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(54) Title: AUTOMATED MACHINE CONTROL GAP FOR CONICAL FLUID DYNAMIC BEARING ECM GROOVING

(57) Abstract: In one aspect of the invention,

M 432 the gap defined between the electrode and the
workpiece is automatically adjusted in response

414 440 to the pressure of the inflow of the electrolyte.
\T_j Apparatus for ECM grooving of a workpiece

T is provided comprising a weighted or biased

| electrode (416) which is mounted to automatically

: adjust the gap (420) between the electrode and

] —=— 410  the workpiece (400) in response to the pressure

: of the electrolyte inflow, with current flow rate

| 412 being held constant. The female portion of a dual

4-1|8 cone or single cone work piece is supported on a

/1 frame or platen, with the cone opening facing an

420 T ——431 axis which we shall designate the Z-axis. A slide

400 electrode assembly (416) is provided, preferably

430 428 working along an axis which coincides with

402 the central axis for the conical workpiece. The

electrode assembly comprises a static element

403 which supports the dynamic elements of the

401 electrode assembly, and a dynamic element which

comprises a electrode weighted or biased by a

\404 known mass and movable along the Z-axis. The

electrode includes, on a face (418) which will be

aligned across a machining gap (420) from the workpiece (428) a pattern of grooves which are to be defined on the workpiece;

=~ the pattern comprises conductive elements so that the necessary current flow between the workpiece and the electrode can be

established. As the electrolyte is pumped into or through the machining gap between the workpiece and the dynamic electrode at a

constant static pressure, the dynamic electrode reacts to the pressure by moving toward or away from the workpiece to establish

a certain gap width to create the necessary groove depth and definition. The force acting on the electrode slide assembly (416) is

B the primary controlling factor for establishing the machining gap as the electrode and dynamic support move in response to the
constant static pressure of pumped electrolyte.
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(57) Abstract: In one aspect of the invention, the gap defined between the
el ectrode and the workpiece is automatically adjusted in rE&l?’R 2@ to the
pressure of the inflow of the electrolyte. Apparatus for”~ &? Qﬁng of a

wor kpi ece wospuéi ded conprising a weighted or biased ep@gHd2de24416)
which is nmounted to automatically adjust the gap (420) between the

el ectrode aA‘BTpM&Té‘B I\{fRCﬁﬁ\PE EHPPROD A4S tg@ﬁgédl\ﬂchb%&ﬂﬂéftﬂ%ﬁw@f the

el ectrolyte i oW, with current flowTra constant. The fenal e
portion of a dual cone or sBE@RIN(&E@/IﬁﬂQOMMGe is supported on a frane
or platen, wth the cone opening facing an axis which we shall designate
the Z-axis. A slide electrode assenbly (416) is provided, preferably

wor Ki ng glayacRefBrencedo \Rulatbd Applitaitidas Wi th the central axis for t he

coni cal workpicce. The, e] ectraqde e a St nt

whi chd suppor t Enis PPlGaTion & Qﬁségrém @S%f Bbcﬁ)éls' qggcﬁt? d@pg{g@@%%g L{@’

dynam c @d)/sgmesmop&q N@oafﬁbexswomeémmwmwmmmemma known
nmass and novabl e al On%é-thb‘d@ | ectrode includes, on a face (418)

whi ch wi GAPHEOR CEONIE QYMWQBE@FBBJ@ F@%ﬁﬁ@@kﬂh‘ﬁe'%m@éﬁ Bte (428)
a patter; ﬂvé’rfntop YiFSA. ‘é‘@b&ﬂaﬁr €rHg? #?&lt?%ff ti8GorBlisiohs! H}ﬂ:?lﬂéﬂﬁ@r??s claifiéq pat tern

conpri ses condu I've ‘el[enent's so the necessary rent flow between

t he wor kandthis prodrisidral epplicatiotis Imp@@tedaber&m bssreéezrenmes the electrolyte is
punp into or through the nmachining gap between the workpi ece and the
dynanic electrode at a constant static pressure, the dynam c el ectrode
reacts tpieldef [vasionr e by noving toward or away fromthe workpiece to

establish | = g.certai.n width tq c e, t sar h and
ot i ti on. THUS foyeron il cieeralvcloc e it R TERE ARG e o The
primary e patitilagy teefchingfgpdovestinbldoplvahelehient oba fiididypagiwbesinghe

el ectrode and dynam c support nove in response to the constant static

pressure of punped electrolyte. - B MAY 2006 WO 03/041901 PCTI US02/ 35820
15 Background of Invention

Disc drives, including magnetic disc drives, optical disc drives and magneto-
optical disc drives, are widely used for storing information. A typical disc drive has

one or more discs or platters which are affixed to a spindle and rotated at high speed
past a read/write head suspended above the discs on an actuator arm. The spindle
20 is turned by a spindle drive motor. The motor generally includes a shaft having a
thrust plate on one end, and a rotating hub having a sleeve and a recess into which
the shaft with the thrust plate is inserted. Magnets on the hub interact with a stator

to cause rotation of the hub relative to the shatt.
in the past, conventional spindle motors frequently used conventional ball
25 bearings between the hub and the shaft and the thrust plate. However, over the
years the demand for increased storage capacity and smaller disc drives has led to
the read/write head being placed increasingly close to the disc. Currently, read/write
heads are often suspended no more than a few millionths of an inch above the disc.
This proximity requires that the disc rotate substantially in a single plane. Even a
30 slight wobble or run-out in disc rotation can cause the disc to strike the read/write
head, damaging the disc drive and resulting in loss of data. Because this rotational




