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ABSTRACT

The dynamic characteristics of air-lubricated slider bearings in hard disk drives is an
important issue for the drive's performance. A method which can combine numerical and
experimental techniques together, and can easily evaluate the system, is not yet available.
In this report, we apply the modal analysis technique to analyze the dynamic properties of
slider-air bearings, and use modal parameters, such as frequency and damping, to evaluate
the system. First, the theoretical background is briefly described. Then, a procedure for
the estimation of modal parameters and physical matrices from simulation data is
presented. The method is verified, and then used to analyze three slider designs. It is
found that the stiffness matrix calculated from neighboring the steady state solutions is
much different from the one calculated by the dynamic simulator. The preliminary results
indicate that the method may provide a powerful tool for head-medium interface analysis

and experiment.
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1. INTRODUCTION

Dynamic characteristics of air-lubricated slider bearings is an important issue for lower

flying heights, higher relative speeds, faster slider settling times, and more reliable slider-
disk interfaces to further improve the performance of hard disk drives. Analyzing the

dynamic characteristics requires simultaneously solving the generalized Reynolds
equation and the equation of motion of the slider-suspension assembly. Perturbation
methods [1,2] have been previously used to obtain approximate solutions. Numerical
simulations, such as those provided by the CML Dynamic Simulator[3], have become a
powerful and versatile tool for the study of the characteristics and the design of slider-
disk interfaces. Because the simulations can solve very complicated configurations, and
can obtain the dynamic performance information that is required for the design, they are

becoming more widely used in industry.

Experimental techniques have also been applied to study the slider-disk interface to
obtain the dynamic characteristics. For example, the effect of surface roughness and disk
material on the dynamics of the slider was studied by using measured acoustic emission
and vibration signals [4]. However, a method which can combine numerical and
experimental techniques together, and can easily evaluate the system, is not yet available.
In particular, damping is a very important property of the system, but many papers [4, 5,
6, 7] have only presented qualitative results, and most of the simulation software cannot
output the desired damping data. In this report, we apply the modal analysis technique to
analyze the dynamic properties of slider-air bearings, and use modal parameters, such as
frequency and damping, to evaluate the system. These parameters can be estimated from
either numerical simulation results or from measured data. In this report the theoretical
background is briefly described. A procedure for the estimation of the modal parameters
and physical matrices from simulation data is presented. The method is verified by

examples, and used to analyze three slider designs. It is found that the stiffness matrix



calculated from neighboring the steady state solutions is much different from the one
calculated by the dynamic simulator, apparently because the squeeze film term in the
Reynolds equation significantly affects the modal frequencies and damping ratios of the
air bearings. The preliminary results presented here show the method may provide a very

useful tool for head-medium interface analysis and experiment.

2. THEORETICAL BACKGROUND

The governing equations for the dynamics of the slider-air bearing-suspension system are
the equations of motion of the slider-suspension and the generalized Reynolds equation.
Simultaneously solving the equations, the dynamic responses for given disturbances, such
as bumps, roughness of the disks, and shock, can be obtained. This can be performed by
perturbation methods or numerical simulations. The responses can also be measured by
experiments. On the other hand, if we know the disturbances (excitation) and the
responses of the system (slider's flying height, pitch, rol,to the disturbances, the
system can be modeled and characterized. For small disturbances to its steady flying state,

the system can be considered as a linear system.

Figure 1 shows a schematic diagram of the slider-air bearing system. Assuming the slider
is a rigid body and the system operates in the range near the steady flying state and is
linear, time-invariant, conservative, and with viscous damping, the equations of vertical,
pitch and roll vibration of the slider can be written as

(M} +[CH & +[ K & ={ 9} ®
where M], [K] and [C] are the mass, stiffness and damping matrices (3x3){wdafl,
p, 1" is the displacement vector of the slider. In previous methods, the matrices were
calculated from the Reynolds and slider's motion equations using small perturbations [2].

In this report, the frequency response functions (FRFs) are calculated from the excitation



and responses. The modal parameters are estimated from the FRFs, and then the matrices

can be obtained from these parameters.

