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Influence of the Meniscus Force for Contact
Recording Head Dynamics Over a Randomly
Undulating Disk Surface

Hiroshige Matsuoka, Shigehisa Fukui, and Takahisa Kato

Abstract—Dynamic characteristics of a tripad contact recording Leading pad (pad 2)
head over a random undulation disk surface are analyzed consid-

/
ering the surface energy of a thin liquid film lubricant. The head- /
suspension assembly is described in terms of a three-degrees-of-
freedom (3-DOF) model. The configuration of the contact pad, the Cb
lubricant, and the disk surface is classified into four regimes, and

Leading pad (pad 3) (7_/)

the equations of motion for each regime considering the meniscus
force and the contact force are solved. It is clarified from the sim-
ulation and multiple regression results that the surface energy has
significant effects on the dynamics of the contact slider.

Index Terms—Contact slider, three-degrees-of-freedom (3-DOF) .
model, meniscus force, surface energy. Trailing pad (pad 1)

Fig. 1. Tripad slider with spherical pads.
|. INTRODUCTION

R ECORDING density of hard disk drives (HDDs) become
larger to meet the demand of larger capacity. In the n

studies on the in-contact HDI system were carried out [7]—[10].
ir%ese past studies, however, scarcely took into account the
future, the recording density will run up to 100 Gbitifi], [2] u rl_cant on the dlsk_ surface. It was rept_)rted in experimental
. ._studies that the lubricant played a very important role to the
though that of current HDD is about several tens of Ghit/in . - 2 ;
dynamic characteristics of a head slider in the in-contact HDI

There are several points to be improved for the large recordin : . : .
. ) ) system. In particular, they pointed out that even a thin lubricant
density, and the reduction of the spacing between a head and a

) . . . . . diminishes the bouncing motion of a head slider [11]. The
disk surface is considered the most important. The flying heig . - .
. ; althors reported the basic characteristics of dynamics of a
of a magnetic head over a disk surface has approached 12— . . X ;
) - . ._contact slider over a sinusoidal undulation [12].
nm which would be the smallest limit realized for the reduction . . .
dn this study, calculation results of behavior of a contact

of the spacing in the flying head system. Then, a contact hea

. o . . ecording head over a random undulation disk surface are
slider/disk interface (HDI) system is proposed as a substitute for . . ) .

) escribed using a computer simulation program for the slider
the flying head system [3], [4].

r(rjuotion where a three-degrees-of-freedom (3-DOF) model of

Two kinds of sliders in the contact HDI system are introduc% : o
. ST : head-suspension assembly is introduced and the effects of
so far, namely, a near-contact slider (i.e., intermittent or partla?

: ; ; .. _meniscus force due to the meniscus bridge between the slider
contact slider) and in-contact slider. In the years ahead, itis con- . . .

) . . ; nd the disk are considered [12]-[14]. The influence of the
sidered that the flying HDI system will shift to the near-contadl L . .

) surface energy of the liquid lubricant on dynamics of the head

system, then to the in-contact system. is investigated by the multiple regression method

The design method of the in-contact HDI system is quité 9 y P 9 '
different from that of the flying or the near-contact HDI
systems : while the flying or the near-contact HDI systems Il. EQUATIONS OF MOTION

are designed by using the gas-flow equation because the slid . . . - . i
is kept flying by the gas flow between the slider and thethe tripad slider shown schematically in Fig. 1 [15] is mod

disk [5], [6], on the other hand, the contact effects of tht%Iedthree dimensionally as shownin Fig. 2. The tripad slider has

e o . : wo leading pads and one trailing pad, and forces, i.e., meniscus
isr;)“?)rg ﬁlt( ir?utrr:aelcﬁ-ggrfrait“gg? slugrelcr:;]’:mfnu&c;n t:set dg':\ljelr gree, con?a?:t force from disk, £1?ri?:tion force, act only on the

P Y ’ past, Bottom of these three contacting pads. The authors consider the
spherical pads in this study for the sake of simple estimation of

Manuscript received June 20, 2002. This work was supported in part b{ige meniscus force. The axes,f and</> represent bouncing
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Fig. 2. Three-degrees-of-freedom model of a head-suspension assembly: (a)
side view and (b) front view.