AUTOVATED MACHI NE CONTROL GAP FOR CONI CAL FLU D DYNAM C BEARI NG ECM

GROOVI NG Cross-Reference to Related Application 5 This appli Wyo&qbs based
on U S. Provisional Patent Application Serial No. 60/337, =38

Novenber 8ywa&@iiooentitled AUTOVATED MACHI NE CONTROL GAR R oSSINLEAL FLUID
DYNAM C BEARI NG ECM GROOVI NG, invented by inventor Dustin A Cochran. The
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2506 WO 03/ 041901 P 0 accuracy can | eved using ball
bear i ngsrepeaé rynaubs tHayever,doi enefdéctivesthe pressure-generating grooves must be

very accurately defined, both as to shape and depth, on a high-speed basis.
One generally known method for producing the dynamic pressure-generating
grooves is described in U.S. Pat. No. 5,758,421, to Asada, (ASADA), hereby
20 incorporated by reference. ASADA teaches a method of forming grooves by
pressing and rolling a ball over the surface of a workpiece to form a groove therein.
The diameter of the ball is typically about 1 mm, and it is made of a material such as
carbide which is harder than that of the workpiece. This approach and the resulting
fluid dynamic bearing, while a tremendous improvement over spindle motors using a
25 ball bearing, is not completely satisfactory. One problem with the above method is
the displacement of material in the workpiece, resulting in ridges or spikes along the
edges of the grooves. Removing these ridges, for example by polishing or
deburring, is often a time consuming and therefore a costly process. Moreover, to
avoid lowering yields, great care must be taken not to damage the surface of the
30 workpiece.




drives utilize a spindle notor having fluid dynam c bearings on the shaft
and the thrustplate to support a hub and the disc for rotaéi@&iﬂﬁna fluid
dynam c bearing, a lubricating fluid such as gas or a |iquUi 5
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interface area inparts danping effects to the bearin 'ps 16 reduce
non- repddteXamiatbraspReAyMInue, ewealt of thess, CQmEOfpﬁFSS st figguentit bag

grooves Rigie HIR of%hé{ro%‘?%’étﬁf f‘lé/dﬁkéjseffbl’"@n%rﬂ@%t ?tegﬁ sﬁéigl%@é‘@?eefﬁg agf@éﬁi’ Con a

hi gh- speed basis. One genera nown or ’producrt ng
pr essur eihpseef akhesg meiatoaresas bardes harderdhamthe Ratdtial of the. ball, Thes,4R4, to

Asad [ rpor.at ed reference. ASADA.t each a
met hgg Eﬂéﬁ‘ or)(rh‘ertl'g&%r%%é’%'y“%&e@gi@é"%{}‘r@g‘%ﬁ% ﬁwﬁ ‘gY"BH]"F bEiNIS ﬁ’ée@ﬁrface
of a wor igestgenemtibnrofidiscgirivese t herein. The diameter of the ball is
typi cal l bowt it i de, of terj al , hi de whi ch
2 harder 1 noaotial MagtRBH dof, B EEe e TasVEp oo AcHid Y aRie BEaTNg hg
fluid dydestribeticinr UnS. Palii No. &,878408) d@UMarBRs Odte BE Nt (MARTENS), NEbBbyrot or S

using a 25 ball hearing, is not CO_£| etely sati sfactor%. One problemw th
t he abov&°REPORYRd; BY teterencay MARERNSoteanh: ar ingthed efh dorming pivmesic

resulisi NgrdsBurelgiiHtatiti ?RJO'&% udingHh AparaftdISSciPhs R, qﬁyﬁxg-a RRAYi ng
these ridges, for exanple by polishing or deburring, IS oftén a time
consuni nEEEaMing teel and adixture dhatimoves dee workpignednoementally inths direatinein ng

nor kpi e SE8 2 PRHEETLS Gk cp D SR st TR Tn ARV Fod fRlth 101 e
Wit h t heg®@owes: brecarning ©ull weshart ghiselirghmavement ieactitbne the workpiece is
moved. This approach, while an improvement over the earlier one in that it does not

20 produce ridges that must be removed, is also not completely satisfactory. For one
thing, this approach like that taught by ASADA is typically not suitable for use with
harder metals, which in addition to being more difficult to machine are often brittle
and can be damaged by the chiseling action. Moreover, because each groove or
portion of a groove must be individually formed and the workpiece then moved, the

25 process tends to be very time consuming and therefore costly. Furthermore, the
equipment necessary for this approach is itself expensive and the metal-removing
tool is subject to wear and requires frequent replacement.

