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OF THE INVENTION 1. Field of the Invention [0001] The

present invention relates generally to the field of
fluid dynam c bearings and nore particularly to
etching grooves in a hub used in a spindle notor of a
di sk drive to formsuch bearings. 2. Description of
the Related Art [0002] Conventional disc drives use
magneti c properties of materials to store and
retrieve data. Typically, disc drives are

i ncorporated into electronic equi pnent, such as
conputer systens and hone entertai nment equi pnent, to
store large amounts of data in a form that can be
~qui ckly,.and rel.j.a retr] . nmaj or. .C onent s
of 2 SvhreRt apf ePhde 6k BEH and Hamibn MESHIRET, o
heads, notors and 1 WO 2004/ 013502 PCT/ US2003/ 024989
software. Motors, which are used to spin nedia at
several thousand revolutions per mnute, are
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BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates generally to the field of fluid
dynamic bearings and more particularly to etching grooves in a hub used

in a spindle motor of a disk drive to form such bearings.

2. Description of the Related Art

[0002] Conventional disc drives use magnetic properties of
materials to store and retrieve data. Typically, disc drives are
incorporated into electronic equipment, such as computer systems and
home entertainment equipment, to store large amounts of data in a form
that can be quickly and reliably retrieved. The major components of a

disc drive include magnetic media, read-write heads, motors and



and to be reliable and efficient. One of the ways this
is done is by insuring proper lubrication of critica
wonvidng3monponents in the notor wth oil. Proper/us2003/024989

| ubrication of a notor is typically achieved by

i ncorporating grooves in the bore and shaft through

cutting processes such as el ectrochem cal machi ni ng

rocesses. Since these groogves are |nportant

Softwafe nﬁfwtoaﬁ,nw hirtprepapedite spin euedie) Ansevsr dstihon send

the groves can cause inproper oil circulation |eading
revoletinns grerfminubes ardecasigectdd toskiupwittheriefrakyibration

nmeasuri ng and understandi ng the erosion of the

and gbdsy edlidble el EfficRrandOabaf the svayypdiisagtdohe iBWy di ng
a notor robust enough for hard drives. [0003] The

‘ 1nSLﬁ’1’tt1§, ??9 p&F RAGISatIBY oPErifigh] RIgVRSy 'can}J%éHts‘lﬁrth@l%ﬁotor

el ectro-erosive nmachining nodes. "In electrical
di schar J [
Wlthdb% Ic;r% % ﬂ?ng é&g Ofg eQro%S%ggé\Aé{ leb&g b& he
machi ni ng el ectri urrent lie |nIheformof
incosDETIE SFORESTn iedo £ S %&?&@@wgﬁl SR BT
machi ning (ECM, the cutti ng mediumis a liquid
sucljascelpeirpelhemica] maghindngdBs M) Rracespgs-i Sines thasen,
and the machining current is a high-anperage
groayestarsuioysordanpidrsedintaimiagt propen oil circulation, erosion of
el ectrochem cal - di scharge machining (ECDM, the liquid

the gRslidsnedingau b itpedeat 6id lcircutatidw 1ebdhgabrmotdrafailies
and the machining current is preferably applied in

becdidge bPIJBkRp. PEheRSoreMhENsIde linleh BdtRRaRARMHELd BFbPbn

of the grooves in the bore and shaft is important to building a motor
robust enough for hard drives.

[0003] The cutting process may be performed in any of various
electro-erosive machining modes. In electrical discharge machining
(EDM), the cutting liquid is dielectric liquid, e.g. deionized water, and the
machining electric current is supplied in the form of a succession of
electrical pulses. In electrochemical machining (ECM), the cutting
medium is a liquid electrolyte, e.g. an aqueous electrolytic solution, and
the machining current is a high-amperage continuous or pulsed current.
In electrochemical-discharge machining (ECDM), the liquid medium has
both electrolytic and dielectric natures and the machining current is
preferably applied in the form of pulses, which facilitate the production of

electric discharges through the conductive liquid medium.



el ectric discharges through the conductive liquid

medi um 2 WO 2004/ 013502 PCT/ US2003/ 024989 [0004] The
woand/pseee nay be di sposed in a bath of the cBCTiIUSEN03/024989

liquid nmediumto i nmerse the cutting region therein.

More typically, however, the cutting zone is disposed

in the air or anbient environnment. Advant ageousl Y,

one or two nozzles of a_ conventiopal design are
[00Q#k pos etine arodnpicse may Redigaasest it ﬁéo%lr%

deliver the cutting liquid nediumto the cuttlng
liquickghastiugh $pasederse theecutitingoregioméinersini Morpdypicaliyi d

medi um The cutting liquid nediumis conveniently
howegtgrthascu tthid zomeds didpiostd iis theizinb? etnibieni envired nent.

