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ABSTRACT

The dynamic characteristics of slider-air bearings in hard disk drives is an important issue
for the drive's performance. We apply the dynamic simulation and modal analysis method
to analyze the dynamic properties of slider-air bearings. First, the theoretical background
is briefly described. A procedure for modal parameter estimation is proposed, and an
iteration method is established to obtain the stiffness and damping matrices of the
bearings. Then, five typical designs, one of which is first proposed in this report, of the air
bearing surfaces (ABS) are briefly discussed. The dynamic properties and effects of speed
and skew angle are investigated. The dynamic characteristics of the five designs are
compared. It is found that a negative pressure slider has the highest stiffness and lowest
damping, the TPC and two newly proposed sliders demonstrate higher damping. Finally,
the complicated ABS design problem is briefly discussed. A slider is designed, analyzed
and compared with other sliders. The air bearing of the new slider design has larger
stiffness and the highest damping of those studied. The results indicate that the proposed
methods give a theoretically sound and rational means for determining stiffness and
damping of air bearing sliders, and that the approach presented in this report should be

useful for high performance slider design.
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1. Introduction

Dynamic characteristics of slider-air bearings is an important issue for lower and more
stable flying heights, faster slider settling, and more reliable slider-disk interfaces to
further improve the performance of hard disk drives. Especially, as flying heights continue
to decrease, the intermittent contact and impact of the slider and disk's asperites in the
normal operation state are unavoidable. It is then essential for the slider's fluctuation
induced by the impacts to be rapidly damped out so that the successive impacts will not
drive the slider motion into resonance and result in a crash. Therefore, a better
understanding of the dynamic properties, such as stiffness and damping, of the air-
bearings becomes an important concern, and high damping properties become one of

important design objectives of slider-air bearings.

Analyzing the dynamic characteristics requires solving simultaneously the generalized
Reynolds equation and the equation of motion of the slider-suspension assembly.
Perturbation methods [1,2,3] have been previously used to obtain approximate solutions.
Numerical simulations, such as that provided by the CML Dynamic Simulator[4], have
become a powerful 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. Recently, the modal analysis method [5] was used
to analyze the dynamic properties of slider-air bearings, and the method was shown to be a
versatile tool for head-medium interface analysis. Therefore, in this report, we applied the
CML Dynamic Simulator with the modal analysis method to evaluate the dynamic
characteristics of several typical ABS designs. The multiple input/multiple output

orthogonal rational fractional polynomial method was employed to estimate the modal



parameters of the system, and an iteration procedure was proposed for estimating the

stiffness and damping matrices of the air bearing-slider systems.

Many types of air bearing surfaces (ABS) have been designed in past decades. The taper-
flat slider (TF) was originally designed for the IBM 3370. It is one of the simplest air-
bearing surface designs, and it was widely used in the industry for about 15 years. To
achieve preferred performances, such as constant flying height from the inner diameter
(ID) to the outer diameter (OD), altitude insensitivity, faster take-off, and lower
manufacture tolerance sensitivity, several modified designs have been proposed. For
example, there are negative pressure sliders (TFN) [6, 7, 8], transverse pressure contour
sliders(TFS), named as "TPC" [9], shaped rail sliders with two or three rails (TFB) [10,
11]. Combining these typical designs, engineers have proposed more complicated designs,
such as the Headway AAB design (combined TFEN and TFB), the Seagate AAB design
[12] (combined TFN, TFB and TFS), and the TNP design [13] (combined TFS and TFN).
There are several papers presenting their steady flying properties and some dynamic
characteristics. However, their damping properties have not been significantly
investigated. Some papers, such as [9, 13, 14, 15] have only presented qualitative damping
results. Many papers, such as [16], researched vibration properties, but they gave improper
identification of the vibration modes. For example, parallel (or vertical) and pitch modes

were defined. In fact, these modes do not exist in most slider-air bearings.

