile. nrp indicates the number of

ramp profile points. The ramp profile will be linearly interpolated between these

points. theta indicates the angle [rad] measured from the reference position and z

indicates the height of the ramp [mm] (see Figure A.4 and Figure A.5).

Disk Modeling

idmod: 1 is disk modeling on and 0 indicates disk is not to be modeled.

disksize: Size of the disk model. The size of the default disk model is 247.

nsnodes: Number of radial nodal locations.

zdof, rotx, roty: DOF numbers for z-displacement and x,y rotations for nodes

from the OD to the ID on the x-axis. A second order linear interpolant will be used

to calculate disk motion between these radial locations.
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Shock

shmod: Shock mode: 0 noshock, 1 half-sine shock pulse, 2 square-wave shock pulse,

3 constant magnitude sinusoidal acceleration field, 4 decaying sinusoidal acceleration

field.

sttime: Acceleration pulse start time [s]

pulsewid: Pulse width of the acceleration pulse/wave [s].

magnitude: Magnitude of acceleration [G].

tconst: Time constant for shmod = 4.

A.5.3 mass.txt, stiffness.txt, coords.txt

The first two files are the mass and stiffness matrices for the suspension. The third

file contains the coordinate locations for the nodes as well as DOF information. The columns

in coords.txt are x, y and z coordinates of the DOFs, and the type of DOF (1,2,3: x,y,z

displacement; 4,5,6: x,y,z rotation, see see Figure A.2). These files can be automatically

generated from ANSYS using the procedure in the previous section. The user can also

choose to generate these files using other finite element packages.

A.6 Output files

This section discusses additional time-history output files generated by the L/UL/S

simulator.
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A.6.1 attitude.dat

This file contains the time [s], the displacements of the 6 DOF of the slider [mm,

rad], as well as velocities [mm/s, rad/s]and accelerations [mm/s/s, rad/s/s] corresponding

to these 6 DOF (see Figure A.3).

A.6.2 cestatii.dat

Time [s], and the contact status, contact spacings [mm] and contact force [mN] for

each contact element.

A.6.3 cpressures.dat

Time [s], maximum contact pressure [atm] and maximum impact pressure [atm].

A.6.4 imf.dat

Time [s], intermolecular force [mN], resultant intermolecular moments in pitch and

roll directions about slider center [mN mm].

A.6.5 lultab.dat

Time [s], ramp contact status, tab displacement [mm], ramp contact force [mN],

angle dact [rad] (see Figure A.1) and the ramp height at dact [mm].

A.6.6 shock.dat

Time [s], acceleration magnitude, disk z-displacement [mm], disk ‘roll’ [rad] and

disk ‘pitch’ [rad].
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A.7 Post-processing

All of the post processing programs available for use with the previous version

of the CML L/UL Simulator [Zeng and Bogy, 1999c] can still be used with the L/UL/S

Simulator. However some of the old Matlab subroutines have been modified and certain

new ones have been added, which are discussed in this section.

A.7.1 displaceLUL.m

Usage: displaceLUL(<n1>,<n2>,<’Comment1’>,<’Comment2’>,<’Comment3’>,<’Comment4’>)

where <n1> and <n2> indicate the range of the data to be plotted. Setting <n1> and <n2>

will plot the entire time history data.

This function was previously available as displace.m in the previous version of the

L/UL simulator. However it can still be used to plot L/UL displacements. The output from

the command displaceLUL(0,0,’Loading Process’,’Vlul = 8 rad/s’,’’,’’) for ex-

ample 1 is shown in Figure A.6. The various quantities plotted are: a) absolute displace-

ments of L/UL tab and slider center, b) the nominal FH, c) the minimum clearance, d) the

pitch and e) the roll.

A.7.2 displaceSHOCK.m

Usage: displaceSHOCK(<n1>,<n2> where <n1> and <n2> indicate the range of the data to

be plotted. Setting <n1> and <n2> will plot the entire time history data.