Another method for producing the grooves involves a conventional etching
process as described in U.S. Pat. No. 5,914,832, to Teshima (TESHIMA), hereby

30 incorporated by reference. TESHIMA teaches a process in which the workpiece is
covered with a patterned etch resistant coating prior to etching so that only the




drives toward higher rotational speeds to reduce access tine, that is the

time it takes to read or wite data to a particular poi ntogg“*w?ﬁ
Di sc drives now commonly rotate at speeds in excess of 77 8 tions

per m nut eywold@smohi gher speeds 5 require the shaft and tfherfde;is9, be nmade
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25 process tends to be very time consum ng and therefore cost
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PCT/ USOZ{n%ﬁ%%O not use an etch resistant material during manufacture that could
20 contaminate the workpiece leading to the failure of the bearing and destruction of the
disc drive.
As the result of the above problems, electrochemical machining of grooves in
a fluid dynamic bearing has been developed. A broad description of ECM is as
follows. ECM is a process of removing material metal without the use of mechanical
25 orthermal energy. Basically, electrical energy is combined with a chemical to form a
reaction of reverse electroplating. To carry out the method, direct current is passed
between the work piece which serves as an anode and the electrode, which typically
carries the pattern to be formed and serves as the cathode, the current being
passed through, a conductive electrolyte which is between the two surfaces. At the
30 anode surface, electrons are removed by current flow, and the metallic bonds of the
molecular structure at the surface are broken. These atoms go into solution, with
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20 In known designs, the gap is varied to yield a predetermined mass flow, and

the position of the electrode relative to the workpiece is adjusted mechanically to
establish the gap. This takes up to thirty seconds in time, which translates directly
into manufacturing costs. The present invention provides a solution to this and other
problems, and offers other advantages over the prior art.

25 The present invention provides a solution to these and other problems, and
offers other advantages over the prior ar.

Disclosure of Invention
The present invention relates to method and apparatus for electrochemically
30 etching grooves in a surface of a conical bearing to be used to form a fluid dynamic

bearing.
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current flow between the workpiece and the electrode can be established. As the
electrolyte is pumped into or through the machining gap between the workpiece and
20 the dynamic electrode at a constant static pressure, the dynamic electrode reacts to
the pressure by moving toward or away from the workpiece to establish the a certain
gap width to create the necessary groove depth and definition. The force acting on
the electrode slide assembly is the controlling factor for establishing the machining
gap as the electrode and dynamic support move in response to the constant static
25 pressure of pumped electrolyte.

Since the electrolyte is pumped at a constant pressure, the electrode will
reach an equilibrium portion along the Z-axis with the electrode pattern facing the
conical surface, thereby controlling the machining gap.

In a preferred form, the electrode slide assembly is intended to be near

30 frictionless in the direction of movements relative to the conical element (the Z-axis).

The slide assembly is further designed to have a very high force versus
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dynani c #1veptiengdiven gneenjunalionwith the assosiated\drawingsg t oward or away fromthe
wor kpi ece to establish the a certain gap width to create the necessary
groove depth and definition.. The force acting on the el ectrode slide
assenbl yBrief Dascription op Drawingg act or for establishing the machining gap as
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Figure 3 is a vertical sectional schematic useful in illustrating the process of
20 this invention.
Figure 4 is a vertical sectional view of apparatus invention which may be used
to implement the method of the present invention.
Figure 5 illustrates a method of calculating the gap used in carrying out the
invention.
25
Detailed Description of Invention

Fig. 1 is an exploded perspective view a magnetic disc drive for which a
spindle motor having a fluid dynamic bearing manufactured by the method and
apparatus of the present invention is particularly useful. Referring to Fig. 1, a disc

30 drive 100 typically includes a housing 105 having a base 110 sealed to a cover 115
by a seal 120. The disc drive 100 has a spindle 130 to which are attached a number
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secti onal emati c useful in illustrating the process of .
i nvent i od40 Iq i dises 135 at selested lacatiens: i onal view of apparatus invention

whi chomay be Fl‘geciz id @ »be'@éaﬁ@%eﬁ ﬁah‘?néwto*f‘%dh% é@gaﬁé&f%g”&udl "R %'th':' gure

