SLEEVE CONE ANGLE MEASUREMENT SYSTEM BACKGROUND Field:
[0001] The present invention relates generally to metrology of objects, and
more particularly to measuring angles and characteristics of cavities, such as
cavities of conical sleeves that may be used in disc drives. Description of
Related Art: §9GO2\/Magnriic ANG VRS UREMeNMTagystigally storing
information. In a magnetic disc drive, a magnetic disc rotates at high speed
and a transducing head "flies" gugracsuadagerf the disc. This transducing
FiBgad records information on the disc surface by impressing a magnetic field
on the disc. Information is read back using the head by detecting
[oomagnetizatignop e dise sHifaceeldies deapaduciogieadth s, oy dadiallymore
across the surface of the disc so that different data tracks can be read back..
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sldbeesSiES afStoper systEnsiiasstended to decrease. This trend has led to a
need for greater precision, which has resulted in tighter tolerancing for
components used in disc drives. In turn, achieving tighter tolerances in
DesmporentRadepeite’srincreased precision in metrology systems for
characterizing and parameterizing those components. Measuring angles of
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systems, but can be more expensive. Contact based systems cah mar
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components. 1 SUMMARY [0005] In an exemplary aspect, a contact-based

[o0T3fology System&Ganyises stolixbdr@edimeosivner inhRitisdvenikiess anfthe
a first object dimensioned to fit with at least a portion of the workpiece. The

sizg QSRS o BRs L dedr @ deqieste AYB ARG hag led to a need for greater

precision, which has resulted in tighter tolerancing for components used in disc drives. In
turn, achieving tighter tolerances in components requires increased precision in
metrology systems for characterizing and parameterizing those components. Measuring
angles of objects is one aspect of metrology, and measuring angles of conical cavities is

of interest for some disc drive designs.

[0004] Metrology systems may include systems that use technology requiring
contact with a workpiece as well as systems that obtain metrology data without
contacting a workpiece. It is often the case that non-contact systems can be more precise
than contact systems, but can be more expensive. Contact based systems can mar
workpieces. What is needed is a low-cost, accurate, and repeatable metrology system

that may be used for example in metrology of disc drive components.



first object to provide for movement of the first object along a path between a
start position and an end position for the first object. The first object fits with
at least a portion of the workpiece at the end position. The system also
comprises a first sensor disposed to sense distance traveled by the first
object along the path between thg gt pesition and the end position, and to
produce a signal indicative of such distance. [0006] In an exemplary aspect,
[oBomntact-bageq BRipRGY saeibod W&%§ed@ﬁ@ﬁ@h§?@§5ﬂé}ﬁi6&ﬁprises a
workpiece and a first object so that the first object may fit with the workpiece
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object upon fitting the first object with the workpiece. The method also
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second object. The method also comprises moving the second object along
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comprises determining, based on the positioniof the first object and the
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computational logic riving an angle of taper of the surface of the inner 2
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first and sécond objects may be portions of a sphere, entire spheres, or
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[0007] In another exemplary aspect, a contact-based metrology system comprises
a stage for supporting a sleeve cone to provide accessibility to an inner cavity of the
sleeve cone, a first object with a first size and a second object with a second size. Each
of the first object and the second object are coupled to one or more supports for
removably disposing each of the first object and the second object to touch a surface of
the inner cavity of the sleeve cone. The system also comprises sensor equipment
operatively interfacing with the one or more supports. The sensor equipment is for
determining a position of the first object and a position of the second object in the inner
cavity based on respective positions of the one or more supports. The system also

comprises computational logic for deriving an angle of taper of the surface of the inner



be measured. BRIEF DESCRIPTION OF THE DRAWINGS [0008] For a fuller
understanding of aspects and examples disclosed herein, reference is made
to the accompanying drawings in the following description. [0009] FIG. 1
illustrates a partial section of a hydrodynamic bearing having conical

caSiep¥es dOALAL bisitiddlbistiatesfotpneant ohafyviabalbeanesdhela object in the
measurement technique; [0011] FIGS. 3A-C illustrate a diagram of an

InRSTARIA R PateMRRTHRIFEHIRAL tHeowwedrdBntheddshridescanpdiqbiccts may
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. measurement; [0012] FIG. 4 illustrate a perspective view of the exemplary
inkpbitin MeBQIeR IS SEANFSAe Y ArKPARRE S SISO R ABCSRIF RS SR SATAY
bl stagd. component of the system; and [0014] FIG. 6 illustrates exemplary
method steps in the operation of the system. DETAILED DESCRIPTION
[0015] The following description is presented to enable a person of ordinary
skill in the art to ' j ions.
Descriptions of s?e%?hﬁga %%?&E%Ef mﬁﬁgﬁaﬁg&%ﬁﬁ%ns are provided
as exampl rou odification he examples described herein
108 remcing o e B S e
re thafimadi hevaln 1o e becappliey tegcttieyiegam phesfalholv aygplicatipnonvithout
departing from the spirit and scope of the inventions. For example, aspects
[0 examplEX Ay bisterisp o patii seatisnohmetelirsly applc REoHRe eiiing
conita¢rlagy; of components of motors used in disc storage drives. Metrology
equipment employing aspects disclosed herein may be designed and may
[OBpeFate in aRiGibahsfranayscdivesxdrmplarnpappanatugds medssysiems
te@{gi\éfdgd herein are for illustrating various aspects and are not intended to
imitthe range of metrology apparatuses and systems in which in examples
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disc drive motor portion. The portion includes a hub 10 supporting discs 12.
twipy Wﬁﬂ%?ﬁ%%@b@@ IBratecesonythe operation of the exemplary system from

loading through measurement;
[0012] FIG. 4 illustrate a perspective view of the exemplary system;

[0013] FIG. 5 illustrates a stage component and fixture coupled with the stage

component of the system; and

[0014] FIG. 6 illustrates exemplary method steps in the operation of the system.
DETAILED DESCRIPTION
[0015] The following description is presented to enable a person of ordinary skill

in the art to make and use various aspects of the inventions. Descriptions of specific
materials, techniques, and applications are provided only as examples. Various
modifications to the examples described herein will be readily apparent to those skilled in
the art, and the general principles defined herein may be applied to other examples and
applications without departing from the spirit and scope of the inventions. For example,

aspects and examples may be employed in various metrology applications, including



fixed shaft 14. The fixed shaft 14 includes an upper shaft bearing cone 16
and a lower shaft bearing cone 18. An outer surface 34 of upper shaft
bearing cone 16 forms an upper hydrodynamic bearing region 20 with
opposing upper conical bearing sleeve 28. An outer surface 32 of the lower
m&hafs é}eéf IBShRMR LS SO SR QvriRYEEedivrasRiahRali Meﬁ%%gg Sduypitient
opposing lower conical bearing sleeve 30. For proper operation, there should
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this engineered fit is the angle at which the conical bearing sleeves 28 and
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for example to within 0.01 degrees or better of an engineered specification.
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may then be removed from conical cavity 208. A second sphere 210 is
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also be a measurement with respect to the reference 202. After obtaining the
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R, and H, and R2 and H2 respectively refer to the radius of the first sphere
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spBeigbitifrequires an accurate, and repeatable metrology device and method. Since
another factor considered in disc drive production is cost, the metrology device should be
low cost. Cost may include such factors as whether the metrology system damages a
workpiece being measured, and the speed at which a measurement may be completed.