A modification of the function displaceLUL.m, this function can be used to plot

the slider attitude for shock and vibration simulations. The output from the command
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displaceSHOCK(0,0) for example 3 is shown in Figure A.7 and for example 4 in Figure A.8.

The various quantities plotted are: a) the acceleration profile, b) absolute displacements of

load beam, slider center (flexure) and disk, c) the nominal FH, d) the minimum clearance,

e) the pitch and f) the roll.

A.7.3 force.m

Usage: force(<n1>,<n2>) where <n1> and <n2> indicate the range of the data to be

plotted.

This function has been retained from the previous version of the L/UL simulator.

The output from the command force(0,0) for example 2 has been plotted in Figure A.9

and for example 3 in Figure A.10. The various quantities plotted are: a) the air bearing

forces (positive, negative and net), b) the bearing force center, c) the asperity contact forces

and d) the elastic impact forces.

A.7.4 cestat.m

Usage: cestat(<n1>,<n2>) where <n1> and <n2> indicate the range of the data to be

plotted.

This function plots the spacing and contact forces corresponding to the contact

elements defined for the suspension. These are the dimple-flexure and the limiters. Fig-

ure A.11 plots the contact element status for example 2 (unloading) generated using the

command cestat(0,0), and Figure A.12 plots for example 3. The various quantities plot-

ted are: a) dimple spacing, b) dimple contact force, c) limiter spacing and d) the limiter

contact forces.
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A.7.5 lulbehav.m

Usage: lulbehav(<n1>,<n2>) where <n1> and <n2> indicate the range of the data to be

plotted.

This function plots various quantities relating to the L/UL behavior. The output

from the command lulbehav(0,0) for example 1 have been plotted in Figure A.13. The

quantities plotted are: a), b) absolute displacements of the ramp (profile under the L/Ul

tab) and the L/UL tab as a function of time and actuator angle, c) the ramp contact force,

d) angular displacement of the actuator, e) velocity of the L/UL tab and f) the acceleration

of the L/UL tab.

A.7.6 actmot.m

Usage: actmot(<n1>,<n2>) where <n1> and <n2> indicate the range of the data to be

plotted.

This function plots various quantities relating to the actuator motion. The output

from the command actmot(0,0) for example 1 have been plotted in Figure A.14. The

quantities plotted are: a), b) absolute displacements of the ramp (profile under the L/Ul

tab) and the L/UL tab as a function of time and actuator angle, c) the ramp contact force,

d) angular displacement of the actuator, e) velocity of the L/UL tab and f) the acceleration

of the L/UL tab.
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A.8 Figures

Figure A.1: Actuator nomenclature
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Figure A.2: The suspension coordinate system

Figure A.3: The slider coordinate system
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Figure A.4: The ramp coordinates

Figure A.5: Sample ramp profile
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Figure A.7: Slider attitude for example 3 plotted using the displaceSHOCK command
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Figure A.8: Slider attitude for example 4 plotted using the displaceSHOCK command
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Figure A.9: Air bearing and contact forces for example 2 plotted using the force command
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Figure A.10: Air bearing and contact forces for example 3 plotted using the force command
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A.8. FIGURES 221

0 1 2 3 4
−5

0

5

10

15

20

25

30

Time (ms)

C
E

 S
pa

ci
ng

 (
µm

)

a) Dimple spacing

0 1 2 3 4
0

50

100

150

200

Time (ms)

C
E

 F
or

ce
 (

m
N

)

b) Dimple contact force

0 1 2 3 4
0

20

40

60

80

100

Time (ms)

C
E

 S
pa

ci
ng

 (
µm

)

c) Limiter Spacings

CE 1
CE 2

0 1 2 3 4
−1

−0.5

0

0.5

1

Time (ms)

C
E

 F
or

ce
 (

m
N

)

d) Limiter contact forces

Figure A.12: Contact element data for example 3 plotted using the cestat command
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Figure A.13: L/UL tab behavior for example 1 plotted using the lulbehav command
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Figure A.14: Actuator motion for example 1 plotted using the actmot command
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