5illustrates nmet hod calc atln the g I'ng out
i nvent i odpura tmrlaglm fpem_iathrt abnut@‘ Shait/émﬂ Bbuwﬁ) gThe hub 2@n lexmlcm]gd
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present whwélntqrmnth&ehyrﬂodyMMrbleymugMhid:h sBppaty theghbily féri g:tatibn apdijsc 30
Chae 1BeiBLERLL 505 o B A8, 5 Ry B oBST0 50 oo
att adﬁed has dualhaale7comcal surfaces which face the conical regions 210, 212 in the sleeve
at the upper and lower ends of the bearing region. The shaft would further include a
smooth center section which would cooperate with the journal bearings defined by
the grooved regions 214, 216. As is well-known in this field of fluid dynamic
bearings, fluid will fill the gap between the stationary shaft and the inner grooved
20 surfaces of the sleeve. As the sleeve rotates, under the impetus of interaction
between magnets mounted on an inner surface of the hub which cooperate with
windings supported from the base of the hub, pressure is built up in each of the
grooved regions. In this way, the shaft easily supports the hub for constant high
speed rotation.
25 The pressure generating grooves on the inner surface of the sleeve can
easily be seen Fig. 2. They include, in the example, two sets of grooves 230, 232
for the upper cone and a corresponding set 234, 236 for the lower cone. This
particular design also utilizes two journal bearings 240, 242 to further stabilize the
shaft. Obviously, the present invention, which is directed especially to a method and
30 apparatus for making these grooves rather than the design of the grooves
themselves, is not limited to making this particular combination of grooved designs.
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const ant bﬁ'?ééﬁmfgﬁg]gas?%ﬁypi %lﬂlﬁt'vﬁé Fﬂémgr Ekegﬁp%s M&%iqxﬁﬁ’o@?@cﬁ%@c% t he
i nnens subétaeenobhitihe klyeevefipnor f6idss InvaiRirkeeld for-a dyndhiRYeshfdnugle, in
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Obvi ously, the present invention, which is directed especi to a met hod
and 30 a%ﬁ&?%f'wg flowt inntaRiinfgriasialsegignangegenasateca lachlized tegioneafidynamic t he
r 0oves hEhPRERNESThb Grdtiles'drdsbitated BPIEiM IBRLS oPfES biidthle SHRRHT! 1 "
20 generally of about 0.009 to 0.015 mm. It is readily apparent that it can be extremely
difficult to form grooves having these small dimensions that are relatively closely

packed on a surface. To this end, the work piece, which in this case is the hub of

Fig. 2, is placed in the grooving device shown in Fig. 3. The apparatus for forming
grooves using ECM is shown especially in Fig. 3.

25 The system shown in Figure 4 provides an accurate, repeatable method of
forming the workpiece of Fig. 2. The workpiece is located on the base 404, which
includes an electrolyte inlet 401 and supporting plenum 403. The workpiece rests
on the plenum 403 so that the electrolyte does not flow or leak away. The
electrolyte is supplied at constant pressure for the reasons explained below. The

30 slide electrode assembly 410 can be used to carry out the ECM process. The slide
electrode assembly in this embodiment comprises a static portion 412 and a
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wh | d
Fogi 08 oPSHfeen e ikt bradl ahd band A6 sutas 275 BReARIENRL Bietharda”) ands
or ribs 4id lm@ump@ddem thezga;gelﬂerlala ynawfm aennter . THO pUmpithmvm's the is
di | b t | di ff | t h
hese. sraTRRFRLAL A Heslact s Rhghin PSS oo estioty' andhe 3R SEsa aco. To
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aced i
8 rooves k&@\ﬁ rbcgh% %gﬂégﬁ's\ﬁ]? Pre- Qef&]egi gap 428, pﬂ’@ NASE 432 ASHOS | ng

Fi gune 4oﬁftﬁé/lt§lﬁ§f e Sle6vadd Slidd BRRMNPUe4 m%@ﬁréﬁahbtfa@édﬁd?ge d1Be WR& kpi ece
of Fig. e workpiece is |located on the base 4 ch 1ncludes an

el ectrol 9?r§r9"fﬂgetfa<21@"l fan estahlisbingi the machinng ozap Tﬁ[@W@rt@pﬂ'@%@Qn@m on
the pl endpctbk 381 Bpﬁ% A'Fd]@e%ﬁr%t rIPfsMr’h ofifft%o {Hag‘ﬂ i§ gréf@%l ke d €

el ectrolyte Is su const ant p essure asons explai ned
bel ow. Tﬁ@ssmsiﬁa apRINg indbissystam|because emmg)brca;ehangesmra funotion t he ECM

process. of §pidtdlént. Alternatives to a constant mass acting on the slide 416 assembly
20 may be apparent to a person of skill in this field and are within the scope of this
invention.

When the position of the slide assembly 416 will reach equilibrium with regard
to the cross-sectional flow area, hence controlling the machining gap. As noted
above, the slide assembly 416 is infended to be near frictionless in the z-axis

25 direction 440 so that the gap dimension 420 is preferably established by the
pumping pressure of the electrolyte versus the defined space of the gap; and the
mass or force 432 which biases the slide assembly toward the gap.

Considering the operational diagram of Fig. 3, the Figure shows, in schematic
form, the operational concept herein. Specifically, the Figure 3 shows the workpiece

30 300 having an opening for the shaft and bearing cones which will be inserted later to
complete the bearing assembly. The dynamic element 310 is also shown,

10




el ectrode assenbly in this enbodi ment conprises a static portion 412 and a
9 - s MAY 2006 WD 03/041901 PCT/ US02 /35820 dynami c el ement 4&#{

i ncludes a conductive el ectrode 416 having a pattern on gu ace 418
which is twdedebi ned on the surface of the workpieces %mﬁg/gssza'he
dynam c el enent is biased tovvard the gap 420 and the surface 428 of the

wor kpi ecq:%snaénadmsomef ?%&tﬁéﬂ%uﬁa B4g ! BaB3Yfin 35%%te{l}evab'e

al ong the z-axis away fromt e machr ni ng gap
suppor t eceleraent H1% Qfeti\el ylequl'taitq slidecds defivedrdat providet lae highatdrce eleesusnt  of

the aero I al r S i.th agai nst
or very Sipladeriort e Il Zlant o A rif'BefiplcZeltBiEd B384 B ishoo

el ect r ol sudaodiddB ofsthemdetremmaecuralst)@aligneb refediveatonthai surfabes e@nduct i ve
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dynam9 %IE hggfﬂ Jg:?(tj Hrﬂ f’atgabﬁl? -aﬁsgmg[yo afhARStatiehe
punpi ng meammgieme?étmg at %phrgw pwesate E(al?&ns‘lwtpsokﬂﬂﬁﬂa PFep Sttt rzmﬁ .