I‘ Fig. 5. A model of rolling() direction.

Pad 1 Pad 2,3 . . .
T & a T C. Rolling(y) Direction
F, 1 FzZ' F3

o Itp¢+ctp¢+kcp(p: — Il COS(‘P_ \Ilrl)
Fig. 3. A model of bouncingz) direction. — lpy sin(p — ‘I’rl)
and the disk is assumed to be a flexible body characterized with + lra cos(p — Uyo) Fl
linear springk, and dampet,. + Losin(p — Upo)Fya
In deriving equations of motion, we take,;, Fy;, and F.; " B
for force elements acting aith pad(i = 1, 2, 3) and the forces —lrgcos(o — U,3)F,

are described in Section Il.

As the equations of motion are described in detail [12]-[14], — lrgsin(p — \D”?’)E” ®)

final expressions are written here. wherel,.; denotes length of a line perpendicular to tHeaxis
) o drawn from the bottom of th&h pad,¥,.; denotes the angle be-
A. Bouncing(z) Direction tweenzy plane and a line perpendicular to thaxis drawn from
the bottom of théth pad, moment of inertia i, = mc?®/3 (see
mi + ces+kez=—F+ F, + Foo + Fiy (1) Fig. 5),c s slider width, and
. . . . . Fo; cos 0 sin ¢
wherem is mass of slider andl' is load on the slider (see Fig. 3). . . .
Fyi | = —sinf singpcosy  cosfsingp
B. Pitching(#) Direction Fai —sinflcosp  —sinpcosp cosy
Igé + Cgé + kgl = — lpl Ccos \I/plel X g—,’yl ) (4)

+ 1,1 8in W1 F, . . . .
Pl priel In this manner, we get equations of motion for three-dimen-

+ lpocos Vol sional in-contact HDI system.
~ lpzsinWpa P IIl. FORCESACTING ON THE PAD
+ lpa cos Wp3Flg The authors consider four regimes with respect to configura-
— Ly sin W3 F,g (2) tionofapad, lubricant, and disk surface as shown in Fig. 6. Note
that the meniscus bridge is formed and the meniscus force acts
wherel,; (i = 1,2, 3) denotes length of a line perpendicular tmn the pad in case of diving, contacting, and jumping regimes.
the y axis drawn from the bottom of thih pad,V,; denotes In past studies on the meniscus force in the field of HDI, the
the angle between they plane and a line perpendicular to thestiction of a head slider in contact start/stop (CSS) is mainly
y axis drawn from the bottom of thih pad, moment of inertia discussed [16], [17]. These past studies, however, take the static
is Iy = ma?®/3 (see Fig. 4), and is the slider length. meniscus force at the CSS into account, and there are scarcely
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where¢ is incline angle of the meniscus bridge, supelfide-
notes jumping regimel is the distance between the lubricant’s
Lubricant surface and pad, anfj) is a filling angle of the meniscus bridge

//////////////\</ /]////////////// “ é;ge(r?l?rgziI‘tsh:r?ovrvr:itetl(teigrflc?f])fhe meniscus bridge, the au-

Disk (i) Diving regime thors assumed that the meniscus bridge forms instantaneously

(1) Flying regime

when the bottom of a pad touches the lubricant on the surface
and breaks when the diameter of minimum horizontal sectional
circle of the bridge diminishes due to the elongation.

//////////////// IV. CONTACT STIFFNESS ANDCONTACT PRESSURE

(iii) Contacting regime (iv) Jumping regime Assuming that the contact between the spherical pad and the
Fig. 6. Four regimes of head-lubricant-disk interface. disk is Hertzian, the contact stiffnesg is given by [18]
w
studies on the effects of meniscus force of the lubricant on dy- ka = s (10)

namic characteristics of an in-contact head slider. Final exprggsere 177 is the sum of the load” and the meniscus force
sions are written here since forces acting on the pads at the eﬁ%h § is the center indentation depth and equajs/2R
regime are described in detail in [12]-[14] ag is the radius of the Hertzian contact circle and equals
(3WR/4E)'/3/2'/%), and E is the equivalent Young’s mod-