In this report, we present quantitative results for the stiffness, damping and mode shapes
of typical slider designs, and then we propose a new design with high damping. The
dynamic properties of the chosen designs are compared. The research presented here was
focused on comparing the modal frequencies and damping ratios of the designs for three
operational speeds and three skew angles. The results show that the different ABS designs

have quite different dynamic properties. Finally, the complicated ABS design problem is



briefly discussed, and a slider with a novel ABS is designed, analyzed, and compared with
other sliders. It is demonstrated that the newly designed slider generates an air-bearing

with relatively high damping.

2. Mathematical Background

2.1 Governing equations

Figure 1 shows a schematic diagram of the slider geometry and coordinate system.
Assuming the slider is a rigid body and vibrates in the range near its steady flying state, we

can express the governing equations for the motion of the slider as
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In Eqs(1)-(3),z, 6 and 3 are the slider's vertical displacement (from the steady flying
condition) at the slider's center, and its pitch and mll,; andlg are the mass and inertia
moments of the slidek;, ks, ks, C,, Cs, andcg are stiffness and damping coefficients of the
suspension in the three directiofift), fo(t) andfs(t) are external excitation forcgs.and

ps are pressure profiles in the vibration state and steady flying state, governed by the

generalized Reynolds equation
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whereh is air bearing thicknesg; is ambient gas viscosity, andVy are gas velocity in
the x and y directions is a modification function to account for gaseous rarefaction
effects. Simultaneously solving the equations, we can obtain the vibration responses for
given disturbances, such as impulses, bumps and roughness of the disks. This can be
performed by perturbation methods or numerical simulations. Here, we use the system

identification method to obtain the system's parameters. For small disturbances to its



steady flying state, assuming the system is linear, time-invariant, self-adjoint, and with
viscous damping, we can write Eqgs.(1)-(3) as

[MKa} +[CK & +[ KK ¢ ={ f(9} (5)
where M], [K] and [C] are the mass, stiffness and damping matrices (3x3)udnfz, 0,

B}"is the vibration displacement vector of the slider.

2.2 Modal parameters estimation
First, the steady (or "static") solution is found from Eq.(4) by the Simulator. Next, a small

initial velocity z, of the slider in the vertical direction is specified. That is characterized

as an impulse force

fz (t) = mz4(9 (6)
where &(t) is Dilac's delta function. The responses of the slider in the three motion
directions are calculated by the Simulator, and they are subtracted from the steady solution
to obtain the vibration respons@gt)}. Then, the impulse response functions (IRFs) of the

system, defined by
(rp =0 )

are calculated. The Fourier transformations of the IRFs for this disturbance are the
frequency response functions (FRIFg) H»; andHs;. Through a similar procedurely
(k=1,2,3; 1=2,3 can also be calculated by separately giving an impulse in the pitch and
roll directions. As a result, all elements of the FRFs mdHiixss of the system are

obtained.

From Eq.(5), relationships between the FRFs and the modal parameters can be found as
[5]
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in which ¢, f; and{¢}; are the modal damping ratio, frequency and shape of motke
multiple input/multiple output(MIMO) orthogonal rational fractional polynomial method,

briefly described as follows, is adopted to estimate the modal parametierand{¢};.
First, we can writdH]_ _as

[ﬁ]SxS = [D(S)]3x3 (10)

where D(s) and N(s) are orthogonal polynomials of ord2rand #n, respectively, and
wheren, is an additional order to compensate for noise effegtO). An error function
can be constructed as

()] =[HI[ (9] -[ N3] (11)
Let s=i2rf, then by use of the least square method, the norm of the errors in a specified
frequency band, from frequendy to fy, is minimized. The coefficient matrices of the

polynomials can be estimated. The six roots (padeg)=1,2,...6) can be found from
[D(s)]|=0. The corresponding residue ma{w]»]sj{qb}jT can be calculated by the equation

{¢}j{¢}jT :id[é%)?/]dszs ,i=1,2,3. (12)