el ectrode, and t ?028 senbly 414, 416 react to the gressure novi ng

upward al E?ﬁ@a'l% f% QiQQB’HWéybthSﬁ‘i‘ the dning i glgment fdBeansbthe stadist abl i sh
a pr e- defigneshtgapR. 4R|Q adlihi@n&ﬁﬁéné@%f A8 Ae Ja%rc%? tkhﬁ dePMethadisii Alpsst r ode

slide assenbly 414 has a precalibrated Porce contr%ﬁl I ng factor

for est abatdhwvildersedf-sealing.nwhigh yeilh keep the EQMtQJG@tMytemwtﬁmtlcélaE&asrmde 431

pPUMPii Y LS %H?@stah&sh&e' nportant to note that it is preferable to use a
mass |nsteadl a spring in this system because spring force changes as a

function of Eﬂheppala&naaltconclepbmthat elestrolyteasaupptlemtthmagls tre bottgm @t t he
slide 41 p to.a.perspn of .s in,this field
and are %e[aﬁ/ﬁﬁ%cé 883@6 tﬁ? e%cﬁ [Rbag }?%eﬁ\ﬁgﬁe? mdﬁsﬁ'ﬂ"\’%ﬂ U(WF?'He slide
?issenbl y eduiBbridrh lis rmﬁbdfqhelmbchlmﬁg\r/]gaphthéﬁgwbdmdsca Tchﬁcéél rdice;SEH, lh@na: g
ow area nce cont in machi ni n not e ove, the slide
assenbl y qu-'eage BHEYR gBiecﬁ&?r CFOSP & %Bﬁg,ﬂﬁsfgow RAred vl 336@3@ be the r ect i on
440 39 t bahel henceabe didmnﬁng)gaﬂam AgtomaBEy Ml ostasifshBL Withed: ¥ nebE to PUNPI Ng
pressure of the el ectrol yte versus the defined space of the gap; and the

mass or TMEKEAIMSINGRH; ch bi ases the slide assenbl y toward the gap.
Cohomact &7y oT WRE% STAbIGAy S by d pEETOHER SIPRA o
shows t h8oWee @ﬁoe@gamst the distal end of the dynamic element 310. ThIS same air
pressure, in the gap 360 between the dynamic element and the static element (see
20 Fig. 4) prevents electrolyte from entering the gap, establishing at least in part, the
self-sealing effect. '
Fig. 5 is used to illustrate the results of a regression equation used to
calculate the gap under certain operating conditions. The equation is:
. The regression equation for predicting machining gap:
25 G = 19.8175 — 0.505(P) + 0.322(Q) + O. 0049(P2) - 0.0009(Q%) -

0. 0013(P)(Q) c=115puM R? = 97%
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30 300 having an opening for the shaft and bearing cones which will be
inserted later to conplete the bearing assenbly. The dynar.p;)@ t‘ﬂ\fer{g@? 310 is
al so shown, 10 - 8 MAY 2006 WO 03/041901 PCT/ US02 /35820 po%i'tToned across
the gap 313vdéxwndobe surface 314 to be defined. The statigergésRBRs 412 of
the aerostatic slide is defined to provide a high force versus

di spl acenent Wﬁérg inthe x and y axis of the dynam c el enent so that the
wor ki ng surface 418 of the slide remains accurately aligned relative to
the surfaces Gapd&)Hh miovonsed 428 and 430. It is preferred that the slide
assenbly be a r.os i beari ng operating at a high pressure (about 100
psi) with a VEF%%?%W%Q@ al clearance (0.002 to 0.003mm between the
movi ng el emenFlodl@)dmdnitiess s¢aé readiggsenent 412, An addi tional benefit of

i ng_th tatic slid hanism 410 is that it will be self-sealing,
whi chowi |1 kel GPeeamveriedis srppbiof Eemib e Ao eas in 10 the

el ectro statipjlow (inﬂ,g;‘).;ﬁt@ @espyi onal concept is that electrolyte is
supplied through the bottom'of the vvorkRi ece; The force of the electrolyte

di spl aces the el ectestriBavmdemansirted that thisqguatien pradicls the gametnd thhe