2.1 Relationship between the FRFs and the Modal Parameters
Equation (1) is rewritten in state space as
(Al + (B o} ={ LB} )
where
MG 85, 155 A, vl o=, e
Assuming{q(t)}={0} , {y}={ @€, we can obtain 2N eigenvalues and eigenvectors of the
systems, {¢;, which satisfy the equation

(Als +[Iﬂ){(p}j =0, j=1,2,...,6 (4)

Theses and{¢; will occur in complex conjugate pairs. Constructing an eigenvector

matrix as
WI=[{d, {4, - {d )
we have the orthogonality properties
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where & and f; are the modal damping ratio and the modal frequency of mode

Performing the Fourier transformation of Eq. (2), gives
(iofA]+[BI Y(@)} ={ dw)} (10)

or
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Substituting Eqgs. (6) and (7) into this equation, we can then sol{¥(toy} to obtain

a {A )}{co}
Zé[ aj(iw-sj) %

1=1 ]

(12)

Therefore, the frequency response function for the response at degree of freedom (DOF)

k, due to the excitation at DOFRwill be:
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whereAy; is the residue of modeabout DOFk andl.

2.2 Modal Parameter Estimation
If we know an approximation tély(icw (k=1,2,3 for a givenl from the numerical

simulations or experiments, say Hsi(iw), then the modal parameters can be estimated

by the following procedure. The first step is curve fitting. Assuming
Nki(s)

D(s)

whereD(s) andN(s) are orthogonal polynomials of ord2n and2n-1+n, respectively,

Hki(s) = (15)

an error function can be constructed as

£(s)=Hu(9 09— Ni( 3 (16)
In this equationn is the number of modes, is an additional order to compensate for the
noise and out-of-band effects. Lsti27f, then by use of the least square method, the
norm of the errors in the specified frequency band from frequigrtoyfy is minimized.
The coefficients of the polynomials can be estimated.Ziireots (poles} (=1,2,...2n)
can be found fronD(s)=0. The corresponding residuég; can be calculated by the

equation
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The curve fitting can be performed for each FRF separately, or for all FRFs
simultaneously. The three modes can be estimated simultanensa8)y ¢r separately

(n=1 or 2) through selecting the curve fitting baridgndfy).

After the curve fitting, the six poles and corresponding residues are obtained. They should
be in complex conjugate pairs. Then, the second step is mode sorting. Using Eq.(9), the

modal frequencies and damping ratios can be calculated. Selecting mode shap@scale

aj =i (18)
wherei=+/-1, from Egs. 13 and 14 we will have
1@ 1AL H
%md)u %z %Azu %, =1,2,3 (19)
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For given excitation DOH (I=1,2 or 3), the mode shapes can be found from this
equation. The estimated mode shapes are often complex. The phase shifts of the shapes
will indicate the system has proportional damping if the shifts are very small, or the
system has general viscous damping (or non-linear, non-conservative properties) if there

are larger shifts.

For the visualization of the mode shapes, the components of the shapes at the eight
corners of the slider are calculated in terms of their coordinates using the equation

Hxg © 0 z %li H

@yi0=0 -2 00¥2i[ (20)
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where X, Vi ,z, are coordinates of cornkewith respect to the mass center of the sliders.

2.3 Physical Matrices Estimation
After the modal parameters are obtained, using Eqgs.(4) and (5), the physical (mass,

stiffness and damping) matrices can be found as
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For the suspension-slider-air bearing system, the estimieigedli{] and [C] are effective

mass, stiffness and damping matrices of the system.

2.4 Assumptions Verification

Equation (1) implies many assumptions, such as linear, time invariant, conservative, and
viscous damping. Before the method is applied, it should be verified in which range the
assumptions are satisfied. There are two ways to verify the assumptions. The first is using
different excitation levels and/or the different excitation types to excite the system, and
checking the changes of the estimated modal parameters. The changes will show some
properties of the system. The second way is using the estimated modal parameters to
calculate the responses of the slider to the given excitation, and comparing the responses
with those obtained from the simulations or experiments without these assumptions. The
differences will show whether the assumptions are satisfied, or in which range the results

are accurate enough.

2.5 Procedure

The procedure of the modal analysis of the slider-air bearings includes acquiring the
FRFs, curve fitting, mode sorting, physical matrices' estimation, verification and
application. Acquiring the FRFs is one of the key steps. In this report, we only discuss

how to obtain the FRFs from the CML numerical simulator.