FIGS. 2-6 illustrate systems and methods that may further these goals.

[0018] FIG. 2 illustrates aspects of a conceptual method for deriving an angle 20
214 of a conical cavity 208 (shown in cross-section), that may exist for example in a
conical bearing sleeve. A first sphere 212 having a known (or determinable) diameter is
inserted in the conical cavity 208. A first height 204 associated with positioning of the
first sphere 212 is measured. This measurement may be with respect to reference 202.
The first sphere 212 may then be removed from conical cavity 208. A second sphere 210

is inserted into the conical cavity 208. A second height 206 associated with positioning



[0019] B = asin R, - R2 (H2-H,)-(R,-R2 ) [0020] FIGS. 3A-C illustrate
schematic aspects of an exemplary metrology system 300 implementing
aspects of the above sleeve cone angle measurement strategy. In illustrating
these aspects reference is made to sources of inaccuracy and non-
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sources of Inaccuracy and non-repeatability combine into a complete
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lower GRR signifies a more stable metrology device than a higher GRR.

s two primary components, repeatability and reproducibility.
Repeatability is the ability of the same gauge to provide a consistent
Hl%jlsureme t_dgrilrrw1 a nuniherRf uses by the same operator, and
reproducibility is fh Qiqizlitym)a.gaygezth give a consistent measurement
regardless of the operator. GRR is typicaily a measurement of the variability
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givén system, a target maximum GRR may be selected, and various
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from granite or another material that may aid in isolating sensitive
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The stage guide 3 es a track over which a stage 304 may moveé as

reprasabatiy ohthe EhitsHFEeW. SoBmenkiiedensd fe atpareiRepentaigiéy and
R 6&@%&&?({@@&@}?88%{%8 tedispeseddning Xufe 33t ARRERS RhibRi HXWiler

34 will be further described herein. In exemplary aspects, the workpiece 332
megrglogyevstanherentcd SRbORSEYHIE RYFSPoe Ps G BB 1B bigefewer or

adREEESRAIRYINCIR BreAYIMIARS RlitherslepvaARRE. as illustrated in cross-section
in FIGS. 3A-C. An outer surface portion of the workpiece 332 may take any
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Repeatability is the ability of the same gauge to provide a consistent measurement during

a number of uses by the same operator, and reproducibility is the ability of a gauge to
give a consistent measurement regardless of the operator. GRR is typically a
measurement of the variability percentage of the total available engineering tolerance for
the part. For any given system, a target maximum GRR may be selected, and various

parameters may be chosen or modified to avoid exceeding that GRR.

[0022] Metrology system 300 includes a supportive base 303 that may be formed
from granite or another material that may aid in isolating sensitive components of the

metrology system 300 from ambient vibrations or other disturbances. A stage guide 302
is disposed on the supportive base 303. The stage guide 302 provides a track over which

a stage 304 may move as illustrated by a movement arrow 305. A fixture 334 is disposed



accommodate such variations in workpiece 332. [0023] Additional
components of the metrology system 300 include a first sphere 308 coupled
by a plunger 328 to a first gauge 314, which outputs information to data
acquisition logic 322. First sphere 308 is exemplary and other shapes may be
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herein. The information outputted by the first gauge 314 may include
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metrology system 300 also includes a second sphere 310 coupled b(;{aqa
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acObpUts dRfonmatiRthal Miay diehicte formation describing an amount of
extension of the second plunger 326. The amount of extension may in turn
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information. er aspects ways other than plungers to extend and retract
OLﬂpsllttspil’(Hréismsagduge&iﬁdm}hm@@;QnmémmMWQWﬁnay
exP&SH}F!RX %ﬂmé%?%%j_ R JaiR acrssiiendod %‘&%‘H{ %ﬁ?ﬁ%‘s‘@d?}éﬁﬁ }’Mﬁ[bﬁam
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o0 interfaces with stage controller 316. Stage er 6 316 interfaces
refgignekel staesp iggidetBOR zndccontadidwibeeonerii fdkd Positioning of the stage
BOA}EAspects of the metrology system 300 are further illustrated in FIGS.
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position of the second sphere 310 in workpiece 332. This indicium of position may be
viewed or otherwise interpreted into height information of the second plunger 326 with
respect to the reference. The amount of extension may be transmitted to the data
acquisition logic 322. Other examples may include any amount of preprocessing of
extension information. In other aspects ways other than plungers to extend and retract

first sphere 308 and second sphere 310, such as use of rotatable arms, may be employed.

[0025] The data acquisition logic in turn communicates with a central processing
unit 318. The central processing unit 318 interfaces with gauge controller 320 which
controls aspects of both the first gauge 314 and the second gauge 312 discussed below.

The central processing unit 318 also interfaces with stage controller 316. Stage controller



workpiece 332 substantially under first sphere 308. In addition, the central
processing unit 318 has directed the first gauge 314 to extend first plunger
328 for contacting first sphere 308 to workpiece 332. Based on an amount of
extension of the first plunger 328, indicium of a position of the first sphere

3 1308t thRewverkRiRca Ae ARierINgsd SuiaholNRISIM R INEBIH R maIRe
expressed as) a height of the first sphere 308 with respect to a reference.
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3(Eneumatic control lines. By applying air pressure through the pneumatic
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sphere 310 with respect to a reference.

[0028] Gauges 314 and 312 may include sensors for determining an amount of
extension of the first and second plungers 328, 326. For example, such sensors may
include interferometry sensors and associated supporting equipment. Examplary gauges

that may be used include Heidenhain Metro1287 gauges.

[0029] In exemplary aspects, the stage controller 316 and the plunger controller
320 interface respectively with the stage 304 and the first and second gauges 314, 312 at
least partially pneumatically. For example, the first and second gauges 314, 312 may

each include plunger controls that interface with plunger controller 320 through



first and second plungers 328, 326 may be controlled to allow rapid
extension, and then slowing at a time before contact with workpiece 332. An
amount of pressure (vacuum or greater than ambient) and/or volume of gas
may be selectable based on the weights of the plungers 328 and 326 and
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described in FIGS. 3A-C include fixture 334 dimensioned to hold a
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valving, motors, or other actuators may be included proximate the structural
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location. [0034]_.Upon contact, the first object fits with the workpiece at a
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of a sensor that can be viewed as sensing a distance traveled by the first
angishancpdi5g%he path and producing a signal indicative of such distance.