a varying extent to serve as a desired el ectro-erosive

AdvaHtd S STR dd)xlx'é'fbr [:RB8ARIzzRisnerea Bgﬁ%ﬂtl&ﬁéldd@égﬁ &% e disposed

require smaller and faster notors having finer

at ofie '&HnS&Jh %%%E%fetﬁe &5&%‘{ iet8 t8 cfe?%r %ﬁé'ch%ﬁﬂg igot h

neasuri ner Tearures ma SI ng
hes cesses and the h For . exanp
e o B SPeSFRRItE 4 ShPTaT R oner
groves built into their bores and shafts than ever
hquuém@umrh“éhsemttlagd@é%@ medigen dp SPRYCRIFHREY VALGTRS
art. However, the ECM process raises the need to
mer&wwhtxehgpmmdeﬂomﬁeﬁmmmzqd 5 acergingosstsnp o gerve as a
surface across a gap that nust be accurately
desired 2k &@do-epesivei @rttingsmedium.
[0005] Since modern hard drives require smaller and faster motors
having finer critical features, there is a real challenge in both making and
measuring the finer features made using these ECM processes and the
like. For example, smaller motors have correspondingly smaller and
finer groves built into their bores and shafts than ever before. The ECM
process is generally known in the art. However, the ECM process raises
the need to accurately and simultaneously place grooves on a surface
across a gap that must be accurately measured. Deficiencies in
mechanical tolerances may cause misalignment of the electrode with the
work piece, causing an uneven gap and correspondingly uneven depth
hydrodynamic groove. Accurate measurement of these grooves is needed
to understand their wear patterns and ultimately design and build better

motors. Conventional methods used to measure component wear in

motors are inadequate for measuring the small dimensions found in



mechani cal tol erances nmay cause m salignnent of the

el ectrode with the work piece, causing an uneven gap
wana4maesespondi ngly uneven depth hydr odynam eCcgmuseons/024989

Accur at e neasurenent of these grooves is needed to

understand their wear patterns and ultimtely design

and build better nntors Conventional nethods used to

nmeasur e corrponent wear notors are in dg&;%t e for
modesa e fG FRagBPPVes h@?@#%@lqycmﬁae favejo

2004/ 013502 PCT/ US2003/ 024989 nodern bore and shaft
meaghnoomes td of barger fdadyrewmr e devel oped for measurenents

of larger features. [0006] Therefore, what is needed
[0006] a syHhiemferd wiritiehestedHs oyestennandtrheidmd which

def|C|enC|es and enabl es neasuring fine features, such

overddnfHOiRSe Aliddfibohadathbaiteiu ahe fedtuidBs, such
2004/013502 PCT/USZOO3/024989 SUMWARY OF THE

7 provi des a system and
as g%r@%/%ognfqgj}é ggga%%%—{églra#ﬁ;%ﬁ&t& l%'m&*asuri ng hydr odynam c
grooves made by ECM processes. Additionally, the
i nvention provides a system and mnet hod for
characterizing and nmeasuring the erosion of these
gr ooves.



[0008] The nethod for neasuring bore erosion includes
aligning a stylus with a gauge pin, covering the

woengith3e2 a journal, noving a stylus to an apex/Us2003/024989
position, locating a grove mninumby rotating a hub,
rotating said hub to a fixed position, scanning
between a first endpoint and a second endpoi nt
collecting data during said scan, analyzing said data
by fitting SAMMARY OF BHE; H\WEN?HQHyng a | owest
peak in said groove, and calculating the erosion.
This process is then repeated after rotating the work
piece to a new position. Typically three such

[000‘7261%'r SABRhGeridh prakeesW systeachndeasticehiot bei ng
taken after the work piece has been rotated by 120

Char?‘g%?%gg% akgqggzllsgﬁﬁﬁ ?%ﬁr?%%ig%?@w&s%aﬁﬁ My BCR&I ON

a gauge pi Ignment, a theta chuck for

supporting sai.d k pi .
procq R ART A e TR HREP oo SRS o PRt e
axis of ratation, a stylus tip.for probing a
charagissigiag ApddRcasidngdhg Frara gﬁl}eée &EPEwor k pi ece

is rotated, a stylus for supporting sajd_ stylus tjp,
[0008hd a Toenhatewdbia ' 4 ]

_ MeASHHNERASIATPRGTY Feludes glélrfﬁa
said stylus to said topography of said work piece and
stylufsowitbonghake iphg, eoveringythglesmitd aftajowsnsl,wooving a stylus
2004/ 013502 PCT/ US2003/ 024989 along a direction of
to ars hptRPoFRidiNocdieg Gag@R e Rhthie@nmiay eotgitizg a hub, rotating
said hub to a fixed position, scanning between a first endpoint and a
second endpoint collecting data during said scan, analyzing said data by
fitting said data to a line, locating a lowest peak in said groove, and
calculating the erosion. This process is then repeated after rotating the
work piece to a new position. Typically three such measurements are
taken with each measurement being taken after the work piece has been
rotated by 120 degrees.
[0009] The system for measuring bore erosion includes a gauge pin
for alignment, a theta chuck for supporting said work piece, a theta stage
capable of rotating said theta chuck and said work piece about an axis of
rotation, a stylus tip for probing a topography on said work piece while
said work piece is rotated, a stylus for supporting said stylus tip, and a