First, the steady (or "static") solution should be found by the simulator. Then, a small
initial velocity zo of the slider in the vertical direction is specified. The responses of the

slider in the three directions are calculated. The responses are subtracted from the steady



solution, and the pure dynamic responses are obtained. These responses are divided by
ma (mis the slider's mass). The results are the impulse response functionsh{(iRks)

andhg; of the system. The Fourier transformations of the IRFs are the HRHd,; and

Hsi1. Ordinarily, additional FRFs, such &&3, Hos, Hss, are required because the three

modes are not always coupled with the vertical vibration of the center of the slider.

The FRFs have different units, so before the curve fitting is done, it is very important to
scale the FRFs to make them have the same units through scale factors. After the mode
shapes are obtained, the scale factors are then used to correct the shapes. In the estimation
of the physical matrices, scaling is also highly recommended for improving the condition

of the [Y] matrix.

3. CASE STUDIES

3.1 Comparison of three different sliders

Three 50% sliders, “Nutcracker”, Headway AAB and TPC, were used to demonstrate the
method. Their air bearing surfaces and pressure profiles are shown in Fig. 2. The
dimensions of the sliders are 2106x.42 mm. The inertia matrices of the sliders with

respect to the sliders' center are

%.952x 10 0 0 S
o o 2176x 1012 0 g (kg, m) (23)
g o 0 1361x 10120

The suspension gimbal is modeled as three springs and dampers. The stiffnesses of the
three springs are taken as 18.0 N/m, 1xI496 Nih/rad, and 1.43210“ Nih/rad. The
coefficients of the dampers are .00Z8Nh, 1.57810° NmhS/rad, and 1.396.0°
Nih(s/rad. The slider speed relative to the disk is 14.14 m/s (5400 RPM, at the radial

position of 25 mm) and without any skew angle. The normal load is 3.5 gram.



The steady flying state pressure profiles on the air bearing surfaces are shown in Figure 2.
The steady flying heights at the rail center of the three sliders are about 30.4, 40.6 and
52.4 nm, respectively. The disturbance initial velocitieszpf 0.002 m/s andr, =4

rad/s were applied separately, and the vertical, pitch and roll responses were calculated.

The IRFs and FRFs of the sliders are shown in Figs. 3, 4 and 5. The six FRFs of the each

slider are simultaneously fit by using the global orthogonal rational fraction polynomial

method. For the “Nutcracker” slider, one curve fitting with three modes is performed.

The curve fits (almost coincident with the FRFs) are shown in Fig. 3. However, for the

other two sliders, their IRFs in Figs. 4 and 5 show a beat phenomenon because there are

two modes with frequencies close to each other. Therefore, two curve fittings with one
mode and two modes, respectively, are performed. The curve fits are shown in Figs. 4 and

5. The modal parameters are shown in Tables 1, 2 and 3. As an example, Table 4 shows

the mode shapes with respect to the eight corners of the "Nutcracker" slider. Figures 6, 7,

and 8 show the mode shapes of the three sliders, respectively. The nodal lines of the

modes of the three sliders are shown in Figure 9. The estimated matrices are shown in

Tables 5, 6 and 7. All of these results show following points:

O The different air bearing surfaces result in substantially different steady flying heights.
The “Nutcracker” slider has the smallest flying height, and the TPC slider has largest.

[0 The modal frequencies and shapes of the first mode of the three sliders are very close
to each other. The first mode is a coupled pitch and vertical motion. Figures 6, 7 and 8
show the motion of this mode can be approximately represented as a rotation of the
slider with respect to the trailing edge. The nodal lines of this mode of the
"Nutcracker" and Headway sliders are very near the trailing edge.

0 The second and third modes of the “Nutcracker” and TPC sliders are very similar; the
two sliders have an almost pure roll mode which is a rotational motion about the X
axis, and they have close modal frequencies. The nodal lines of the roll mode are
almost coincident with the X axis. The two sliders have another coupled pitch and

vertical motion which can be considered as a rotation about a line, node line, near the



leading edge. However, the modal frequencies of this mode of the two sliders are very
different. This is probably because the "Nutcracker" slider has a sub-ambient pressure
and shows a higher stiffness of the air bearing.

0 The second and third mode shapes of the Headway AAB slider are somewhat different
from those of the other two sliders. The nodal lines of the two modes have a shift and
rotation, such that the modes are coupled with pitch, roll and vertical motions.