machi ni n ﬁﬂ?&) 64 L rifice; If P, Q and F are

accurate {/&?grﬁcregl cg’gﬁt e curag(Zs/é é%@?%%}r?}al flow area wll always be the 15
sanme, hence the nmachining gap will automatically be established w thout the
needléo make adjustnent. The force F is preferably established by air
pressure froman air supply source 350 against the distal end of the
dynam c el enent 310. This sane air pressure, in the gap 360 between the
dynam c el enment and the static elenent (see 20 Fig. 4) prevents electrolyte
fromentering the gap, establishing at least in part, the self-sealing
effect. Fig. 5is used to illustrate the results of a regression equation
used to calculate the gap under certain operating conditions. The equation
is: The regression equation for predicting machining gap: 25 G = 19. 18175 -
0.505(P) + 0.322(Q + 0.0049(P) - 0.0009(Q) - 0.0013(P)(Q a =1.15MR2 =
97% 11 - 8 MAY 2006
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WO 03/041901 PCTfUS02135820 Where Gap (G in mcrons Pressure (P) in PSI
Flow (Q in unitless scale readings 5 (Q can be converted to actual flow
rate with this equation: Flow (nf/mn) = 3.84 (Q-31.9 Tests have
denonstrated that this equation predicts the gap, and thus ﬂho

accuracy, wth about 97% accuracy. 10 12 WHAT IS CLAI I\/EI_')8 arat us for
el ectrochem cally etching grooves in a surface of a conical bearing to be
utilized in a fluid dynam c bearing, conprising a frane for holding the
cone about an 5 axis and facing a novabl e el ectrode novabl e al ong the axis,
the el ectrode being axially novable and having a surface carrying a groove
pattern to fix on an inner surface of the cone, a source of electrolyte to
be punpedHar ISa&CUAIMEDt static pressure rate between the surface of the
novabl e el ectrode and the inner surface of the cone, 10 and a static
fixture for supporting the electrode for novenent toward and away fromthe
i nner sul.f aceArdarohe focectwichaemmaty encthirfg gmbi/eﬂalo sugfaite ot bl @hicdbdafng Or ce

bi : . t t hat
tlhgséég R hioER) Qo BebAP S Brkhiing BB NORRe hrisebe BBPFLAE of

t he Conedriincd fgeinoue MRyablst eledieods] @@w@ew@g fhe aést memlaetcbqsr beng |olxiy1|lyby t he
static fhevididbRaMavinga &lfeebnyihg cﬁ@r@o@@%ofﬂgfnci% fgl(ﬂal rinn Pﬁ;rfof:é ior?n hgct rode

toward the inner surface of the cohe. 2. Apparatus e
wher ei n W€  static frame conprises an aerostatlc slide, the electrode

novi ng al ong d ksuréxios eb@w@wé NSk avmsearcﬂra holey Af&rtegareémé tﬂﬁs Bhwbdefone

supported% I’I|né r bearing in the ween e static frame
and a dyHEAFLO D8 é’é@rﬁ'e%f(ﬂ%o?rtq e qu?ésgfog@tqfaﬁcory Appar atus as cl ai med
in cloai m1 wheed I’std’rlbeﬁxﬂlr@t‘drrsoﬂﬁorhﬁg fﬁweﬁ@l@bﬁ@be %r@ﬁb&&ﬂ@rﬁ%@or&@ﬂ@@vﬁﬁﬁ
groove grattﬁ?r}noen rﬂ out 2{3 sur f ag réﬁ) ﬁr goves to be formed in the
surface of" EERTELT® BRTF PR B PH@” figtiop 06995 IFEORYy FBE\EORA Righing the
electrode surface tfoward the inner surface of the cone so that the gap through which the
electrolyte flows between the inner surface of the cone and the surface of the electrolyte
is determined primarily by the static flow rate of the electrolyte and the force bias of the

15 electrode toward the inner surface of the cone.

2. Apparatus claimed in claim 1 wherein the static frame comprises an aerostatic slide,
the electrode moving along the axis tfoward and away from the inner surface of the cone
supported primarily by an air bearing in the gap between the static frame and a dynamic

20 element supporting the electrode.

3. Apparatus as claimed in claim 1 wherein the electrode is a conical electrode and
comprises a groove pattern on an outer surface thereof, the grooves to be formed in the
surface of the conical bearing being defined by the groove pattern.

25
4, Apparatus as claimed in claim 3 wherein the radial clearance between the

dynamic slide and the static frame is about 0.002 to 0.003 mm.
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25 4. Apparatus as clained in claim3 wherein the radial clearance between
the dynamc slide and the static franme is about 0.002 to 0.003 mm 13 - 8
MAY 2006 5. Apparatus as clainmed in claim4 conprising a source of air
pressure applied to the distal end of the dynanic slide wh8cMAY 2088 so the
source of air pressure which supports the dynam c el enent for novenent
radially through the static elenent, the air pressure thereby naking the
aerostatic slide self-sealing to keep the ECM el ectrol yte out of critical
5 areas in the electro-static slide, 6. Apparatus as clained in claimb5
wherein the air pressure in the gap between the dynam'c el ement and the

static eéemen}x : uf fi |entI Ev Q rovi de a orce displacement
ratio inthe xp%% A e%mﬁgl'g? ”g C@”fﬂﬁ'é'n%ﬂ s§’u51 ?1 W???H’et?%o"ﬁ Agdie 10
el enent digahend qg’rhsodmkuatlc slide winchk isrgsosthe fsagree edf et predaresutiiia s paiits tne
slide re I e t I 0 be grooved. 7.
Appar at ucggﬁhlggrﬁ %Ieg(lgrﬁngrétafog % \%rhgr[i} %}Jﬁlg%}o\oﬁe QSn?L%] st tT Gf'noér gfeésr‘r‘é%t and
el ect r odéetebyanekinchthecegrpgatic @l@efsatfreeqllsgégkam ﬁ@é@Mbglqurcme‘e wue ofigidtionst a