surface scanner for measuring the response of said stylus to said

topography of said work piece and for controlling and moving said stylus



substantially the same as that of a bore dianeter to
be neasured and the gauge pin has a region on it
walkon®izsoki ne t hat has a nmaxi num vari ati on i n ReTQISL006/24989
30 microns over a length over a | ength of about 20 nm
6 WD 2004/ 013502 PCT/ US2003/ 024989 BRI EF DESCRI PTI ON
OF THE INVENTION [0010] FIG 1 is a flowhart show ng
the preferred steps used to neasure the |and erosion
alongf directignipbaipiummeotionorThe BAUEE BV §aNN3eS%Bor e and
the shaft in accordance with one enbodi nent of the
subdtangatly ohe saphf0adth&t 6f adbadre diabletektalbagneasured and the
representing a groove nmeasurenment system in
o Ha966-eBidNoAne aksthodiliRNthafhdde magirenti oariation
gau%%g%m] FI G \gis iIs a diagramillustrating scan |lines of
- kS8 mj t QOMRNOr
in bghY B S8 i AR OS UVEF B RRRIRueF el BruBom 2
illustrating a typical profile of the groves in the
bore including the radial erosion, apex, original
di anmeter and |owest peak [0014] FIG 5 is a plot
showi ng a typical scan of a hydrodynam c notor bore
with groves. [0015] FIG 6 is a plot showi ng a typical
scan show ng anal ysis and



results of an outer bore erosion pattern measurenent.
7 WD 2004/ 013502 PCT/ US2003/ 024989 DETAI LED
WORGERIS30E ON OF THE PREFERRED EMBCDI MENTS [ 0018{T/TiS2003/024989
i nvention provides a system and nethod for
characterizing and neasuring hydrodynam c grooves nade
by ECM processes. Additionally, the invention
provi des a system and nethod for characterizing and
measuring the erosion of these grooves. [0017] FIG 1
is a flowmhart showing the preferred steps used to
nmeasure the | and erosion of the hydrodynam c notor
with groves in the bore and the shaft in accordance
wi th one gRIEH DESCRYPTION OMYHEIINVENTFONSt in step
105, the rotary tixture is aligned so that its axis of
rotation coincides with the direction of notion of
the stylus. Next in step 110, the end points for the
vemne of, the ' pa?ﬁié

[001§ifi ne?x%’y 1rr]t‘?v‘ell ﬁé&%kléf‘ %?ﬂ;{;‘h{s&f \tfﬁgeenP afti rgiféﬂg Eﬁln%:aectoo a
second jouynal. Th i rst. journal and second jour.

meagiie Wyplek] Pipsier chthe Pgrhborn HoR SR b G tne
115, the stylus is noved to the apex pos'%tlt%%oinvx\zgln%gn;

borej andithe shpfida agcardangs gEh gasigabodimeri
groove mnimum (MN) is located by holding the stylus
[001fl]xed &6 this a bledk dipgram rdprpseniing Legropys, after
the MNis located, the hub is rotated by another
measurement system, in accordance with one embodiment of the
invention;
[0012] FIG. 3 is a diagram illustrating scan lines of a typical
measurement done on a hydrodynamic motor bore with groves;
[0013] FIG. 4 is a diagram illustrating a typical profile of the groves
in the bore including the radial erosion, apex, original diameter and
lowest peak
[0014] FIG. 5 is a plot showing a typical scan of a hydrodynamic
motor bore with groves.

[0015] FIG. 6 is a plot showing a typical scan showing analysis and

results of an outer bore erosion pattern measurement.



O degrees so that the position of the stylus is at

M N+O degrees. Although the value of 0 is typically
weeto4ai3n2, it is determ ned based on the nunBer/ust003/024989

groves. [0019] Next in step 130, the stylus is noved

across the fixture from the first journal point to

the second journal point scanning the surface 8 WD
E20104/ 013502 PCT/ USZOOS/ 024519)89 and Creal\tlll ng_ a rNofl l e

line of best flt for the apex reg| o and the original
dianmeter is then calculated using a | east square fit
algorithmin step 135. Next in step 140, the | owest

[00D6pK | sThedmt@attiamroticediasymtenm andmetind st square
fit line to the lowest peak is calculated. In step

chailc/t&ef'lﬁﬁlg' adl %e&é@ﬁhg hyldRbdynd@fic %ﬂb&re@%aﬁ@ HyeECM

cal cul ated. Typically, "three radial erosions (R) wll
proPe%eset ST P P Syl o o
uI tin gg 3 three vaI Ri R?f 0020] Next
§‘E16151 1384 PRSPt ereS?%IPE @ef%ra%{ﬁ Sees to a
osition of M Nt0+120 degrees. In step 155, a deci sion

[00521 deFKa: 165 AHEFHerrtyOHOE thEPIGEERCR SLarsHSed 1o
position greater than M N+0+360 degrees. If it is

meggetrerthededdiarosiospofll & hidtodymenpiesinotemwith gieyeh i the
not greater then M N+0+360 degrees, then steps 130

boré Ahdufle sttt & @iccordance with one embodiment of the invention.