A. Flying Regime ulus defined as

2 2
Fl=F[=F/=0 (5) 2 _1-w 1-v 1
y 5 E. o (11)
where superfixf denotes flying regime. whereE, andE, are Young’'s modulus of the slider and the disk,

respectivelyy, andy, are Poisson’sratio ofthe sliderandthe disk,
respectively. The authors adopted the value of these material con-
Fd— pd _ stants as the following?; = 385 GPa,E; = 70.4 GPay; =
{ F’Z _ —1127rR7(1 + cosfl) (6) vy = 0.3, assuming that the head slider and the disk are made of
# c AITiC and glass [8]. For examplé,; = 4.17 x 10° N/m when
where superfix! denotes diving regimeR is the radius of cur- the load is 1 mN and the surface energy of lubricagsisJ/nt.
vature of the spherical pagl,is the surface energy of the liquidIn this study, the value of the contact stiffness at the static contact

B. Diving Regime

lubricant, andl.. is the contact angle. forceisusedinthe whole calculation, though the contact stiffness
between the spherical pad and the plane disk changes nonlinearly
C. Contacting Regime by the indentation depth, i.e., the contact force [19].
The pad comes into contact with both lubricant and disk. Con- The contact forcé". at the contacting regime is given by (7)
tact forceF. with the disk is and the contact pressupe is
Fe=ca(2a — 2p) + ka(za — 2p) (7) P = FCZ (12)

wherez, is the coordinate of the bottom of the pad in thaxis, T

andz, is the displacement of the disk by the undulation. Themhich means average pressure in the Hertzian contact.
forces in this regime are given by
F¢ = —p{ca(2a — 2p) + ka(za — 2p)} cos k V. CALCULATION METHOD AND CONDITIONS
xr

Fy = —p{ca(za — %) + ka(za — 2p)} sink The equations of motion are computed by means of the
FZ = ca(Za — 2p) + ka(za — zp) — 2w Ry(1 + cosf.) Runge—Kutta—Gill (RKG) method. The time stefp in the
] ) ) (8) RKG method is varied such thdt = 10~9 s for the flying

where superfix ¢ denotes the contacting regime, = 4nq the diving regime, T0° s for the contacting regime, and
tan™(U/V), U is the seek speed, afdis the disk velocity. 1912 5 for the jumping regime. The simulator makes the
time step smaller and recalculates the position of the pads
automatically in order to calculate accurately when the regime
at some pads changed. The initial conditions at0 are given

D. Jumping Regime

i _ _ 2d . asz=60=60=¢=¢=0andz(t = 0) is determined so that

i 2mRry(1 + cos ) <1 ,/4d2+R2¢3> sing cos one pad which is on the highest disk surface comes into contact
i B 2d . with the disk surface.

Fy = —2nRy(1 + cosfe) <1 ,/4d2+32¢g> sin { sin i Note that the behavior of the trailing pad (pad 1 as shown in
i od 4 Figs. 1 and 2) where the magnetic head is attached is investi-

FI = —27nRy(1 +cosf.) ([ 1— Jaz+regp ) CO°F gated in this study. In the following calculation results, values

(9) of parameters are shown in [12]-[14].
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VI. RESULTS FORRANDOM UNDULATION § 30 ——20(35.0 mJ/m?)
. . . 2
The moving average method [20] is used in order to gen-"; 204 [ %= 20(45.0 mJ/m’)

erate random undulation of the disk. The random rough surfac 2
is obtained by two parameters, i.e., rms value of the undula-g 10
tion amplitude and the nondimensional correlation length §

where\* = A\/Az = A/Ay, A is correlation lengthAz and 0

Ay are distance between grid points, ahd = Ay = 2 um. 10

The nondimensional corre!ation lenghfi co'rresp.onds to the. 025 05 075 1 125 15 175 2
inverse of wavy frequency in the case of sinusoidal undulatior RMS value,nm

[12], [13] T_he aUthqu assume that the_ dis_tribUtion of the Sl'{'—ri'g. 9. Effect of RMS value varying nondimensional correlation length and
face height is Gaussian and the undulation is homogeneous. Efieice energy.
examples of a disk surface with random undulation obtained by

this method are shown in [13]. frequency and, therefore, these results are reasonable. A similar
In this section, some examples of the simulation results aghdency was shown also in the case of sinusoidal undulation
shown and the details are written [13]. [12]. The negative value of the displacement from the disk sur-
face means the pad is perfectly contacting with the disk surface
A. Bouncing Height in Time Domain and the Herzian contact is occurred.