[oé%%jg] Also, Bt RIS RS PE £ A AR L e AR5 n SUE hBSnting
the first object to provide for movement of the first object along a path that results in
contact with the workpiece 332. This path, between various metrology uses, need not
have precisely the same starting point or ending point, but this path would be expected to
lead to contact with the workpiece 332. This path may be predetermined based on the

arrangement of the structural portion.

[0033] Similarly, plunger controller 320 may be generally viewed as a position
controller for the structural portion for mounting the first object. As such, there may be a
separate position controller for the first object structural portion and the second object
structural portion. Functionality and/or functional portions of each position controller
may also be distributed. For example, pneumatic valving, motors, or other actuators may

be included proximate the structural portion, circuitry for controlling that valving may be



controller 316, data acquisition logic 322, plunger controller 320, control
system 250 and the like may be implemented in any of a variety of ways that
provide a variety of divisions between mechanical control (e.g., valving,
timing, cams, gears, and other devices useful in constructing mechanical

at ARRBEAHSRTh RGN sﬂm@ﬂﬂﬁ@%ﬁ%gb@mtﬁgﬁﬂ@ﬁeemﬁwuﬁw QPyet

general purpose processors and application specific hardware implemented
anpihes|estipbGAs or other suitable logic implementations. Aspects relating to

nd sphere 310, second plunger 326, second gauge.312. and the lik
1038 iy B UG e e SR B T T
warkpxeemjsieimplehbyntetior oin hatrelogyi ystedsBaks DA skee 303t siyppaorisd the
wiRe Qi 302, Stagq quide 302 indudes . fiptrall 402, a.seqondaal 404
and atop porti%n%fo ; estagéng Ainterfaces with Tirst rail 402 and second
disaihd@davehedbpribeidiesgoiger edoig stegem S0h d piv duovesaalgng lthelistage of

sugﬂi&llestgr(l)z. The stage 304 also fits closely to the top portion 406, which is

expecte&e'to aid in reducing variation of distance between a workpiece 332

[odiR0sed in Axdbreoddd] a8k ERNGRS S hitd 3o B SIRGuREIAIRA o \Rage

stage is expected to increase accuracegl and repeatability because changes in

CoRHRII e LM ARSIV ISTNN MRfEFS3338P g e Ge B O Nei APa amiBALSYieny ) and
théq%cﬁqy@édﬁf@%ﬁf&{ﬁémwsmrjjbﬁMy@Ha@Wi&@ﬁ%ﬁety of

“measurements would be reduced. [0037] The stage 304 may be an air
dipisigniPeragenines brrirativenyrehisie- pediidsing e cams £ At SACEHEI

desy&te mdhatin misyide SRR KNIl HRNSIRAY vl eribdhic ReAtDY Btages
also help lower error because they tend to distribute load over a Iar%e
f

SOEhYRAE SORHER! SN YR EEDE BRI RATFISS SHAETPRIGREH e tHF Rasyare
infpléhRiea! RIS AIFG Mo atbtheaniRA Kt 3oLRINRRAINEnEIA NaS Bt ts relating
inherent averaging effect that helps in error reduction by filling_ small surface
to\?&ﬁﬂ@%ﬁ@ﬁfﬁéﬂﬂréﬁ‘iﬂaﬁﬁé‘g}gﬁmgﬁ’i§eﬂ?&i‘&§%ﬁf provitpRedkpiy sapilarly
beyaeaNg&traightness and flatness specifications. An exemplary air bearing
stage is the ABL 1000 (FiberGlide 1000) manufactured by Aerotech. [0038]
[06BE] 5 provibKs. & itipstretescf paspocisvefvitstrofeg\esysigini 8l Bageat 80D

s T A
firsbrap ey benondanyl 308, and a top portion 406. The stage 304 interfaces with first
rail 402 and second rail 404, which provide guidance to stage 304 as it moves along the
stage guide 302. The stage 304 also fits closely to the top portion 406, which is expected
to aid in reducing variation of distance between a workpiece 332 disposed in fixture 334
and gauges 314, 312. By reducing variation, the stage is expected to increase accuracy
and repeatability because changes in amount of extension of plungers 328, 326 due to

such variations would be reduced, and therefore measurement error and variations

between measurements would be reduced.

[0037] The stage 304 may be an air bearing stage with a relatively small
positioning error and a motion control system that can provide approximately constant
velocity. Air bearing stages also help lower error because they tend to distribute load over

a large surface area and often have good stiffness which is often desirable for heavy or



defines a surface over which fixture 334 may move under application of force
on workpiece 332 (held by fixture 334 - FIGS. 3A-C) by first sphere 308 or
second sphere 310 as each contact workpiece 332. The surface may be
steel and may further be finished to be relatively smooth. In present

ofBXRTORIBSe WOHDIBER B3 INAIEESA fANIEAhSAVBE HAlthR Al RIRAR Adimay
approximately align a bottom of the conical cavity under each of first sphere

efgsgthphslsdRFephisdustion efilingymrbsBeasmeidhiaadgthse Htegriatss,
whitgt 8PReiRIRA8 prA sewdSHere ALG Mk sashpitialbcaniasiteskpiece

332 at a point that is not as low in the conical cavity as each S‘there ma
He

SPRSHIFRDRB o B EXTHYP RELRIBPRIEIE TRTE IS0 AN s A C0R AFdpFEHidS 19D 10w

masuPRssIBIELINABR&eRIcal cavity of workpiece 332 may increase accuracy of
cone angle measurement. Therefore, providing for movement of the fixture

[0834] allows O¥Gcompectidasaf misalkgnoigor hecaosmthelfisst spiene3808 Bast 303
second sphere 310.t exert some f harizontal ell.as
s B A Mg g
ringtédticepberidesithénsuciaopl ohcyrppliadrey OGN dhey o0t imatyfhoesdatyoifm
fixture 334 in FIG vin fficient of frictio 2 allow
O B B e e B ey
wiéirkghiacéoider(pasityrixtuhe3Cenidal @Evk-{000Tins pelots: Gothetrsdogyd sphere
ffact. lhowah| roximat [ icti iclent
e B e
tofeictidatioshesnandatie $pinessynioripiadesinterauecahilangledos emotzicel cavity.
r iece. e i i
A R R e or
firfryplaet Frag @@fﬂ)pﬁrﬂ@@d/sph@eftaaléhﬁmm@uﬁ@@ebha_sraeoméﬁﬁk_i'@gmmﬁfﬁuﬁdhe
firSf ég%%&'é_ 90%79n%5se&1?&1%5ﬂ8fe1916 DRIGHRG 4R Qé%???cls%r%)%&%%ﬁeaq y
a sapphire ring (e.g, fixture 334) having a bottont portion resting on a stee
posuifheeisiafinedloy oothpkanspboiiozay B0B sihehisnaxaeaphe, the sapphire
[Omglides along the steel surface. Rinﬁ of various sizes maé/ be selected

ifferent WHQHERER CERET SBRSHHT ARt TGEIN P KK HE islany fsrpossible

in e ouRliR a Hise sy fileekpipaa s e Hse thdByatdribeiespaiendangieer portion
of a shape may be a ring, but an outer portion. may. be any other shape such