First in step 105, the rotary fixture is aligned so that its axis of rotation

coincides with the direction of motion of the stylus. Next in step 110, the

end points for the movement of the stylus during the measurements are

defined by moving the stylus from a first journal to a second journal.

The first journal and second journal are typically set at 11.8 mm.

[0018] Next in step 115, the stylus is moved to the apex position

which is determined by the motor design. In step 120, a groove

minimum (MIN) is located by holding the stylus fixed and the rotating the

hub. In step 125, after the MIN is located, the hub is rotated by another

0 degrees so that the position of the stylus is at MIN+6 degrees.

Although the value of 0 is typically set at 12, it is determined based on

the number of groves.

[0019] Next in step 130, the stylus is moved across the fixture from

the first journal point to the second journal point scanning the surface



repeated. Typically, step 155 results in perform ng
three scans and calculating three erosion values R,
we2o@md33, at three different angles, as wasPCT/US2003/024989

di scussed wth reference to step 145 above. Although
the hub is rotated by 120 degrees in step 150 it can
be rotated by any anount such as 30 degrees or 60
degrees, for_exanple. There is no restriction gn the

and greAlHAE gfPHosie Of gﬁe sprface gssshpveinithepttachadefigusss. A
that the position of the hub is greater then

line M NeS:B6 01t thenapeepegi6o arsl Her pogmeal dipae24n i thest ep
160, the total erosion is calculated by averagi ng the

calctil¥ted ustag W kdsesqahtnit RigorRAnand sB 466, nleixt ph wieyy
the average by 2. If N scans are perforned instead of

140 O &/ 10U 8 e BSisB e &b thé lliStaWo- 4004 k308t L square fit
PCT/ US2003/ 024989 reference to steps 145 to 15

line ?% ;%lgg ’10\}\7951: %%g id 851%1&%85' n?fefﬁ et 8501 0§80 kE‘,}‘osmn e(Rl)

rati average of a he erosi ons measur
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removed. [0022] FIG. 2 is_a bl ock diagramrepresenting
be calgaisde oneclos pachdrtb apeleihich g oHrahiies Wie Rroraus

enbodi ment of the invention, including a work piece
angl2 1y, 120tdugraes, mesklidisin tihngeavaltiggd:, Reandilzaxi s of

rotation 225, stylus tip 230, a stylus 235, a gauge
[00d0jad  Next in step 150, the hub is rotated by 120 degrees to a
position of MIN+6+120 degrees. In step 155, a decision is made as to
whether the hub has been rotated to a position greater than MIN+0+360
degrees. If it is determined in step 155 that the position of the hub is not
greater then MIN+6+360 degrees, then steps 130 through 155 are
repeated. Typically, step 155 results in performing three scans and
calculating three erosion values Ri, Rz and Rs, at three different angles,
as was discussed with reference to step 145 above. Although the hub is
rotated by 120 degrees in step 150 it can be rotated by any amount such
as 30 degrees or 60 degrees, for example. There is no restriction on the
amount of rotation. If it is determined in step 155 that the position of
the hub is greater then MIN+6+360 then step 160 is performed.
[0021] In step 160, the total erosion is calculated by averaging the

three measured erosions Ri, Ry and Rz and multiplying the average by 2.

If N scans are performed instead of only three, as described with



237, a surface scanner 240, and a direction of stylus

notion 245. Work piece 210 is typically a notor shaft
Wwei20d3/0gsooves in it, or a notor sleeve W th gPODASS3003/024989

or a gauge pin used for calibration. Theta Chuck 215

is a conventional chuck used to securely nount and

hol d work piece 210 during profiling. Theta stage 220

rotates work piece 210 to a specifie ositiaqn, for.
refergpeg itp iSF@SaAagttg)plﬁﬁaﬁbwwge@d@? %Otég? 1%%%&@?“%“
stepper notor that can rotate work piece 210 from,
by calentating 866 adexpaees all the grosiens meaviredfan] MyblEag
Theta stage 220 rotates work piece 210 about axis of
that 'tﬁt@'(iieom‘oﬂﬁ%rbbm + & (Ry pi1alv/yNs et Fimallypiingitee 165, fthe
the symmetry axis of work piece 210. Typically, theta

fixtu$t 398eddfed | | nmove work piece to three different
orientations (0, 120, 240) wherein the scanning is