Three estimations of eadl®;} can be directly obtained from Eq.(12), and the averaged

results are then used as the final estimation of the mode &hape

2.3 Estimation of the physical matrices

The estimated modal parameters should satisfy the following orthogonality properties

A=y e (13)

W'=Y (A3 (14)
where

(A=m of. [B=H “mf, (15)
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Using Egs.(13) and (14), we can express the physical (mass, stiffness and damping)

matrices in combinations as
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For the suspension-slider-air bearing system, the estimisifed] and [C] are effective

mass, stiffness and damping matrices of the system. If we ignore the effect of the
suspension on the mass matrix, the differences between the estiMptadd the mass

matrix [Mc] calculated from slider's dimensions and density will indicate the errors in the
estimated mode shapes. If there are errors in the modal shapes (even very small errors, that
are unavoidable), the estimated matrices will be inaccurate. The following procedure is

proposed to improve the accuracy of the matrices.

1) Based on the differences betwékt and[Mc], a correction matrifU] can be found

from equation

[Md =[UTM[Y (19)
2) The matricegK] and[C] are then updated ] as

[Kul =[UTTKI[Y (20)

[CI=[UTA Y (21)

3) Using the matricefMc], [Ky] and[Cy], updated modal parametds, &y, and @y;

(=1,2,3) can be calculated. Then an error parameisrdefined as

3 2
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4) If o is larger than a specified value, such a&0rf, theng; is replaced byy; (j=1,2,3),
and the physical matrices are calculated again by Eqs.(17) and (18). The resulting
matrices are used as the new updated matrices, and we go back step 3).

5) Wheno is less than the specified value, the iteration is terminated. Simulation and
calculations for dozens of cases have shown that the process converges in five or ten

iterations.

3. Dynamic Characteristics of Five Typical ABS Designs

The dynamic characteristics of the taper-flat (TF) slider, as the simplest ABS design, was

first investigated. Then, four more complicated designs were calculated. These are the H-
shape negative pressure slider (TFN), the transverse pressure contour slider (TFS), the
shaped rail slider(TFB), and the authors' proposed transverse grooved slider (TFT). In

order to properly compare their dynamics characteristics, all sliders were designed as: 50%
sliders (2.61.6x0.42 mm); with symmetry about their center lingum recess depth for

all areas not covered by any of the rails; zero crown, camber and twist; 0.2 mm taper

length and 10 mrad angle ; step rails as vertical wall profiles. The ambient pressure and

viscosity are 1.014e5 pa and 1.806e-5 fisraspectively. The mass matrices of all sliders

with respect to their center are

%.952X 106 0 0 E
H 0 0 1361 10125

The slider speed relative to the disk is first chosen as 14.14 m/s (5400 RPM, at the radial
position of 25 mm) and with zero skew angle. The normal load is 3.5 gram. The ABS's of
all sliders were modified to achieve steady flying heights of about 48 nm at the center of
the trailing edge. To focus the research on the slider-air bearings, we ignored the effects of
the suspensions (by specifying the suspensions to have very small stiffness and damping
coefficients). After the systems were identified and in order to investigate the separate

effects of the relative speed and skew angle on the dynamics properties, we compared the



modal parameters at 10.47 m/s with zero skew angle (4000 RPM, 25 mm), 17.80 m/s with
zero skew angle (6800 RPM, 25 mm), ~$Rew angle (5400 RPM, 25 mm), and $Rew

angle (5400 RPM, 25 mm). The defined direction of the skew angle is different from the

definition in the IDEMA standards manual. Here, the skew angle decrease from the ID to
the OD. The figures show the results for the five sliders with the same format and scale to

make the comparisons easy.

Because the stiffness and damping of the system are described as the 3x3 matrices, it is
inconvenient to compare the stiffness and damping for the different designs by the metrics.
Since the systems have a same mass matrix shown in Eq.(23), the modal frequencies and
damping ratios of the systems will directly indicate the differences in the stiffness and
damping of the systems, Therefore, we compared the frequencies and damping rations

instead of the matrices.