MEASW NGt e L 0P INES Y BRIHBA 9] NS RN B LS HLBKsiLYY

conexeiongiHie BeleatindBRateE@le ®@rst sphere 308 and second sphere 310 tend to
exert some force horizontally (as well as vertically) when resting on workpiece 332. By
providing an interface (e.g., an interface between a surface of compliancy boundary 506
that faces a bottom of fixture 334 in FIG. 5) having a coefficient of friction low enough to
allow movement of fixture 334 under that horizontal force, the workpiece 332 may find a

lower position in the conical cavity.

[0040] Aspects of metrology system 300 that affect an allowable approximate
maximum friction coefficient include vertical force of the sphere/plunger combination on
the workpiece, friction forces at the sphere/workpiece interface, and angle of contact
between the sphere and the workpiece. In an example, the workpiece 332 is formed from
steel and the surface defined by compliancy boundary 506 is formed from sapphire. A

metal-sapphire surface has a coefficient of friction of about 0.1-0.15. In another
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provide an interface with an appropriately low coefficient of friction, where the
interface is between either a workpiece and a support (e.g., the surface of
compliancy boundary 506) or between a body (e.g., the ring example of
fixture 334) accepting the workpiece and a support. Of course, such

exBHPRIANCE GHPRELS MAULRIFHRRIBY LEpharwise: pdifief:OIhay MRysdte
achieve compliance are contemplated_ in other aspects. For examgdrg, Jadhi
d H 1S

bottomanetios Fsinsea datertouiate drimetPror Lnpieng Iedar:
ex38RB8IRPLRS 2L TNG abavaIRxARPRF AN FGRBCHT RERARIGHMIRSY be

for ease of description, .spheres for objects contacting workpiece 332. In
seliried fapdidfereanhy Brkpirarety> BIPEbIER Wé@iﬁ%ﬁﬁ%ﬂéﬁ@g 1y ber Gxagple
di&Qr SXBIRHNE nhiSBISRRRTE B Ak GiSCExIRY D nUsae FoRes AR SRR asyIila

further aspects may use any object having a geometry from which a position

ring: (1Y BB RECTPATHORIRAYSREARY QIRS ERSHH oo ANl 5 598sition
differe sized.abject in the conical.sleeve to calculate.a characteristic

(0848 0 RS PR MR CACRIRIANEAR AR R AAGHaC

pronageintluderfacneidngleappralityiajig48pv @ Bopresents dmexehepéahe interface

. t t ibed wi f Fl . AL60

D R M AR R IR TR 06ty

SUapordximataly bodelfist gphare S08ndr ol takting IBfi)stonvpaisgrdmerrkpece
06. fi . p ; e )

o e B B I e O e

mcd_;iﬁaﬂ:tiﬁghmv#@ie@e BIZVooTkpbUES3R pEnemolasdolis idiay wpcipwor

xRN SHARGER(E fhadE SHHEEE A FOMBI NG PR SRR MLTIRY e
with a’low friction support such as fixture 334 on a'surface. At 610, an

seggndunherfeextension of first plunger 328 is measured, and used as an
indicium of Lp}psition of first s in the workpiece 332 (e.g., indicium

here 308 m
[0Rd4) 11 incidde abﬂgwaﬁﬂ%[%%%gw%b&% fomeAstePb AR HRtION,
spHiseyIssegopreni ebsiydtindtwdkpttst sphena 38R isdgirasctad; af H14rkigas 304

is moved substantjally under second_sphere 310, and at 616 second sphere

obaisiaauiRg Sher ARRPES MAYAN6 At bf FiRE SIS RpRSRPEES fadlitrsnanbe

us6d PatBbranaauphefce XS ianhEseGRot PUNUeE 32 i5jdnaasined, @aind&§trom
as an indjcium of position of second SE?ere 310 in the workpiece 332. At

wigish aOSIHNSIHBF IIFSiENR AN SIGEEO MY BRASSOEHSHMbIRRP AN

pon@le 6f a differently sized object in the conical sleeve to calculate a characteristic,
such as a taper angle of a surface in the conical sleeve. Other characteristics may include

cone angle quality.

[0043] FIG. 6 presents an exemplary metrology method 600 (described with
reference to FIGS. 3A-C). At 602, workpiece 332 is loaded into fixture 334. At 604,
stage 302 moves approximately under first sphere 308 for obtaining a first measurement.
At 606, first sphere 308 is released for contacting workpiece 332. At 608, a velocity of
the first sphere 308 is reduced. As first sphere 308 begins contacting workpiece 332,
workpiece 332 may move by sliding on a low friction surface (e.g., the surface of
compliancy boundary 506) or may slide with a low friction support such as fixture 334 on
a surface. At 610, an amount of extension of first plunger 328 is measured, and used as

an indicium of position of first sphere 308 in the workpiece 332 (e.g., indicium may

11



taper of the conical cavity of exemplary workpiece 332 is calculated based on
the indicia of respective positions of first sphere 308 and second sphere 310
in workpiece 332. [0044] An additional aspect that may aid in improving
accuracy and repeatability is to cause first and second spheres 308, 310 to

inSRAEShtiensWifacs HIRIKPILGAIRIEBbcY I IPHSIERIALY SsQligniatant doloasly).
number o metrology cycles. By example, first and second spheres 308, 310

AtRdy-dHehsBRYSESI HHTBAGR G AR poFigh Vrd tomnd e beimighyyaf second

sphereplatian @heqrcisc e RISIE) RRABRY e 60R)MeneRHy Beaause otist
and secand spheres 308, 310 have each been rotated through a portion of a

SPRSTBRMOE TCEAd 46 E3HPBENRIBEL SBS X NSO P& SESP RS MYBERRS Liiface of
m¥enkpieed I3<datsadlitierentilppya sicatatiasthathaach digh previeHshece