10022 °1 T35, 251 Bt AREeAl SHESERMy el Ve “Crer

wor k piece 210 .by novi,ng the, stylus, 235 0 t he
mea%‘é??éngw S¥Picoh 1ﬁsa‘icﬁ§d%§13§ vgth P B%a Bﬂ(%f}%‘t (g}gt}%%e
~stylus tip. 230 noves, over the work pi CS élgh t he
invegtigny @@ggl%@égor&s’pplefg 2409, B agteq 15, theta stage
PCT/ US2003/ 024989 and down according to the
220t mp egisphyotetion 2 hwstps sipe23A.02a stres Ibuentargdhcade
stylus 235 is detected by the gauge head 237, which in
237 t allsurRicedimesee |22, rdrahh ditgptadrs of styles pootien 2 5 hwork
novenent of styl us
piece 210 is typically a motor shaft with grooves in it, or a motor sleeve
with grooves, or a gauge pin used for calibration. Theta Chuck 215 is a
conventional chuck used to securely mount and hold work piece 210
during profiling. Theta stage 220 rotates work piece 210 to a specified
position for profiling and typically includes a servo motor or a stepper
motor that can rotate work piece 210 from zero to 360 degrees with a
resolution of 0.1 degrees. Theta stage 220 rotates work piece 210 about
axis of rotation 225 that is typically set to coincide with the symmetry
axis of work piece 210. Typically, theta stage 220 will move work piece to
three different orientations (0°, 120°, 240°) wherein the scanning is
performed as was further discussed with reference to FIG.1 above.
[0023] The stylus tip 230 moves over work piece 210 by moving the

stylus 235 along the same direction as the axis of rotation 225. As the

stylus tip 230 moves over the work piece 210, the stylus 235 moves up

10



235, which m mcs the topographical changes in work

pi ece 210. Gauge head 237 can produce el ectrica
weigralssoby neans well known in the art such B6ThE2003/024989

measuri ng the nmechani cal novenent of the stylus 235

using a piezoelectric, by neasuring the capacitance

di fference between stylus tip 230 and work piece 210

or by measuring the tunneli f ctrons en
and Qigartd e GraIainE B S5 LaRAETRET A e G DS 2 tip
230 is mounted to stylus 235 that hol ds and drlves .
movemendtofithe stylws2285 s datddateddy thegaureshead 8371 ivychdn
t he head gauge 237. Surface scanner 240 is a
turncprotidesmiedtrivah sagtals in fraspompsotd ther mevetdnt ofostglus
stylus 235 and stylus tip 230 as well as record and

235 a%hdﬂ enifidika tae rtsg abbHivall dieardRGhI WOHE Hidde 21Me Gauge
surface scanner urface scanner 240 drives stylus 235

T bR A e
225.. 10024 ' di ti .

such iasly gieag V’pﬁ Iﬂeﬁgggﬁéa@%%m[el&gne %%}ﬁe Sﬁg}}so Jham ¢

2 DieHIRE 0 bY S8 FHHBE e I PRELAPLE ﬂffgqeaﬁefq%%’%ﬁﬁ% s
of grooves. Typically the actual nunber of grooves can

tip 230 ahdtwednpikgedhd 20 byTheasuringdhedeninghingsoffelephrrast

to right, as indicated by the direction of the scan
betwddretlZB Bty s tih285 detdathes wotk tieces2 h0. Stglusitip 230 is

mounted to stylus 235 that holds and drives the stylus tip 230 as well as
provides a coupling to the head gauge 237. Surface scanner 240 is a
conventional contact surface profiler used to move stylus 235 and stylus
tip 230 as well as record and analyze data generated by the electronics in
the surface scanner. Surface scanner 240 drives stylus 235 and stylus
tip 230 in a direction of stylus motion 245 which is usually parallel to
the axis of rotation 225.

[0024] FIG. 3 is a diagram illustrating scan lines of a typical
measurement done on a hydrodynamic motor bore with groves.

Although FIG. 3 shows only three grooves there is no restriction on the
number of grooves. Typically the actual number of grooves can be
between 10 and 20. The scan direction is from left to right, as indicated

by the direction of the scan line 330. Further details of the scan are

11



WO 2004/ 013502 PCT/ US2003/ 024989 di scussed wth

reference to FIG 4 below. Scan line 330 is the
wdizoEmison al ong which stylus 235 noves and PCT/US2003/024989

corresponds to the stylus notion 245. [0025] FIG 4

is a diagramillustrating a typical profile of the

groves in the bore including the original dianeter

410, peak 41 apex. 42 Ie st uar | .
discapsed gﬂﬁf FeieF o  FIG obasiows r% 1Sd‘i%aen%¥%<r‘t1°n
410 i s data generated by scanner 240 and represents
alorxgwwhiqknp%ma%ﬁ%@ woves anfoeaTesRAE et the AtPES ttapHon 245.
Lowest Peak 415 represents the | owest part of the of
[0025F er ARG pabtdagraandlliistrating & typidet profileeftthe gE@Ms

radi al erosion 430. Apex 420 represents the uppernost

in tR@LBte ﬁ{clﬁaﬁlg?ﬂ% bAgimatdianietend 1051 eR pesed4 1B, apex
deternmine the ECMradial er 05| on 430. The | east

4205%_ ahbpgnﬂ%%h ta%‘?& @ér@t éa%reeo@l 4863 ﬂié@re

gorit known 1n the art.
u i ne 42 |s caI I x
dwasf‘eﬁﬁ I e sl e %9 Ao ac P :
[ 0026] ECM radi al erosiaqn 430 |s efi ne
tOPCbﬁféPQM&é B (RAEERTOYRET9RAR Pty SL?W?]%th%@( Egss. ng
t hrough the apex and origi nal dianeter (Quiet Zone)
reprgsantshidid lowesst preb Rt dhe cheheemsion eadiernmngiiy gged

journal. The ECMradial erosion 430 is determ ned
detarsiing theeEECHI tarlibhgrasmjoaiddnsApdR 420 represents the

uppermost point of the erosion pattern and is also used to determine the
ECM radial erosion 430. The least squai'e line 425 is calculated using a
least square fitting algorithm that is well known in the art. The least
square line 425 is calculated using the apex point and the original
diameter 410 (Quiet Zone).