3.1 The taper-flat slider

We found that the time step used in the calculation of the dynamic responses has
significant effects on the results, especially on the modal damping ratios. The calculated
damping ratios of the taper-flat slider using several different time steps are shown in
Figure 2. The figure shows that the time step as small ggs@dond is required to give

the converged values. The Qusecond time step will be used in all of the following
calculations. For the stiffer bearings, such as in the 30% sliders, a even smaller step may
be needed. In a previous report [5], the time step wagsk€ond, thus the damping ratios

are over estimated.

The ABS of the taper flat slider (TF), and the steady flying state pressure profiles are
shown in Figure 3 a) and b). The width of each rail is .154 mm. The estimated modal
parameters and the physical matrices are shown in Figure 3c). The smallest damping ratio

is 1.94%. The estimated mass matrix is very clogMtd, given in Eq. 23. That indicates



the estimated modal shapes have very good accuracy. Figure 3d) shows the nodal lines of
the three mode shapes. We can see that the slider has a pure roll mode, and no pure
vertical and pitch modes. The first two modes are coupled modes between the vertical

motion and the pitch motion. The slider has the some mode shapes at the three different
speeds, but it has very different shapes for modes 2 and 3 for the different skew angles, as

shown in Figure 3 e) and f).

Figure 4 shows the effects of speed and skew angle on the FH, modal frequencies and
damping ratios of the system. The solid lines in the figures represent the effects of the
speed at the fixed skew angle of zero degree. We can see that the changes of the FH, the
frequencies and the ratios are almost linearly related to the speed in the range from
10.47m/s to 17.8m/s. As the speed is increased, the FH is increased, the frequencies are
decreased, and the damping ratios are increased. The dotted lines represent the effects of
the skew angle at the fixed speed of 14.14 m/s. The skew angle significantly affects the
FH, the frequencies and the damping ratios. The effects of speed and skew angle show that

flying at a higher FH will be accompanied by a softer air-bearing with larger damping.

3.2 The H-shape negative pressure slider (TFN)

The first conventional negative pressure (sub-ambient) slider, which was proposed by
Garnier et al. [6], is the H-shape slider. Many researchers, as reported in [7, 8, 11, 16],
investigated its properties. Sliders with negative pressure are widely used in current drives,
because they have many advantages, such as faster take-off, less speed sensitivity, better
altitude insensitivity, smaller normal load (lower friction during start-up and landing), and
lower FH sensitivity to tolerances. The main disadvantage is a higher potential for

contamination.

The ABS of the H-shape slider studied here, and the steady flying state pressure profile are

shown in Figure 5 a) and b). The width of each long rail is .25 mm, and the cross rail starts

10



at 0.4 mm from the leading edge and is 0.2 mm wide. All of the results are shown in
Figures 5 and 6. Comparing the TFN slider with the TF slider, we find that the TFN slider
has the following propertiesl Much higher modal frequencies, which means that the
slider has a much stiffer air bearirig. Very small damping ratios, the smallest ratio is
only 0.76%. Figure 7 shows the dynamic responses under impulse excitations in the
vertical and roll directions (the impulse velocities are .002 m/s and 2 rad/s, respectively).
As seen, the responses take a relatively long time to be damped out. If the suspension can
not provide sufficient damping, the slider could be dynamically unstable, or have large
fluctuations.OJ The frequencies of modes 2 and 3 are too close to each other and generate
a beating phenomenon (shown in Figure 7) increasing the time for damping out the
disturbancel] Low sensitivity of the FH, frequencies and damping ratios to the speed.
Very high sensitivity of the FH and the frequencies to the skew angle. Low sensitivity to
speed and high sensitivity to skew angle results in a large change of the FH from the ID to

the OD in the drive.