[0 The phase shifts of the three modes of the three sliders are all very small ( the shifts of
the major components of the shapes, shown in Table 4 as an example, are less than
five degrees). That means the three slider-air bearing systems in this range can be
approximately considered as systems with proportional damping.

[0 The damping ratios of the “Nutcracker” and Headway AAB sliders are almost the same
although their flying heights are different. This is probably because the air bearing
surfaces of the two sliders are similar. The TPC slider has relatively higher damping
ratios except for the roll mode. The reason might be that the TPC slider dissipates
energy by the action of transverse viscous shear on the TPC step surfaces [6].

[0 The estimated mass matrices are very close to the slider's inertia matrix that is shown
in EQ.(23) . The slightly larger diagonal elements and non-zero off-diagonal element of
the estimated matrices would indicate the errors from the assumptions and/or the

calculations. The stiffness matrices will separately be discussed in the later section.

3.2 Verification of the results

To verify these parameters and determine the range of the excitation (or responses) in
which the assumptions are approximately satisfied, two calculations were performed for
the “Nutcracker” slider. First, a higher excitation level (initial velocitieswo#f 0.01 m/s

and ro =20 rad/s) and a lower excitation level (initial velocities 2of=0.0004 m/s and

fo =.8 rad/s) were applied separately, and the modal parameters were estimated and are
shown in Table 8. From Table 8, we can see that there are no large differences in the

parameters estimated from the three different excitation levels except for the damping
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ratio of the third mode. That means the system can be represented as a linear system in
this range. Relatively, the third mode is more sensitive to the excitation level because
there are larger vibrations at the trailing edge in this mode. For the smallest level, the
response of the third mode is very small, such that the calculational errors in the

simulation will highly affect the estimation of the damping ratio of this mode.

Second, a sequence of impulse excitations with different levels were applied separately.
The initial velocities used in the calculation as the impulse excitations were chosen
according to the mode shape &g f, i ' =C{1, 1219, 53.14} Only the response of the

first mode should be excited. We calculated the pitch resppgsesing the simulator
without the mentioned assumptions, and compared it with the regultsredicted by the
estimated modal parameters with the assumptions. Figure 10 shows the comparison of the
results forC=.005 (maximum vibrational amplitude of the flying height at slider's center

is about 13.5 nm). The erroi, (about 1.6% for this value ), are shown in Fig. 11 for

the different values oE. They were calculated by

Nt
3=y [pe(ndt) — po(mA]* / B() (24)
n=1

The results from the Dynamic Simulator show that the system demonstrates the linear

properties in a very wide amplitude range.

3.3 Comparison of the stiffness matrices

We found that the estimated stiffness matrices of the three sliders as presented above are
significantly different from the ones directly calculated by using the CML Air Bearing
Design Program. As an example, the stiffness matrices of the "Nutcracker” slider are
discussed here. Using the Program, the stiffness matrices were calculated as described
below in the steady flying state, and are shown in Table 9. These results were obtained by
separately giving a small perturbation in the normal load in the vertical, pitch and roll

directions, and calculating the steady flying height, pitch and roll with the Program. From

11



the perturbations and the changes of the height, pitch and roll, we can also obtain an
approximate stiffness matrix. For three different perturbation levels, the obtained matrices
are shown in Table 9. The table shows the matrices are close to the matrix directly
calculated by the Program using the stiffness calculation feature. However, the
differences between the matrices are obvious especially for the elements that are related
to the vertical and pitch DOFs. There are small differences between the matrices from
different perturbation levels. It seems that the system demonstrates small non-linear

properties.

The matrix calculated from the modal parameters are much larger than the ones
calculated from perturbation of the steady flying state. Because the roll motion is almost
decoupled with the vertical and pitch motions, the roll motion of the slider should be the
same as the motion of a system with single DOF. The modal freqfigncy the roll

mode can be simply calculated by equation

1 K3a3
froll = — |33 25
T o 1361x 1012 (25)

where Ks3 is the element of the stiffness matrix. The frequencies calculated from the
steady and dynamic states will be about 86 kHz and 57 kHz, respectively. Therefore, the
results show that the stiffness of the air bearings calculated from the static state (steady
flying state calculated by the CML Air Bearing Design Program) is much smaller than the
one calculated from the CML Air Bearing Dynamic Simulator. The stiffness of the
suspension is much smaller than the one of the air bearings, so the effect of the
suspension on the frequencies can be ignored. Therefore, the main difference between the
two programs is that the first program does not include the time-dependent squeeze term
of the Reynolds equation because the solution is one of the steady state, and the second
includes this term. To confirm the effects of this term, the dynamic simulator was

modified to eliminate this term, and the modal parameters and stiffness matrix were