[0026] ECM radial erosion 430 is defined as the distance between
the least square line 425, passing through the apex and original diameter
(Quiet Zone), and the lowest peak of the ECM bore on the given journal.

The ECM radial erosion 430 is determined using the following equations:

12



WD 2004/ 013502 PCT/ US2003/ 024989 [0027] Ri Radi al

Erosi on obtained fromthe ith scan [0028] N = Nunber
wofoBamas®2 [ 0029] Ravg = Y-(Ri) i=1 to N/ N PO0@82003/024989

Land Erosion = 2* Ravg [0031] FIG 5 is a plot show ng

a typical scan of a hydrodynam c notor bore with

groves. The x-axis of FIG 5 shows the scan length as

8 mm The_ sc .epgth.is ic set to be
[00%Zk ween 5 nﬁﬁa]aﬁgyafgap Sl?ﬂé’t%&—xﬁ %ﬁ&f ﬁh‘? ét%cﬁ??é’en to
optim ze both speed of neasurenent and resol ution.
[00’4*&]9 | onger the sdhm NEmey aflRcasnger the neasur enent
wi || take and vice versa. The y-axis represents the
[002@pt h profile of Riweg =i(BYiian. pgtNern so that the
conbi nation of the scan length and depth profile
[0036Ves an acquidd ErvkRM S+ tilegr oves al ong the
ditection of notion of the stylus 235. [0032] FIG 6
i s anot her exanple of a typical scan showi ng anal ysis
and results of an outer bore erosion pattern

sur t..The scap in FI.G .6.is gbtained i .
10oEE . GFRE: 5t A RAF SBoidanaiSRiey SrPR AT R dyhis
surface scanner 240 with the_axis of rotation 225
motoy fpoKke Wath §raveior kie F-adis P HIG- whkews dhgairge sngth as
having a size equal to the bore diameter. Scanning
11.8 memg alige span lovgth s tywielly eft eoberbgbeeen pemm and 20
alignment. The
mm. The scan length is chosen to optimize both speed of measurement

and resolution. The longer the scan length the longer the measurement
will take and vice versa. The y-axis represents the depth profile of the
erosion pattern so that the combination of the scan length and depth
profile gives an accurate view of the groves along the direction of motion
of the stylus 235.

[0032] FIG. 6 is another example of a typical scan showing analysis
and results of an outer bore erosion pattern measurement. The scan in
FIG. 6 is obtained in accordance with this invention by first aligning the
surface scanner 240 with the axis of rotation 225 Chuck using a work
piece 210, which is gauge pin having a size equal to the bore diameter.
Scanning the gauge pin over a length of 20mm does the alignment. The
scanned profile should be a straight line with a maximum height
difference between the ends of less than 30 microns. The alignment for

the theta axis (run out) is done by positioning the stylus on the top of the
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scanned profile should be a straight line with a

maxi mum hei ght difference between the ends of |ess
woOhena/03850m crons. The al i gnnment for the thetaPaxius2003/024989

(run out) is done by positioning the stylus on the top

of the 13 WD 2004/013502 PCT/ US2003/ 024989 gauge pin

and rotating the pin through one conplete rotation.

The, styl us  readj shpul d be const aj) t th h,qut the
gaugebi FBf TOLAERE(LHE Bifl LORILHR OME CrORBLCte RAttE 4 g aiydls
220 is taken to a home position. The, work piece to be
readiegshoull be aomstanbihremghhelbihe refiatios. Qéw@ KB€a chuck
215 such that the flat portion of the work piece being
alignmastisdons, tie theta stage 220 isaaiichelio 4 donhe pagipien. ddge
of the stylus 235. The stylus 235 is then noved

worlk Ppiéddetd be niedfredah theatlohded ehé pazbotittoltheXha ehuck
travel between the edges of the bore and start point