3.3 The transverse pressure contour slider (TFS)

The transverse pressure contour slider, which was first proposed by White [9] and named
TPC, has a stepped rail geometry. The slider is known for having constant FH from the ID
to the OD. The ABS of the slider used here is shown in Figure 8 a). The total width of
each rail is 0.3 mm and they have rb recess, the narrower rail starts at 0.045 mm from
the outer edge and is 0.148 mm wide. All of the results are shown in Figures 8 and 9.
Comparing the TFS slider with the TF slider, we see that the TFS slider has the following
properties{] Similar modal frequencies and modal shapes except the frequency of the roll
mode is smaller than that of the TF slider, which means the TFS slider has lower stiffness
in the roll direction.] Higher damping ratios, the smallest ratio is about 2.5%, and the
largest one is 7%, which means the TFS slider has good dynamic stabillygh
sensitivity of the FH, frequencies and damping ratios to speed and skew angle. The

damping ratio of the roll mode rapidly increases with increase in spgeéedonstant FH
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from the ID to the OD is achievable because the effects of the speed and the angle can just

compensate each other if the initial skew angle is properly designed.

3.4 The shaped rail slider(TFB)

The shaped rail slider is also widely used in current drives. The shaped rail improves the
performance giving constant FH from the ID to the OD and at different altitudes. The Bow
Tie slider [11], as a typical sample of the shaped rail sliders, was calculated here for
comparison of its dynamic properties with the TF slider. The ABS of the slider, and the
steady flying state pressure profiles are shown in Figure 10 a) and b). The two rails have
0.275 mm width at the leading and trailing edges and 0.075 mm width at the center.
Comparing the TFB slider with the TF slider, we find that the TFB slider has the
following properties, as shown in Figures 10 and [11Similar modal frequencies and
damping ratios[J The modal frequencies of mode 2 and mode 3 are too close to each
other and generate a beating phenomenon, increasing the time for damping out
disturbancesld No pure roll mode was found, which may be a natural property of the
slider, or it may indicate a larger calculation error for the frequencies of modes 2 and 3,
which are very close to each oth&r.Much lower sensitivity of the FH, frequencies and

damping ratios to skew angle. A better FH profile than that of the TF slider is expected.

3.5 The transverse grooved slider (TFT)

Large damping is always important for dynamic stability and faster slider settling.
Therefore, high damping becomes a design objective of sliders. Comparing the pressure
profiles of the previous four sliders, we can see that the sliders with the smoother pressure
profiles have smaller damping ratios, and the rougher profiles have larger damping. That
means the damping of the slider-air bearings is directly related to the gradient of the
pressure. Indeed, it is the transverse viscous shear in the bearings of the TFS slider that
dissipates vibration energy [9,13]. The vibratory motion of the slider causes a pressure

driven viscous transverse flow back and forth across the stepped rails, and dampens the
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motion. If the rails are grooved in the transverse direction, the viscous shear will be more
significant. Moreover, the pressure gradient will be greatly increased if the rails are
grooved in the transverse direction. Based on these considerations, we designed a
transverse grooved slider (TFT). The ABS of this slider is shown in Figure 12 a). The
width of each rail is 0.166 mm. There are three small rectangular recessegrafdebth

on each rail. The recesses are 0.15 mm long and start at 0.85, 1.30 and 1.75 mm,
respectively, from the leading edge of the slider. The steady FH is 47.53 nm at 14.14 m/s
speed and zero skew angle. The pressure profile is shown in Figure 12 b). We can see that
there is the larger pressure gradient in the bearing, and therefore larger damping is to be

expected.

Figure 12 c¢)-f) and Figure 13 show all of the simulation results for the TFT slider.
Comparing the TFT slider with the TF slider, we see that the TFT slider has the following
properties:[J Similar modal frequencies and modal shapesMuch higher damping

ratios, especially the damping ratio of mode 2 is changed from 1.94% to 4.48%, an
increase of about 130%l. Higher sensitivity of the FH, frequencies and damping ratios to

the speed, and lower sensitivity to the skew angle. The FH varies from the ID to the OD.
[0 Comparing the TFT slider with the TFS slider, we can see that the TFS slider design
mainly increases the damping ratios of the first and third modes, and the TFT slider design
increases the damping ratios of all modes. In further simulations, we found that the
damping ratios can be obviously increased by increasing the recess depth and adding more
recesses. Moving the recesses toward the leading edge will increase the damping ratios of

the first mode. This can be easily explained by the mode shapes.