dista eqdaoh hd8echosidyiQayc el ement. 8. Apparatus as clained in claim?7
wherein the pressure is defined by air pressure contained with a cell

enclosing at least the distal end of the dynamc element. 20 9. A device is

claimed 4.n clgdBrdrb @:’é B@he@%@fdwﬁ%ﬂghéeﬁ%lé% &Iass@rle%%é ?3&) RNE8L ikl to

be applied to the wor FI ece and el ectrode respectivel he el ectri cal
pot ent i SPYNEFMEAESISTEEH PG XBE i elemenatis S‘J&?'B@*&Y pigb '@aﬁf%f@et Rabigh fomee at

whi ch anigldddmerprrag@ss the xCard iyeelUbldtise t8eh8rdisN@En® WHIBS ithy dathe gap
bet \/\@en t he eTI ectrode sqrh?gﬁpe an the jnner surface of the cone. 25 10.
Apparat (EETEP B8RP ERE CB{Nh PTG BI6TERIS JUPE, P 4% Slide Eeneqins cal
wor k p|mra}elmﬁgrmdmlafean':sfrfechrfd:cte(i@d:{)e;/g@bp@@rti ng the work piece in the
apparatus; and neans for biasing an el ectrode bearing a groove pattern to
be etched in the work 30 piece along an axis and across a gap fromthe
coni cal 7sur f sewanditus ke awimikdpn edanm hmdheraie dims bfasrofstipplypomts eleednt alngt e t o

the gap.giddrode toward the conical surface is established by pressure against a distal end of the

15  dynamic element.

8. Apparatus as claimed in claim 7 wherein the pressure is defined by air pressure

contfained with a cell enclosing at least the distal end of the dynamic element.

200 9 A device is claimed in claim 7 further comprising a source of electrical potential to
be applied fo the workpiece and electrode respectively, the electrical potential creating a
fixed current rate across the gap so that a rate at which an ECM process is carried out is
determined primarily by the gap between the electrode surface and the inner surface of
the cone.

25
10. Apparatus for electrochemically etching grooves in a surface of a conical work
piece comprising

means for fixedly supporting the work piece in the apparatus; and
means for biasing an electrode bearing a groove pattemn to be etched in the work
30 piece along an axis and across a gap from the conical surface of the work piece, and

means for supplying electrolyte to the gap.
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1 1. Apparatus as clained in claim10 wherein the nmeans for supplying
electrolyte to the gap cooperate with the neans for biasing the el ectrode
to thereby set the gap. 5 12. Apparatus a clainmed in claim1l wherein the
means for fixedly supporting the workpiece conprises a frame for hol ding

t he workpi ece about an axis and facing a novable el ectrode grmafbpEsal ong
the axis, the electrode being axially novable and having a surface
carrying a groove pattern to fix on an inner surface of the workpiece. 10
13. Apparatus as clained in claim11l wherein the neans for applying

el ectrolyte conprise a source of electrolyte to be punped at a fixed
static pressure rate between the surface of the novabl e el ectrode and the
i nner surface of the cone. 14. Apparatus as clainmed in claim1l wherein the
nmeans f of!l.bi adppgrotdses elarved ddgainl B woerpinitbe mecmts &risapdlyig aieetrblgie to the
supporti fromthe inner

suIrOP ace @kaﬁgp%ﬁeg%?ﬁ%%&%s@ﬁ %TP Y&fr@ggg Fc sefﬂ"an%ﬂa pressure
source biasing the electrode surface toward the |nner surface of the cone
so t hat eg I

surf ?i% e toé]:l t hgﬁ%%rgggﬁQlatlwgbgﬁr(%@@e?twage}h% e@%@‘gﬁ@‘ :ﬁg&ﬂét Lg‘r?pd%rme

pri mari | YOBPCERLHPRYISPT Of frfe oPr hRising Ee msrkpieceapliovhenfafscendifagingfa 20

t he el ecinb@sife tapy@ddict MRvhPBESIORY th& &Ris Ofhet BBCROME be}% of?\QI%@QHﬁlea&w%

clainmed in claim14 wherein the neans for fixedly supporting the workpiece
conpri seROVINET SHTOCSIAEWRI FHFORG BTN T %@’Rb‘f‘@(}“é‘rf%%ef thgrvekeiecand f aci ng

a novabl e el ectrode novabl e along the axis, the el ectrode being axially
nov e and 25 hav surface carrying a groove pattern to fix on an
"onel el ac e Giop Rt & RN W Rt e edTacier GBRiHc RI9ETSMEhi ng
gr ooves damgariss arsbece affelectoyhs tabe bemrobdg:f ot fixebetatitigrész@d rate servbom the
dynan ¢ BRaL Bline GOITREISH 00 i LalTRelifler IlALIg Hd1g, £one about an  axi s and