215 %Lt Ehﬁ%a%%% @;ﬁo&wﬂ SStHes oh%@eaé BLiglt m'eQEﬁ’r&PféL &Cthe

ece 210. The Xand Z is

top S50t fEL R ﬁﬂedu%%?yﬁu%“:‘ B SR Rl The e s
therk iR oA PGrBOEa Eat ERE DR o] BUaF %Ereavel

bore. The theta chuck 215 is then rotated tg an angl e
betwieay the adges of the bprriredtstart PRIt f dBe sgan) sstylus is

val ue, indicating the presence of a groove. The theta
therfl;ggmlkge]ﬁﬂ_glstosccnﬁect withetheawouk plete Th0s ThosUCiSoel Xaind Z
is then set to Zero and the work piece is scanned. The position of the
stylus 235 is then set on the Apex (for example, 2.5mm position) of the
part and the Y stage is manually moved to the lowest point of the bore.
The theta chuck 215 is then rotated to an angle where the stylus
indicator indicates the lowest value, indicating the presence of a groove.
The theta chuck 215 is the turned about 12°. This position is labeled as
the 0° Position, for the remainder of the measurement and serves as a
reference point.
[0033] At this time the UCS X is set to 11.8 and Z is set to Zero as
illustrated in FIG. 5. Once this reference is set the scan is done and
surface profile is measured. The profile data is illustrated in FIG. 6.
Once the surface scan is completed the data is analyzed by manually

finding the highest point on the scan which is defined as the shortest

distance from Z=0. The Delta z, which indicated in FIG. 6, is the
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the O Position, for the remai nder of the neasurenent

and serves as a reference point. [0033] At this tine
wWOherddCHoXi s set to 11.3 and Z is set to Zero RET/US2003/024989

illustrated in FIG S. Once this reference is set the

scan is done and surface profile is neasured. The

profile data is illustrated in FIG 6. Once the

surfa e sc onpl et t.he t zed b
R1_QH “Pihet aﬁ%g%ﬁgﬂéétrog% A5 PR E it
'S deflned as the shortest distance fromZ= O The
sampgheasurempiishatenperfetragdith obtan g secend maeaspnyment at a
2004/ 013502 PCT/ US2003/ 024989 R1-CQuter-Bore. The
secditepasisivageal BRDRRsOubea Bade byTHe2 thategtegs 2aAd stdgain
sanme nmeasurenents are perforned to obtain a second

rotaf@ﬁ%&”ﬁf&ﬁér aboadegr869 BE dPRSHtHe@ Inéadu Rehent is taken to
Quter _Bore. The theta stage 220 is again rotated by

obtagﬁ%t h@gd }EQaQﬁ% R8%ARA! BRfe. TRASHIE BRtbdre éx%%ﬁﬂa is

ain th| measurenent R3_Quter_Bore. Finally,

ore eresion 1S . caI cul ated using the forml a:
‘calctlg%éﬁ gt?‘ﬁfo [0035] (RL_Quter

Bor e+R2_Qut er Bore+R3_Cuter Bore) /3 [0036]
Quter _Bore_ Erosion = Ravg_Quter Bore * 2 [0037] It

will also be recognized by those skilled in the art
[0034at Ravg Outer_Bore =
[0035] (R1_Outer_Bore+R2_Outer_Bore+R3_Outer_Bore) /3
[0036] Outer_Bore_Erosion = Ravg Outer_Bore * 2
[0037] It will also be recognized by those skilled in the art that,

while the invention has been described above in terms of preferred
embodiments, it is not limited thereto. Various features and aspects of
the above-described invention may be used individually or jointly.
Further, although the invention has been described in the context of its
implementation in a particular environment and for particular
applications, those skilled in the art will recognize that its usefulness is
not limited thereto and that the present invention can be utilized in any

number of environments and implementations.
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whil e the invention has been described above in terns
of preferred enbodinents, it is not limted thereto.
woani4mussot eat ures and aspects of the above- deBCriusem3/024989
i nvention may be used individually or jointly.
Furt her, although the invention has been described in
the context of its inplenmentation in a particul ar
.environnment and for particular applications, those
Claigygi | |ed in the art will recognize that its useful ness
is not limted thereto and that the present invention
1. Acmetbed dof easuring boxe cmpitiercCORPERS onment s and
i mpl ementati ons. 15 WO 2004/ 013502 PCT/ US2003/ 024989
Cxi alignihg AstptBadither gavgs pin;ng bore erosion,
conprising: a) aligning a stylus with a gauge pin; b)
CoyjeddvRginich@iel IBAGEN 0P b jaukear nal ; ¢) nmoving a stylus
to 'an apex position; d) locating a grove m ni mum by

"o 305 Bifias (Beuf BhEk ERGiuRAL:d, NUb Lo a T xed

I on, ~“scanni ng _ n a’firs; endpoi nt and a
o hge S vaa gt B B R o o T e, ¥
e) rotating said hub to a fixed position;
f) scanning between a first endpoint and a second endpoint
collecting data during said scan;
g) analyzing said data by fitting said data to a line;
h) locating a lowest peak in said groove;

i) calculating the erosion,;

2. The method of claim 1 further comprising

rotating said working piece by a fixed amount to a second position;

and

repeating steps a through i at said second position.