Where there is some deformity in one or more of first sphere 308 and

33%e OhBpReTRNd 1O h8 SuRtrest wolgletshssrtrosiitmgurihiemarsiert

tapeayalPcaMaI A MeITLHRMPIS,/ I satpidrZs 3hes elfectidhaseddaferaitieria
on accuracy and repeatability. Workpiece 332 may also be rotated to

o RIS RS ISR A RS P52 89 8 Aine! gecnhtifitis 2L MpHaFRiREEiSaan be
tt f i ill in the.art th dificati
o A A s T A e sttt
is sy stawssitesoribest dratefrhenesy 308, Liddd @komeaot tine sanfabinettionniuiiiaoeal ilas

: O :

v T SRR

sestadsphayehedded rmettlotis rivatedihgoraatingoportrkpideesofoplete

re QOIAING R %%F;ﬁg%ﬂ})‘?%? gt%g&flfee‘r%l%grﬁg{ﬂgpggcyg%%:y BEIMRERYED. Because
accuracy or ma € 10or assessing other wor plece Cc racteristics.

firdigdid onediyd pplrticesl 30 8xalfigiesciravk b@lﬁom&hﬁsedmmﬂ@fs@ _
reg&‘ﬁ@&l‘?ﬁ&f%ﬁﬁ%%ﬁ&%@@&?%83,%‘%"{lzﬂlse%‘él{%‘iﬁgﬁstﬁ@ LalRted o Ao liPfce

iscussion Is not meant, however, to restrict the various examples to
3%ethdaﬁfemmﬁl@wmgrmapaéhaalgﬂdddiésse@mwlx‘/e Wé@%ﬁm?ﬂag@@.
deferWE SARL dr AoFOBIaGPaRIMBE ARBYSYRIEPHEATATSING 1R IS of
dimensioned to hold a workpiece; a first object dimensioned to fit with at least
werlioeeerd o3 trrdaiio gkipidleie raafirst snaschale averAsErgatrefsealsjcmihenize the

ef@&%}tmgsgr@é@ajﬂﬂti@dﬁﬁggﬁ?w and repeatability. Workpiece 332 may also be

rotated to accomplish a similar result.

[0045] This description is exemplary and it will be apparent to those of ordinary
skill in the art that numerous modifications and variations are possible. For example,
various exemplary methods and systems described herein may be used alone or in
combination with various other metrology systems, control mechanisms including
program code, data collection, data visualization techniques, and the like. Various
additional steps may be added to methods, including rotating of workpieces for obtaining
measurements at different orientations which may improve accuracy or may be for
assessing other workpiece characteristics. Additionally, particular examples have been
discussed and how these examples are thought to address certain disadvantages in related
art. This discussion is not meant, however, to restrict the various examples to methods

and/or systems that actually address or solve the disadvantages.
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of the first object along a path between a start position and an end position
for the first object, the first object fitting with at least a portion of the
workpiece at the end position; and a first sensor disposed to sense distance
traveled by the first object along the path between the start position and the
werdfgsition, and to produce a signal indicative of such distance. 2. The
metrology system of claim 1, wherein the first structure includes a first
plunger, the first object includes a generally spherical portion, and the first

1.sensehtsensesamamusy of exieosiapriiibe first plunger for sensing the
distance traveled by the first object along the predetermined path. 3. The

metrSISgHEy sternsiangine D AdrthePEatissFising: a second object
dimepsjon %%j%%tf ﬁi%&ﬁsgéﬂgﬁ HPRIHER ?Jam%\)@’éﬁ’ﬁf@ﬁﬂeo‘iethea\x?&%g%étmCtu re

mounting the' second object, the mounting pro g for movement of the
secoadisbjenialoagapailchbbaencdjstarthrosivaitiap gavidng foositorfant

the sec%rflgho%'?%t the selcond obﬁ%te{ittin with at least a Rgrtion f the,.
es

workpie2e Bt &' Sh Bt 8 R LA SBd 0B HHEPLRSgRosttion for

disposethé¢disendgedistancestrabgladioynih e sk ao hchobj@ot@adang the waakipiece at

betweer&ltehgnatartsﬁlosnij[iog dand the end position for the second object, and
produce a S|gn3?|na‘?caﬁve of such distance; and computational logic for

deterntinipgeindiciAspbiespe sbive: esiiRusaline! insthebirtoand thR seeanpath
object as each of the first object and the second object fits with the
workpieCEF SRR HBtABYY Uy SR G CEARAS Kt CoPRpHSHA:S #3%
stage fonhslepaoeti:thae fxtdtecthe stage translatable relative to the first
object and the second ogept for permitting each of the first object and the

2 séjé@rme%ﬁi@%?( Ry HRBYAREN MW Workpiece at respective end positions

o oheE g e el Repa A S o

ogic Int g with a position contro
first strugtedcambeipositidritsofitso Hensor rsescupartount of extension of the first

plunger for sensing the distance traveled by the first object along the
predetermined path.
3. The metrology system of claim 1, further comprising:

a second object dimensioned to fit with at least a portion of the workpiece;

a second structure mounting the second object, the mounting providing for
movement of the second object along a path between a start position and an
end position for the second object, the second object fitting with at least a
portion of the workpiece at the end position for the second object;

a second sensor disposed to sense distance traveled by the second object along the
path between the start position and the end position for the second object, and
produce a signal indicative of such distance; and

computational logic for determining indicia of respective positions of the first
object and the second object as each of the first object and the second object

fits with the workpiece.

4. The metrology system of claim 3, further comprising:
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structure, the control logic operable to initiate movement of the first object

and the second object along respective paths. 6. The metrology system of
claim 5, wherein the control logic is further operable to initiate retraction of
the first plunger and the second plunger after sensing respective distances

travelegdpy m@sﬂ%&h}@g:&ﬁmm@ewﬁig@I@J@ﬁmﬁﬂ@%[ﬁﬁ&@!@@ﬂ&ﬂﬁmj ekt

claim 1, wherein the control logic interfaces with the position controller for

the first &R IFECARE PhisHoStiBFr R8I hop it SBebpRicctand the shordt
partiallyspiewroaticaiiiBy Fine netielRevpysiem RispIIN Se SISO T the

control logic provides for slowing movement of the first object before contact

betweehtHePhict L hererd WFkbiece by application of vacuum through
5. PREURRNG, E‘}Ei@ﬁ%ﬂﬁ%ﬂﬁ‘@l”ﬁﬂh%&ﬁﬂﬂiﬂjislﬂ%igo‘l’{ﬂgl%%iﬁrﬁ{t%%tﬁ‘i’g with a

controller. 9. Thé metrology system of claim 1, wherein the workpiece may

misveliaansredlen doritg HEjEETIsRESpYIse RestoPracbiptes frstheisiecandhe

MAMRMEA LR AAFRAIOR APISIBIN T ANRYR SR R AdiFeFHRR @strayRl PhiRghe
first object along the path for the first object. 10. The metrology system of

cligpend ahigss el prideriiscaisliancy feature that allows movement of the
fixture relative t ructure parting the. fixtur T ro sfem
e S A B R G el
theifistarstthatiimtefftetwitium gteehp drticncohthel wigectaiiter seippagtingptatve
fi LIh [ of clai erein the indicia of the
p)ggﬁ%lr?]ggotf %ﬁ%l‘%?rioﬁ%%ge%?g?@%teagg%g:é% JL&C%K? %it’de respective heights