12



calculated through the same procedure as before. The modal frequencies obtained are as

follows
1 27.40 kHz
2 59.72 kHz (roll mode)
3 99.29 kHz

The frequency of the roll mode is almost the same as that calculated from the steady state.
The stiffness matrix based on this model is shown in Table 9, and it is seen to be much
closer to the matrices calculated in the steady state. These results confirm that it is the
squeeze term that results in the differences between the two programs, and this term

significantly increases the stiffness of the system.

To prevent confusion, we suggest that the stiffness matrix calculated from the steady state
method should be called as the "normal load sensitivity matrix”, and the stiffness matrix

calculated from the dynamic state should be defined as the "stiffness matrix".

4. CONCLUSIONS

A modal analysis method for slider-air bearing systems is proposed. The results of the
examples show the assumptions are satisfied in a very wide amplitude range, and the
method is convenient and efficient for evaluating the dynamic properties of the systems.
Therefore the technique provides a powerful tool for head-medium interface analysis,

which can be used with numerical simulations and experiments. It was found that the

squeeze term in the Reynolds equation significantly affects the modal frequency. More
research work is required to further explain the differences of the stiffness matrices

obtained from the "static" state and "dynamic" state. The sensitivity of the modal

parameters and experimental methods will also be investigated in the future.
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Freq. | Damping Mode Shape and its scale
No ratio P1j 02 3
i | (kH2) (%) Amp. | Phase| Amp.| Phase Amp. Phase
1 56.49 4.65 3912 -1.5 480.8 -2.0 20.83 1b
2 84.31 4.57 .0072 | -175.9| 7.378| 174.4 818|5 -0.b
3 | 123.46 4.49 1860 | -175.7| 425.6 48 1.845 -177.8

Table 1 Estimated modal parameters of thettracker" slider (i =+/-1 in the table)

Freq. | Damping Modal shape and its scale
No Ratio 1 2 3
i | (kH2) (%) Amp. | Phase | Amp.| Phase Amp. Phage
1 48.48 4.65 4026 -1.5 570.4 -1.7 706l  83.8
2 97.93 3.96 .2008 15 373.2 180.0 385.8 -9.0
3 | 101.06 4.28 1220 | 170.5 235.7 -8.7 642.6 3.8
Table 2 Estimated modal parameters ofHleadway AAB slider
Freq. | Damping Modal shape and its scale
No Ratio b1 $2; P3j
i | (kHz) (%) Amp. | Phase | Amp.| Phase Amp. Phase
1 | 45.17 6.71 .3758 -3.3 663.0 3.5 3.84p 1412
2 | 73.08 4.48 .2992 3.8 437.6 1775 12571 -33.6
3 74.57 5.58 .0434 | 149.3 69.76 -23.p 884.)7 0.0

Table 3 Estimated modal parameters of iR€ slider
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Mode | Node | X (Amp Phase] Y (Amp PhaseY (Amp Phase)

H

1.003E-01 177.9 | 4.368E-03 1.2| 8.527E-01 -2.0
1.003E-01 177.9 | 4.368E-03 1.2|1.021E-01 177.1
1.003E-01 177.9 | 4.368E-03 1.2/ 8.859E-01 -1.9
1.003E-01 177.9| 4.368E-03 1.2| 6.894E-02 175.2
1.003E-01 -2.1| 4.368E-03 -178.8| 8.527E-01  -2.0
1.003E-01  -2.1| 4.368E-03 -178.8| 1.021E-01 177.1
1.003E-01 -2.1| 4.368E-03 -178.8| 8.859E-01  -1.9
1.003E-01 -2.1| 4.368E-03 -178.8| 6.894E-02 175.2