faci ng a novabl e elec e nova Ie glong T@ e el ectrode bei ng
axi ally 30 novabl e and having a surface carrying a groove pattern to fix on

an innerysurfaee, o Qz@eclodfn%@ d&m 1ﬁmM%Yeir$QrQ§nP ihfggbﬁ%i\ﬁéhf\ %cﬁr a, a

fixed static pressure rate etvveen the surface o rode
and '®he Gamke suidligdituet for Berrasing, thastpodiopp detneernend tewverst arstiewp from

novenmentind e dudich 3nae oREWIRE rikiMel AR G8stRdtiont Eﬁdc& Meodlirk QLOE‘II 3 nal
frictional restrlctlon and biasing the electrode surface toward 5

i nner s Fgdn 8?"1‘]*(8‘1‘86‘1‘{53%90"01"’9&? fhﬁh@%éﬁqu‘?r%ﬁfgﬁcw ¥hihohthegarihraugd | ows

bet ween wHieh the electrode flows between the inner surface of the cone and the surface of the
electrode is determined primarily by the static flow of the electrolyte and the force bias of

20 the electrode toward the inner surface of the cone.

15. Apparatus as claimed in claim 14 wherein the means for fixedly supporting the
workpiece comprises a static frame for holding the workpiece about an axis and facing a
movable electrode movable along the axis, the electrode being axially movable and

25  having asurface carrying a groove pattern to fix on an inner surface of the workpiece.

16. A method for electrochemically etching grooves in a surface of a conical bearing
to be utilized in a fluid dynamic bearing, comprising a frame for holding the cone about an
axis and facing a movable electrode movable along the axis, the electrode being axially
30 movable and having a surface carrying a groove pattern to fix on an inner surface of the

cone,
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i nner surface of the cone and the surface of the electrode is determ ned
primarily by the static flowrate of the electrolyte and the force bias of
the el ectrode toward the inner surface of the cone, 10 17. A nethod as
claimed in claim16 wherein the static frame conprises an aerostatic

slide, the method including the step of nobving the electrode along the axis
toward and away fromthe inner surface of the cone supported primarily by
an air bearing in the gap between the static frame and a-dqrﬁm Q088 enent
supporting the electrode. 15 18. A nethod as clained in clarm 17 wherein
the el ectrode is a conical electrode and conprises a groove pattern on an
outer surface_ thereo l,.udi ng for rooyes on
surface of th%'@BWPd%?C%g ?ﬁﬁgogge ?Tﬁeamgv ‘gl3%3v&eaéﬁ?éPﬁ°0%ﬁ%*ﬂ%thod
further pbuaudeugmadeehQGMQwmatapotentﬂakxmppémfd to the morkplece and

el ectrode %Sﬁln&%é( eIeEPSdg Eog?ﬁcg\}e?r?ént’r P(\gl\{%grgtdn%] cv%éﬁérlnqge Anbl gﬁﬁ‘gcg UF r ent

rate across t SS IS car
out is d@pefmﬂen\eldh mtrilrrmak frigtjorsy restriggiony agncheipvieg the B@efreﬁecwcmdaefcs\wcﬂ amm and

the iEf‘neﬁnérLémf@&?opfh]gtéb‘?\e%B'}ﬁof thd-gdp Wﬁ&%}&as @?h ﬂ%%l%d&fl&)/ﬁ%én the

including the step of establishing th dynam ¢ ement and
el ect r odENeTGHAREP Phibeceniiecand Mg fuEeee 19f the eleplreds jraeterginasspriraady by de 25

end of theidigantfe 61 AEBAbctfe ﬁm@%@%m@l@wﬁ@%&m%%m&@ el N the
air pressure established in the gap between the dynamc el enent and the

static elUEREAPLTERIANEi ently high to provide a high force displacenent in
the x and y axes relative to the axis along which the dynamc 30 element is

nDVi s rkin urface el ectrode surface of the slide remains

roculh offy ' ok gindiod B et Hi Ge SuPe oo e 5T o0 aarbIops on dorosiae
shde the method including the step of moving the electrode along the axis toward and
away from the inner surface of the cone supported primarily by an air bearing in the gap

between the static frame and a dynamic element supporting the electrode.

15 18 A method as claimed in claim 17 wherein the electrode is a conical electrode and
comprises a groove pattern on an outer surface thereof, the method including forming the
grooves on the surface of the conical bearing as defined by the grove pattern, the method
further providing an electrical potential applied to the workpiece and electrode
respectively, the electrical potential creating a fixed current rate across the gap so that a

20 rate at which an ECM process is carried out is determined primarily by, the gap between

the electrode surface and the inner surface of the cone.

19. A method as claimed in claim 18 including the step of establishing the bias of the
dynamic element and electrode toward the conical surface by air pressure against a distal

25  end of the dynamic element.

20. A method as claimed in claim 19 wherein the air pressure established in the gap
between the dynamic element and the static element sufficiently high to provide a high
force displacement in the x and y axes relative to the axis along which the dynamic
30 element is moving so that the working surface electrode surface of the slide remains

accurately aligned relative to the surface to be grooved.
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