7.7o8 @J&?&ggmﬁaﬂ PIRIARE PN IRRIS T AESSHPEAYEDIRSRERLIQ fh the

reference. 14713 The metrology system of claim 3, wherein the workpiece is

aRgetinn coneoHpifentirefireciipriziispedthsnetivnalcerie bydedke scond
cg{%g}pe%p 1@5@!&?@3&% ﬁ}{%%}&%ﬁ@ﬂﬁ/from the indicia of the respective

positions of the first objéct and the sécond object. 14. A contact-based
8. mEbkoinefyohogtheydiaompeising 5 revativety tho siigrih ip gl overkypidssel and caviingt
oh %%n%%%t%ﬁg{i;oﬁ'rggo%ﬁe%%%e JEREQPIR DL Wi (R YRHPIRES SR ece
traveling a path for the first object;
by application of vacuum through pneumatic control lines interfacing the control

logic with the first position controller.

9. The metrology system of claim 1, wherein the workpiece may move relative to the
first object in response to contact by the first object, the movement in a direction
generally transverse to a direction of travel of the first object along the path for the

first object.

10. The metrology system of claim 1, further comprising a compliancy feature that allows
movement of the fixture relative to a structure supporting the fixture.

11. The metrology system of claim 10, wherein the compliancy feature includes a
sapphire portion of the fixture that interfaces with a steel portion of the structure

supporting the fixture.

12. The metrology system of claim 3, wherein the indicia of the positions of the first
object and the second object include respective heights for the first object and the

second object described with respect to a reference.
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moving the first object along the path for the first object; determining a
position of the first object upon fitting the first object with the workpiece;
relatively positioning the workpiece with a second object, the positioning so
that the second object may fit with the workpiece upon traveling a path for

13hensarenfloahisEdidmavin thessearne e ¢ aHgnecthr RatBelRr bgeser@netther
object; determinin%osition of the second object upon fittin%]the second

obRBPiAtAE reMREIinaRL ogitmstabisit g s A ANglS phRISHS bt geae from
fiigeqhipshaardib %5%@@&% pBIRENS of N IR S PARBRNYQEKBIRL B bEE. The

metrology method of claim 14, wherein determining a position of the first

140bjegninciusiss disiaroltipgnrtheilybeipiieadist object with respect to a
reference, determining a position of the second object includes determining a
heighe By seeisiteraBjacyeiipires prdrib e pisierdhe eoitianne deiévhihed

charactefigtionRfdha W AKRIRE SO GIUESRR e:fdaReL Fath FRNIEAEEAIWect;
defined by thejgvorkg?/ece. 16. The mge&?riolog%gﬁle{hod 0 cellg?(?n 14, Wherlein Bec

movintptiefiist Bisjedyjivntlaldas thaeatingratir§irplohisst;coupled to the first
object, and.moving the second abject includes extendin econd plynger
o R b SR Ao AR S s SR

whereinwmdypingdhe first object includes slowing the first object before the
first object contacts the workpiece, 18. The metrology. method of claim 14,
wherBHSDIROIHIORIE Jis QX kBinpridet asrandP Miekieie ROHY ABPECHBA"
of air pregpsie Ry esjebiahlagin (i cantiolies@baistiveiudisdpRinG e
first object, and slowing the first object by application of vacuum to the
controll&F98d R%&thod for forming a disc drive motor including the

metrolegn Pl od- G EBCt along the path for the second object;
determining a position of the second object upon fitting the second object with the
workpiece; and
determining, based on the positions of the first object and the second object, a
characteristic of the workpiece.
15. The metrology method of claim 14, wherein
determining a position of the first object includes determining a height of the first
object with respect to a reference,
determining a position of the second object includes determining a height of the
second object with respect to the reference, and
the determined characteristic of the workpiece includes an angle of taper of a
conical cavity defined by the workpiece.
16. The metrology method of claim 14, wherein
moving the first object includes extending a first plunger coupled to the first
object, and
moving the second object includes extending a second plunger coupled to the

second object.
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14, and further comprising: determining that the characteristic of the
workpiece is within a specification, and positioning the workpiece in the
motor if the characteristic is within the specification. 20. A contact-based
metrology system comprising: a stage for supporting a sleeve cone to provide

1 2qERSSIEHE Y atinebeaMh ol tha sleausRane i firsk objest mith @ §iktbwing
size and a second object with a second size, each of the first object and the

séiofisrbafet Qsiiie PR BRSO RIKRERSovably disposing
1 L3¢ erﬁ?ﬁég?tﬂgﬁ&& araihG PCRRE ORIV IME A Siiace hFaRdaner

cavity of the Sleeve cone; sensor equipment operatively intérfacing with the
one ommoraguppertsniey spplscitiequpmeptcsudebsrooimind lagiositionoof ihléer
first obje?t and a Lposition gf th% sgqn%ob{ect in the inner cavity based on

Of a structure S orting the 1rst objec an(!_ . .
respective positions of the Ofe OF  more upports; and computational logic for

derivingwangaimg|earef sapet bY the Bustaseoshteunnes tkaviythaked on the

position of the first object and the position of the second object in the inner
19Cé/i@ﬁt@8d for forming a disc drive motor including the metrology method of claim

14, and further comprising: determining that the characteristic of the workpiece is
within a specification, and positioning the workpiece in the motor if the characteristic

is within the specification.

20. A contact-based metrology system comprising:

a stage for supporting a sleeve cone to provide accessibility to an inner cavity of

the sleeve cone;

a first object with a first size and a second object with a second size, each of the
first object and the second object coupled to one or more supports for
removably disposing each of the first object and the second object to touch a
surface of the inner cavity of the sleeve cone;

sensor equipment operatively interfacing with the one or more supports, the
sensor equipment for determining a position of the first object and a position of
the second object in the inner cavity based on respective positions of the one or
more supports; and

computational logic for deriving an angle of taper of the surface of the inner
cavity based on the position of the first object and the position of the second

object in the inner cavity.
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SLEEVE CONE ANGLE MEASUREMENT SYSTEM

BACKGROUND


Field:


[0001] The present invention relates generally to metrology of objects, and more particularly to measuring angles and characteristics of cavities, such as cavities of conical sleeves that may be used in disc drives.