1.771E-03 -18.2| 1.719E-01  -0.7| 6.696E-01 179.2
1.771E-03 -18.2|1.719E-01  -0.7| 6.536E-01 179.6
1.771E-03 -18.2| 1.719E-01  -0.7| 6.398E-01 -0.6
1.771E-03 -18.2|1.719E-01  -0.7| 6.559E-01 -1.1
1.771E-03 161.8| 1.719E-01 179.3| 6.696E-01 179.2
1.771E-03 161.8| 1.719E-01 179.3| 6.536E-01 179.6
1.771E-03 161.8| 1.719E-01 179.3|6.398E-01 -0.6
1.771E-03 161.8| 1.719E-01 179.3| 6.559E-01 -1.1

9.050E-02 -177.9| 4.069E-04 -174.6| 2.442E-01 2.5
9.050E-02 -177.9| 4.069E-04 -174.6| 6.17/8E-01 -178.0
9.050E-02 -177.9| 4.069E-04 -174.6| 2.411E-01 2.5
9.050E-02 -177.9| 4.069E-04 -174.6| 6.209E-01 -178.0
9.050E-02 2.1 4.069E-04 5.4| 2.442E-01 2.5
9.050E-02 2.1| 4.069E-04 5.4| 6.178E-01 -178.0
9.050E-02 2.1 4.069E-04 5.4| 2.411E-01 2.5
9.050E-02 2.1] 4.069E-04 5.4| 6.209E-01 -178.0

N
O ~NO UL, WNREPOCMNOOUOPRAWNPEP|ONOOGRMAWNDN

Table 4 Estimated modal shapes of tNattracker" slider with respective to the
eight corners of the sliders
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Matrix Estimated

6.135D-06 -1.439D-10 -4.026D-14
Mass -1.439D-10 2.244D-12 1.115D-15
-4.026D-14 1.115D-15 1.408D-12
1.832D+06 -8.769D+02 -6.507D+00
Stiffness -8.769D+02 9.835D-01 -4.035D-03
-6.507D+00 -4.035D-03 3.958D-01
4.765D-01 -3.358D-04 -2.315D-06
Damp. -3.358D-04 3.033D-07 5.169D-10
-2.315D-06 5.169D-10 5.419D-08

Table 5 Estimated physical matrices of tNeitcracker” slider

Matrix Estimated
6.010D-06 -1.729D-10 4.081D-11
Mass -1.729D-10 2.279D-12 -5.223D-14

4.081D-11 -5.223D-14 1.444D-12

1.359D+06 -5.796D+02 8.630D-01
Stiffness -5.796D+02 6.104D-01 -2.887D-03
8.630D-01 -2.887D-03 5.711D-01

7.894D-02 1.182D-05 -1.745D-05
Damp. 1.182D-05 1.995D-09 2.457D-08
-1.745D-05 2.457D-08 9.485D-08

Table 6 Estimated physical matrices of theddway AAB" slider

Matrix Estimated
6.183D-06 -3.095D-10 2.401D-11
Mass -3.095D-10 2.320D-12 -3.360D-14

2.401D-11 -3.360D-14 1.354D-12

9.697D+05 -2.877D+02 4.897D+00
Stiffness -2.877D+02 3.384D-01 -3.607D-03
4.897D+00 -3.607D-03 2.975D-01

3.281D-01 -8.065D-05 5.677D-06
Damp. -8.065D-05 3.989D-09 1.104D-08
5.677D-06 1.104D-08 6.034D-08

Table 7 Estimated physical matrices of theC" slider
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Mode | Excitation Level Excitation Level | Excitation Level

No (.0004, .8, .8) (.002, 4, 4) (.01, 20, 20)
Modal 1 56.49 56.49 56.34
Frequency 2 84.31 84.31 84.52
(kHz) 3 123.7 123.5 123.1
Damping 1 4.87 4.65 4.68
Ratio 2 4.57 4.57 4.69
(%) 3 2.36 4.49 4.44

Table 8 Modal frequencies and damping ratios ofthecracker” slider

estimated from different excitation levels

18




State of aif

Method and Parameters

"Stiffness matrix"

bearing

Directly calculated by the CML Air
Bearing Design Program (Give 7.361e+05 6.335e+02 1.126e+01
perturbation in the steady flying 4.106e+02 5.261e-01 -1.536e-02
attitude, calculate the attitude -1.192e+01 1.311e-02 1.751e-01
change)
Separately give0.1 (g or g-mm)
perturbation in the suspension load, 8.124e+05 7.655e+02 -1.375e+01