4. Various Complicated ABS Designs and Design Guide
Each of the previous five typical ABS designs has its own advantages and disadvantages.
Combinations of some of these designs is a very reasonable choice. Therefore, many

complicated ABS designs have been proposed. For example, the Headway AAB slider and
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NSIC "Nutcraker" slider were designed by combining the TFN design with the TFB
design. The higher modal frequencies and lower damping ratios are to be expected. The
TNP slider [13], combining the TFN and TFS designs, should have higher modal
frequencies and damping ratios. The Seagate AAB slider [12] includes the TFN, TFS and

TFB designs together. It should demonstrate various desired properties.

Considering all of the design requirements, reasonable combinations in slider designs

should be as follows.
TFN and (TFS and/or TFB) and (TF&nd/or TFT)

For: Fast take-off Constant FH High damping
Low normal load
Altitude insensitivity
Good tolerance
High stiffness

Using these combinations, designers should also be concerned with the contamination

problem.

A new slider design, named the HDS slider, with a complicated ABS, which was expected

to have high stiffness and damping, is shown in Figure 14. The slider combines the
features of TFN, TFS, TFB and TFT. The slider has a negative pressure cavity (TFN) at
the center and three step rails (TFS) on the each side. There are three rectangular recesses
(TFT) at each middle step rail, and the rails are shaped. The recessegnari 4he

cavity and 1um on the lower rails. Such a complex ABS is proposed for its desired

features, and its final design should be obtained by design optimization.

The steady flying attitudes at 14.14m/s and zero skew (25 mm, 5400 RPM) are 48.90 nm
FH at the center of the trailing edge, 14f@r@d pitch, and 5.94urad roll. The pressure
profile as shown in Figure 15 has numerous high gradients. The modal parameters and the

physical matrices are shown in Figure 16. For comparison, the modal frequencies and
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damping ratios of the Headway AAB, "Nutcracker”, TNP and HDS sliders are also shown
in Table 1. The TNP slider is modified to have about 48 nm FH. Figure 17 shows the
dynamic responses for the two impulse excitations (the responses to the initial velocities
of .002 m/s and 2 rad/s, respectively) of the TNP and HDS sliders. We can see that the air

bearing of the HDS slider has much larger damping and medium stiffness.

The FH profile of the HDS slider from the ID (23 mm° skew) to the OD (47 mm, 18
skew) at 5400 RPM is shown in Figure 18. The results show the HDS slider is a good
initial design for high performance sliders. It is necessary to improve the FH profile

through design optimization.

5. CONCLUSIONS

We apply the dynamic simulation and modal analysis method to analyze the dynamic
properties of slider-air bearings. The multiple input /multiple output orthogonal rational
fractional polynomial method was used to estimate the modal parameters of the system,

and an iteration procedure was used to estimate stiffness and damping matrices.

Five typical designs, one of which is first proposed in this report, of the air bearing

surfaces are briefly discussed. The dynamic characteristics of the five designs are studied,
and they are compared with each other. It is found that the negative pressure slider has
highest stiffness and lowest damping, the TPC and the newly proposed slider demonstrate

higher damping.