Fig. 7(a)—(c) shows examples of the calculation results of ) .
bouncing height of pad(z1) in time domain. It is found that B- Effect of RMS Value of Disk Undulation
pad 1 comes into complete contact with the surface of the cor+ig. 8 shows an example of the relation between the nondi-
relation length in the case of = 80 [Fig. 9(a)] but bounce mensional correlation length and the maximum bouncing height
appears in the case af = 10 and 4 [Fig. 9(b) and (c)]. Max- (z1 max) Varying the rms value, and Fig. 9 shows the effect of the
imum bouncing heights in each condition ar@.0135 nm for rms value of disk undulation on the maximum bouncing height
A* = 80, 4.60 nm for\* = 10, and 22.7 nm for\* = 4. varying the nondimensional correlation length and surface en-
Note that the correlation length;, corresponds to the inverseergy. It is seen from these figures that complete contact is re-
of the wavy frequency in the case of the sinusoidal undulatioaljzed for all nondimensional correlation length when the rms
i.e., the smaller value of* means the larger value of the wavyvalue is 0.25 nm, but the maximum bouncing height becomes
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is small in case of large damping ratio. Though the contact
damping ratio of a real disk is difficult to know, it may be very
small considering the disk surface is covered with thin DLC
film. Therefore, the device for obtaining large contact damping
ratio is necessary, for example, the use of a lubricant with high
viscosity is recommended.

Note that the relations between the nondimensional correla-
tion length and the maximum bouncing height show the same
tendency as in the case of the rms value, i.e., Fig. 8, when the

Fig. 11. Effect of contact damping ratio varying nondimensional correlatidfiSk velocity and the damping ratio are varied.
length and surface energy.

——20(45.0 mJ/m?)

TABLE |
=) . . MuLTIPLE REGRESSION COEFFICIENTS FOR
g 60 Nondimensional 2 < 10 nm
5 correlation length mex
= 50
N -=— 6(no lubricant) k= 1 2
a0 —-6(25.0 mJ/m?)
2 -+ 6(35.0 mJ/m?) Obtained from Obtained from
&30 —~—6(45.0 mJ/m?) i= maximun'l bouncing | maximum contact
§ 2 -t~ 20(no lubricant) height pressure
o 2;
- = gg(ig'g m"’) 1 RMS value 337 0.067
2 20245'0 mJ/'"Z; 2 Disk velocity 2.41 0.046
= - R m n .
Z 0 3 Nondlrpensnonal 203 20,049
s correlation length
10F———— ——— —— Contact dampin,
! 5 T R 4 o ping -1.20 -0.031
Disk velocity V.m/s 5 Mass of slider 1.47 0.035
Fig. 10. Effect of disk velocit i di ional lation length and o Load 021 0.08
1g. . ecCt of disk velocCity varying nondimensional correlation length an
surface energy. 7 Surff:;ﬁe::;tgy of -2.73 0.168
Thickness of
160 8 lubricant -0.25 0.005
Nondimensional correlation length
140 - . o .
E —&— 6(no lubricant) necessary to try to reduce the bouncing height in terms of opti-
% 120 ——6(25.0 mJ/m’) mizing other parameters.
E
N —4—6(35.0 mJ/m’) _ _
£ 100 ——6(45.0 mJ/m?) D. Effect of Contact Damping Ratio
3 —o-20(no lubricant) Fig. 11 shows the effect of the contact damping ratio on the
2 80 —0—20(25.0 mJ/m?) maximum bouncing height varying the no_ndimensiongl corrgla-
2 —20(35.0 mJ/m?) tion length and surface energy. The maximum bouncing height
8
E
=]
£
>
<
p=