Steady calculate steady flying attitude 5.413e+02 6.936e-01 -3.772e-03
change. 1.595e+02 2.091e-01 1.789e-01
Separately give.1 (g or g-mm)
perturbation in the suspension load, 9.459e+05 8.651e+02 5.905e+0]
calculate steady flying attitude 5.220e+02 6.457e-01  4.760e-02
change. -4.224e+01 -3.584e-02 1.690e-01
Separately give.2 (g or g-mm)
perturbation in the suspension load, 8.983e+05 8.282e+02 7.003e+0]
calculate steady flying attitude 4.717e+02 5.912e-01 5.490e-02
change. 2.126e+01 2.335e-02 1.796e-01
Separately give initial velocities,
calculate dynamic responsegh 1.832D+06 -8.769D+02 -6.507D+0p
squeeze termthen identify modal | -8.769D+02 9.835D-01 -4.035D-03
parameters, calculate the matrix | -6.507D+00 -4.035D-03 3.958D-01

Dynamic | from the parameters

Separately give initial velocities,
calculate dynamic responses
without squeeze term then identify
modal parameters, calculate the

6.311D+05 -5.804D+02 -1.073D+0(
-5.804D+02 7.164D-01 2.512D-03

-1.073D+00 2.512D-03 2.020D-01

matrix from the parameters

Table 9 Stiffness matrices of the "nutcracker" slider
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Figure 1 Schematic diagram of the slider-air bearing system

20



Width (mm)

Width (mm)

Width (mm)

1.6

1.4

12

o
0

0.4

0.2

[¢] 0.2 0.4 0.6 0.8 12 1.4 1.6 18

N

1
Length (mm)

pressure

0 o length

(a) The "Nutcracker" slider

1.6

1.4

12

o
©

0.2 0.4 0.6 0.8 12 1.4 1.6 18 2

1
Length (mm)

pressure

.
RN
R R
M-t
—_—_—_Trnnn
_rrsS,;s_ss: ;R
R e Sl
TR R R _ N
=zt N
R BT ANk
s,
Nk TR TR T
ARy~ OO’y R
A
R
R R e
§\§\\\\\\\\\M‘\\\A\\\§\\§&\\\§

nN
N

R

Nk

Rt i

X i
i

0.4

0 o length

(b) The headway AAB slider

o
©

0.2

() E—
0.2 0.4 0.6 0.8

12 1.4 1.6 1.8 2

1
Length (mm)

pressure

MK st
R N N
N\ N
N\ T HHHTHt
T
R TTrnn-ma

it
T n

0 o length

(c) The TPC slider

Figure 2 Air bearing surfaces and pressure profiles of the sliders
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Figure 3 IRFs (left), FRFs (right, solid), and curve fits (right, dot, almost coincident with
the FRFs) of theNutcracker" slider
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Figure 4 IRFs (left), FRFs (right, solid), and curve fits (right, dot, almost coincident with
the FRFs) of théleadway AAB slider
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Figure 5 IRFs (left), FRFs (right, solid), and curve fits (right, dot, almost coincident with
the FRFs) of th&PC slider
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Mode: 1
Frequency: 56.49 kHz
Damping Ratio: 4.65 %

Mode: 2
Frequency: 84.31 kHz
Damping Ratio: 4.57 %

Mode: 3
Frequency: 123.5 kHz
Damping Ratio: 4.49 %

Figure 6 Mode shapes of thdtitcracker” slider

25



Mode: 1
Frequency: 48.48 kHz
Damping Ratio: 4.65 %

Mode: 2
Frequency: 97.93 kHz
Damping Ratio: 3.96 %

Mode: 3
Frequency: 101.1 kHz
Damping Ratio: 4.28 %

Figure 7 Mode shapes of thieadway AAB slider
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Mode: 1
Frequency: 45.17 kHz
Damping Ratio: 6.71 %

Mode: 2
Frequency: 73.08 kHz
Damping Ratio: 4.48 %

Mode: 3
Frequency: 74.57 kHz
Damping Ratio: 5.58 %

Figure 8 Mode shapes of th€C slider
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Figure 9 Nodal lines of the modes of the three sliders
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Figure 10 Comparison of the pitch responses (C=.005)
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Figure 11 The errors (%) of the predicted responses for different excitation levels
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