The complicated ABS design problem is briefly discussed. A new slider with a
complicated ABS is designed, analyzed and compared with other sliders. The designed
slider is shown to have much higher damping. The results generally indicate that the
proposed methods are quite powerful, and the results presented in this report are believed

to be useful for high performance slider design.
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Mode 1 Mode 2 (Roll] Mode 3
Sliders FH | Freq. | Damp| Freq. | Damp| Freq. | Damp
(hm) [ (kHz) | (%) [(kHz) | (%) | (kHZ) | (%)
HDS 48.9 | 56.22| 5.23| 822 5.19 91.72 3.8p
TNP 48.47| 58.16] 4.46| 93.12 2.0 99.92 1.54
"Nutcracker" 34.23] 55.04 3.11| 8442 169 1251 1.17
Headway AAB| 40.71] 49.11 3.05| 1022 0.94 10%9 1.11

Table 1 Modal frequencies and damping ratios of the sliders at 14.14 m/s and zeor skew
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Figure 3 The taper-flat slider (TF) and its results
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Figure 5 The H-shape negtive pressure slider (TFN) and its results
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Figure 8 The transverse pressure slider (TFS) and its results
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Figure 10 The Bow Tie shaped rail slider (TFB) and its results
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Figure 12 The transverse cut-off slider (TFT) and its results
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Figure 13 FH, Frequency and damping ratio vs the speed and skew angle of slider TFT

31



o

N

Height (um)

IN

[N
(<]

Width (mm)
o
[e0]

0.6

0.4

0.2

o
o
N
o
»

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Length (mm)

a) 2-D Rails

3-D Rail Topography

Width (mm)

Length (mm)

b) 3-D Rails
Figure 14 The HDS slider
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Figure 15 Pressure profile of the HDS slider

Results Table

Name: hds Flying height=48.9 nm
Mode 1 2 3
Freq.(Hz) 56.22 82.27 91.72
Damp(%) 5.229 5.19 3.856
Amp. Phase Amp. Phase Amp. Phase
3.895e-01 -1.26 5.006e-02 3.50 2.317e-01 -178.59
4.907e+02 -0.00 1.143e+02 -177.93 4.873e+02 0.00
5.031e+00 -4.43 8.175e+02 -0.00 1.722e+02 2.84
Physical Matrices Updated Matrices
5.83e-06  9.18e-12 1.83e-11 5.952e-06 -6.613e-27 -9.723e-27
Mass 9.18e-12  2.19e-12  -5.65e-15 8.886e-26 2.176e-12 4.905e-28
1.83e-11  -5.65e-15 1.38e-12 1.047e-26 4.796e-28 1.361e-12
1.17e+06 -3.50e+02 -2.08e+01 1.197e+06 -3.552e+02 -2.723e+01
Stiff.  -3.50e+02 5.52e-01 1.56e-02 -3.552e+02  5.496e-01 1.791e-02
-2.08e+01 1.56e-02  3.73e-01 -2.723e+01  1.791e-02 3.682e-01
2.408e-01 -5.378e-05 -1.291e-06 2.550e-01 -1.643e-05 1.793e-06
Damp. -5.378e-05 9.386e-08 -4.477e-10 -1.643e-05 8.473e-08 -3.195e-09
-1.291e-06 -4.477e-10 7.719e-08 1.793e-06 -3.195e-09  7.252e-08

Figure 16 Result table of the HDS slider
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Flying attitudes for the excitation at DOF 1 (tnp540)

[32]
(=}

Height(ns)
S~
ol
T

N
=}
o

0.02
150

0.04

0.06

0.08

01

012

014

0.16

018 02

—
~
o

—

=~

(=}
T

Pitch(mcrR)

135 ‘
0 002

0.04

1
0.06

1
0.08

01

012

014

0.16

018 02

Roll(mcrR)
w Rl o
T T

~

1
0 002

0.04

1
0.06

1
0.08

01
Time(ms)

012

014

0.16

Flying attitudes for the excitation at DOF 3 (tnp540)

018 02

0 002 004 006 008 01 012 014 016 018 02
1445
r
]
3
£
8
[
143 | | | | | | | | |
0 002 004 006 008 01 012 014 016 018 02
10
3
G
£ ]
s
i
0 | | | | | | | | |
0 002 004 006 008 01 012 014 016 018 02
Time(ms)

b) The TNP slider

Figure 17 The dynamic responses for the impulse excitations in the vertical and roll directions
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Figure 18 The FH profile of the HDS slider
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