Description of Related Art:


[0002] Magnetic disc drives are used for magnetically storing information.  In a magnetic disc drive, a magnetic disc rotates at high speed and a transducing head "flies" over a surface of the disc.  This transducing head records information on the disc surface by impressing a magnetic field on the disc.  Information is read back using the head by detecting magnetization of the disc surface.  The transducing head is moved radially across the surface of the disc so that different data tracks can be read back.


[0003] Over the years, storage density of media has tended to increase and the size of storage systems has tended to decrease.  This trend has led to a need for greater precision, which has resulted in tighter tolerancing for components used in disc drives.  In turn, achieving tighter tolerances in components requires increased precision in metrology systems for characterizing and parameterizing those components.  Measuring angles of objects is one aspect of metrology, and measuring angles of conical cavities is of interest for some disc drive designs.


[0004] Metrology systems may include systems that use technology requiring contact with a workpiece as well as systems that obtain metrology data without contacting a workpiece.  It is often the case that non-contact systems can be more precise than contact systems, but can be more expensive.  Contact based systems can mar workpieces.  What is needed is a low-cost, accurate, and repeatable metrology system that may be used for example in metrology of disc drive components.


SUMMARY 


[0005] In an exemplary aspect, a contact-based metrology system comprises a fixture dimensioned to hold a workpiece, and a first object dimensioned to fit with at least a portion of the workpiece.  The system further comprises a first structure mounting the first object to provide for movement of the first object along a path between a start position and an end position for the first object.  The first object fits with at least a portion of the workpiece at the end position.  The system also comprises a first sensor disposed to sense distance traveled by the first object along the path between the start position and the end position, and to produce a signal indicative of such distance.

[0006] In an exemplary aspect, a contact-based metrology method comprises relatively positioning a workpiece and a first object so that the first object may fit with the workpiece upon traveling a path for the first object, moving the first object along the path for the first object, and thereafter determining a position of the first object upon fitting the first object with the workpiece.  The method also comprises relatively positioning the workpiece with a second object so that the second object may fit with the workpiece upon traveling a path for the second object.  The method also comprises moving the second object along the path for the second object, determining a position of the second object upon fitting the second object with the workpiece.  The method also comprises determining, based on the positions of the first object and the second object, a characteristic of the workpiece.  

[0007] In another exemplary aspect, a contact-based metrology system comprises a stage for supporting a sleeve cone to provide accessibility to an inner cavity of the sleeve cone, a first object with a first size and a second object with a second size.  Each of the first object and the second object are coupled to one or more supports for removably disposing each of the first object and the second object to touch a surface of the inner cavity of the sleeve cone. The system also comprises sensor equipment operatively interfacing with the one or more supports.  The sensor equipment is for determining a position of the first object and a position of the second object in the inner cavity based on respective positions of the one or more supports.  The system also comprises computational logic for deriving an angle of taper of the surface of the inner cavity based on the position of the first object and the position of the second object in the inner cavity. In any aspect or example discussed herein, the first and second objects may be portions of a sphere, entire spheres, or another suitable geometry.  In some aspects involving metrology of sleeve cone workpieces, cone quality and cone taper angle may be measured.



BRIEF DESCRIPTION OF THE DRAWINGS


[0008] For a fuller understanding of aspects and examples disclosed herein, reference is made to the accompanying drawings in the following description.


[0009] FIG. 1 illustrates a partial section of a hydrodynamic bearing having conical sleeves;


[00010] FIG. 2 illustrates a concept of a two ball cone angle measurement technique;


[00011] FIGS. 3A-C illustrate a diagram of an exemplary system implementing the two ball cone technique, and in succession the operation of the exemplary system from loading through measurement;


[00012] FIG. 4 illustrate a perspective view of the exemplary system;


[00013] FIG. 5 illustrates a stage component and fixture coupled with the stage component of the system; and


[00014] FIG. 6 illustrates exemplary method steps in the operation of the system.


DETAILED DESCRIPTION


[00015] The following description is presented to enable a person of ordinary skill in the art to make and use various aspects of the inventions.  Descriptions of specific materials, techniques, and applications are provided only as examples.  Various modifications to the examples described herein will be readily apparent to those skilled in the art, and the general principles defined herein may be applied to other examples and applications without departing from the spirit and scope of the inventions.  For example, aspects and examples may be employed in various metrology applications, including metrology of components of motors used in disc storage drives.  Metrology equipment employing aspects disclosed herein may be designed and may operate in a number of ways.  The exemplary apparatuses and systems provided herein are for illustrating various aspects and are not intended to limit the range of metrology apparatuses and systems in which in examples and aspects may be applied.


[00016] FIG. 1 illustrates a cross-section of a disc drive motor portion.  The portion includes a hub 10 supporting discs 12.  In operation, the hub 10 rotates about a fixed shaft 14.  The fixed shaft 14 includes an upper shaft bearing cone 16 and a lower shaft bearing cone 18.  An outer surface 34 of upper shaft bearing cone 16 forms an upper hydrodynamic bearing region 20 with opposing upper conical bearing sleeve 28.  An outer surface 32 of the lower shaft bearing cone 18 forms a lower hydrodynamic bearing region 24 with opposing lower conical bearing sleeve 30.  For proper operation, there should be an engineered fit between each of the shaft bearing cones 16 and 18 and respectively opposing conical bearing sleeves 28 and 30.  


[00017] An aspect of this engineered fit is the angle at which the conical bearing sleeves 28 and 30 taper.  To continue increasing disc drive performance, the angle at conical bearing sleeves 28 and 30 taper will likely have to be increasingly controlled, for example to within 0.01 degrees or better of an engineered specification.  In turn, determining whether conical bearing sleeves 28 and 30 are within 0.01 degrees of specification requires an accurate, and repeatable metrology device and method.  Since another factor considered in disc drive production is cost, the metrology device should be low cost.  Cost may include such factors as whether the metrology system damages a workpiece being measured, and the speed at which a measurement may be completed.  FIGS. 2-6 illustrate systems and methods that may further these goals.  


[00018] FIG. 2 illustrates aspects of a conceptual method for deriving an angle 2Θ 214 of a conical cavity 208 (shown in cross-section), that may exist for example in a conical bearing sleeve.  A first sphere 212 having a known (or determinable) diameter is inserted in the conical cavity 208.  A first height 204 associated with positioning of the first sphere 212 is measured.  This measurement may be with respect to reference 202.  The first sphere 212 may then be removed from conical cavity 208.  A second sphere 210 is inserted into the conical cavity 208.  A second height 206 associated with positioning of the second sphere 210 is measured; second height 206 may also be a measurement with respect to the reference 202.  After obtaining the first height 204 and the second height 206, an angle equal to one half the angle 2Θ 214 may be calculated by application of the formula below, where R1 and H1 and R2 and H2 respectively refer to the radius of the first sphere 212 and the second sphere 210, and the first height 204 and the second height 206.