TRTTT T

0.001 0.01 0.1
Damping ratio

VII. M ULTIPLE REGRESSIONCOEFFICIENTS

large rapidly when the rms value is 1.5 or 2 nm. The effect of The multiple regression was carried out with respect to the

the rms value on the bouncing height is remarkable. Also, itiuncing height and the contact pressure in order to investi-
seen from Fig. 9 that the surface energy, i.e., the meniscus forggte the effects of each parameter. We consider the bouncing
can reduce the maximum bouncing helght Note that the |||h@|ght and the contact pressure are dependent paramtﬁrsy

crossing shown in Figs. 8 and 9 is due to the nonlinear charag- respectively, and other parameters are independent parame-
teristics of the governing equations of motion (see Sectionstélrsa;i(i =1,2,...,8),i.e.,z1: rmsvalueg,: disk velocity,zs:

’

and lll), i.e., the head slider shows chaotic behavior when thgndimensional correlation length,: contact damping ratio,

bouncing occurred. z5: mass of sliderzg: load, z7: surface energy of lubricant,
_ _ andzxg: thickness of lubricant. In order to minimize the predic-
C. Effect of Disk Velocity tion error, we chose the parametéfs = logy,(k = 1,2),

Fig. 10 shows the effect of the disk velocity on the maximunYi = log z:(i = 1,2,...,8). Then, the multiple regression ex-
bouncing height varying the nondimensional correlation lenggfession is given by

and the surface energy. It is found that the maximum bouncing 8
height becomes large when the disk velocity is large. The rota-Y;, = agx, + Z ap X, (k=1,24=1,2,...,8). (13)
tional speed of the HDD has become higher and higher in recent i=1

years for high access speed to data and some HDDs have 15 00the simulation results of the maximum bouncing height
rpm (about 31 m/s at a 20-mm disk radius). It is seen from thesg,.. < 10 nm are used to obtain the multiple regression
calculation results that an increase in rotational speed is vegefficientsa;, because consideration of the large value of
disadvantageous for design of in-contact HDI system and it4s.,.x IS meaningless for the contact recording head. The
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Fig. 12. Absolute values of the multiple regression coefficients which are

normalized by the maximum value.
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and the contact force were solved using the RKG method. It was
clarified from the simulation results and the multiple regression
coefficients that the surface energy has significant effects on the
dynamics of the contact head slider.
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(1]
(2]
(3]

(4]
(5]

obtained multiple regression coefficients are tabulated in[6]
Table I. The multiple correlation coefficient is 0.94 and 0.97 [7]
for the maximum bouncing height and the maximum contact

pressure, respectively, which means the multiple regression is

successful by using (13). The negative value, e-§.21 at the

(8]

load-maximum bouncing height cell, means that the maximum
bouncing height will decrease when the load increases. Thqg
design parameters which have different sign coefficients
between the maximum bouncing height and the maximu
contact pressure, i.e., load, surface energy of lubricant, and
thickness of lubricant, are considered to have optimum values

as the authors pointed out in the case of a disk surface wit 1

sinusoidal undulation [14].

The absolute values of the multiple regression coefficients aré2]
shown in Fig. 12, in which the bright bars and the dark bars
show the coefficients with respect to the maximum bouncing
height and the contact pressure, respectively. Note that the ct3l
efficients are normalized by the maximum value. Itis found that
the RMS value of the undulation amplitude influences the maxfi4]
imum bouncing height most significantly and the next is the sur-
face energy. In the case of the contact pressure, the surface en-
ergy has the most significant effect. Therefore, it is very impor{1s]
tant to take the surface energy of lubricant into account in order
to design the contact HDI system. Note that numerical values dtel
these results shown in this paper depend on the mechanical and

geometrical model.

VIIl. SUMMARY

(17]

(18]

Dynamic characteristics of a tripad contact recording heagh9]
over a random undulation disk surface were analyzed consid-
ering the surface energy of thin liquid film lubricant. The equa-pq
tions of motion for four regimes considering the meniscus force
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