3. The method of claim 2 wherein said fixed amount of rotation is 120

degrees from position of first measurement.
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h) locating a | owest peak in said groove; i)
calculating the erosion; 2. The nethod of claim1l

woéuodvassozonpri sing rotating said working pi eceCbgs2003/024989

fixed ambunt to a second position; and repeating
steps a through i at said second position. 3. The
met hod of claim2 wherein said fixed anount of
otation_ i 20 _degrees from position of first
4. StR0RAE TR AAt TR eASBHSIHET/ US2003/ 024989 4.
The nmethod of claim2 further conprising rotating said
wordtating siaéd evasiing sy i sesandribias amoudtile ¢ ghird
position; and repeating steps a through g at said
position; dngosi ti on. 5. The nethod of claim4 wherein said
second fixed anmount of rotation is 120 degrees from

Posddeheif gOdte S O oMi@SH e Al thibd psetio®t hod of claim
1 wherein said fitting of said data to a line

includes using a |l east square fit. 7. The nethod of
claim1 wherein said aligning of stylus with a gauge

S. ’lﬁ‘lbeggiegﬁ%)ﬁ %?lsc)l/anl?%a a u\géfiélﬁgeilal 34 %308111& f&%}ﬁi &%oﬂn%io?f Gotation

is 120 degrees from position of second measurement.

6. The method of claim 1 wherein said fitting of said data to a line

includes using a least square fit.

7. The method of claim 1 wherein said aligning of stylus with a gauge
pin includes measuring a gauge pin having a size substantially the same

as that of a bore diameter to be measured.

8. The method of claim 7 wherein said measuring a gauge pin includes

scanning the gauge pin over a length of 10mm to 30mm.

9. The method of claim 7 wherein said measuring a gauge pin includes

scanning the gauge pin over a length of 15mm to 25mm.

10. The method of claim 7 wherein said measuring a gauge pin includes

scanning the gauge pin over a length of about 20mm.
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as that of a bore diameter to be nmeasured. 8. The
nmet hod of claim 7 wherein said neasuring a gauge pin
woOned4ode®2 scanni ng the gauge pin over a | engt RCOUSLDANL4989
to 30mm 9. The nmethod of claim7 wherein said
measuring a gauge pin includes scanning the gauge pin
over a length of 15mmto 25mm 10. The nethod of claim
7 wherein said measuring a gauge pin includes
scanni ng the gauge pin over a |length of about 20mm 17
WF 2004/ 013502 PCT/US2003/ 024989 11. The met hod  of
11. c e pethgebelslaimal avh%s%wauﬁgn&aawgg PEAURAPIDFegudes
scanni ng the gauge pin along a line with a naxi num
scahainghthe ghfige arie @lopg avibenwitiiea endsingtim bsightidiffe3@ice
mcrons. 12. A nethod of aligning an axis of notion
betwetntthe erds afileaxitBanf3tamiordas. pi ece, conpri sing
provi ding a gauge pin having a size substantially the
same as that of a bore dianeter to be neasured;
scanni ng the gauge pin over a length of 10mmto 30nm
12. aﬂ ettt Bt Qﬂg{‘%ﬁfg 82445 Bf hd O(H] I?tilvé ?? a!ﬁaé&lQQg work
polnts so a maxi mum difTerence between

said end30|nts is less than 30 nlcrons.
piece, comprising

providing a gauge pin having a size substantially the same as that
of a bore diameter to be measured;

scanning the gauge pin over a length of 10mm to 30mm; and

scanning the gauge pin along a line having endpoints so that a
maximum height difference between said endpoints is less than 30

microns.

13. The method of claim 12 wherein said measuring a gauge pin

includes scanning the gauge pin over a length of about 20mim.
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13. The nmethod of claim 12 wherein said neasuring a
gauge pin includes scanning the gauge pin over a
woOemgton3smme about 20nm 18 WO 2004/ 013502 PCT/US2003/024989
PCT/ US2003/ 024989 14. A system for mneasuring bore
erosion, conprising: a gauge pin for alignment; a
theta chuck for supporting said work piece; a theta
st age capabl e of rotgtin said theta chuck and said
14. b SRSLHR SRR AU g DS S OSO FHEPHRIE styl us tip
for probing a topography on said work piece while said
wot lgapigequn; for edigamesnt; a styl us for supporting said
stylus tip; and a surface scanner for neasuring the
r eapghete chiickdod sappbriing saghivdrktmeogr aphy of said
wor k piece and for controlling and noving said stylus

al QRBeth didRCtdpublebf sbtdtiify sBiId QTeta Ehuckhend gaikewosk
cl ai m 14 wherein said gauge pin has a size

Pl Y 96 B Sy o em of <l ai m 14 wher o1 n Sai 4
St thsl%frlutsi ‘gpifgr g?gt?in%fa (t:oalzgobg?‘g' hy]bgn said work piece while said
work piece is rotated;
a stylus for supporting said stylus tip; and
a surface scanner for measuring the response of said stylus to said

topography of said work piece and for controlling and moving said stylus

along a direction of stylus motion.

15. The system of claim 14 wherein said gauge pin has a size

substantially the same as that of a bore diameter to be measured.

16. The system of claim 14 wherein said stylus tip is made of carbon.
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