[00019] 
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[00020] FIGS. 3A-C illustrate schematic aspects of an exemplary metrology system 300 implementing aspects of the above sleeve cone angle measurement strategy.  In illustrating these aspects reference is made to sources of inaccuracy and non-repeatability in components of the metrology system 300.  These component sources of inaccuracy and non-repeatability combine into a complete measure of the accuracy and repeatability of the metrology system, commonly referred to as Gauge Repeatability and Reproducibility (GRR).  Such references are by way of example and not limitation; other metrology systems created and operating by aspects presented herein may have fewer or additional sources of inaccuracy and non-repeatability.


[00021] Generally, a lower GRR signifies a more stable metrology device than a higher GRR.  GRR has two primary components, repeatability and reproducibility.  Repeatability is the ability of the same gauge to provide a consistent measurement during a number of uses by the same operator, and reproducibility is the ability of a gauge to give a consistent measurement regardless of the operator.  GRR is typically a measurement of the variability percentage of the total available engineering tolerance for the part.  For any given system, a target maximum GRR may be selected, and various parameters may be chosen or modified to avoid exceeding that GRR.


[00022] Metrology system 300 includes a supportive base 303 that may be formed from granite or another material that may aid in isolating sensitive components of the metrology system 300 from ambient vibrations or other disturbances.  A stage guide 302 is disposed on the supportive base 303.  The stage guide 302 provides a track over which a stage 304 may move as illustrated by a movement arrow 305.  A fixture 334 is disposed on stage 304 and a workpiece 332 is disposed in the fixture 334.  Aspects of the fixture 334 will be further described herein.  In exemplary aspects, the workpiece 332 is a sleeve cone.  The sleeve cone is disposed in fixture 334 to provide accessibility to a cavity 338 of the sleeve cone, as illustrated in cross-section in FIGS. 3A-C.  An outer surface portion of the workpiece 332 may take any number of shapes, for example, the outer portion may be cylindrical, and need not be conically tapered.  Fixture 334 may be adapted to accommodate such variations in workpiece 332.


[00023] Additional components of the metrology system 300 include a first sphere 308 coupled by a plunger 328 to a first gauge 314, which outputs information to data acquisition logic 322.  First sphere 308 is exemplary and other shapes may be used; for example, a hemisphere may also be used as further described herein.  The information outputted by the first gauge 314 may include information describing an amount of extension the plunger 328.  The amount of extension may in turn be used as an indicium of a position of the first sphere 308 in workpiece 332.  This indicium of position may be viewed or otherwise interpreted into a height of the first sphere 308 with respect to a reference, in keeping with the conceptual illustration of FIG. 2.  


[00024] The metrology system 300 also includes a second sphere 310 coupled by a second plunger 326 to a second gauge 312.  The second gauge 312 also outputs information that may include information describing an amount of extension of the second plunger 326.  The amount of extension may in turn be used as an indicium of a position of the second sphere 310 in workpiece 332.  This indicium of position may be viewed or otherwise interpreted into height information of the second plunger 326 with respect to the reference.  The amount of extension may be transmitted to the data acquisition logic 322.  Other examples may include any amount of preprocessing of extension information.  In other aspects ways other than plungers to extend and retract first sphere 308 and second sphere 310, such as use of rotatable arms, may be employed.   


[00025] The data acquisition logic in turn communicates with a central processing unit 318.  The central processing unit 318 interfaces with gauge controller 320 which controls aspects of both the first gauge 314 and the second gauge 312 discussed below.  The central processing unit 318 also interfaces with stage controller 316.  Stage controller 316 interfaces with the stage guide 302 and controls movement and positioning of the stage 304.  Aspects of the metrology system 300 are further illustrated in FIGS. 3B-C.  


[00026] FIG. 3A illustrates that stage 304 moves in an exemplary direction indicated by movement arrow 305, and that this movement is initiated by central processing unit 318 controlling the stage through the stage controller 316.  FIG. 3B illustrates that stage 304, by direction from the central processing unit 318, positions the workpiece 332 substantially under first sphere 308.  In addition, the central processing unit 318 has directed the first gauge 314 to extend first plunger 328 for contacting first sphere 308 to workpiece 332.  Based on an amount of extension of the first plunger 328, indicium of a position of the first sphere 308 in the workpiece are determined.  Such indicium may include (or may be expressed as) a height of the first sphere 308 with respect to a reference.


[00027] FIG. 3C illustrates that first sphere 308 has been retracted and that the stage 304 has moved the workpiece 332 substantially under the second sphere 310.  FIG. 3C also illustrates that the second gauge 312 has extended the second plunger 326 so that second sphere 310 contacts the workpiece 332.  As described above, these actions may be initiated by central processing unit 318 providing commands or other information to gauge controller 320 and to stage controller 316.  Based on an amount of extension of the second plunger 326, indicium of a position of the second sphere 310 in the workpiece are determined.  Such indicium may include (or may be expressed as) a height of the second sphere 310 with respect to a reference.  


[00028] Gauges 314 and 312 may include sensors for determining an amount of extension of the first and second plungers 328, 326.  For example, such sensors may include interferometry sensors and associated supporting equipment.  Examplary gauges that may be used include Heidenhain Metro1287 gauges.


[00029] In exemplary aspects, the stage controller 316 and the plunger controller 320 interface respectively with the stage 304 and the first and second gauges 314, 312 at least partially pneumatically.  For example, the first and second gauges 314, 312 may each include plunger controls that interface with plunger controller 320 through pneumatic control lines.  By applying air pressure through the pneumatic control lines, plunger controller 320 may initiate extension of the first and second plungers 328, 326.  


[00030] By applying vacuum to those pneumatic control lines, plunger controller 320 may also slow extension of, and retract, the first and second plungers 328, 326.  Retraction and slowing may also be initiated by spring mechanisms associated with the plunger controls.  A rate at which the first and second plungers 328, 326 may extend may be controlled to prevent damage to workpiece 332.  Timing of slowing extension of the first and second plungers 328, 326 may be controlled to allow rapid extension, and then slowing at a time before contact with workpiece 332.  An amount of pressure (vacuum or greater than ambient) and/or volume of gas may be selectable based on the weights of the plungers 328 and 326 and first and second spheres 308, 310.  


[00031] In a general sense, aspects described in FIGS. 3A-C include fixture 334 dimensioned to hold a workpiece (e.g., workpiece 332) and a first object (e.g., first sphere 308) that is sized to at least fit a portion of the workpiece that is the subject of metrology.  The nature of this fit may vary depending on characteristics of the portion of the workpiece subjected to metrology and characteristics of the first object, including size and shape of each.  

[00032] Also, first plunger 328 is an example of a structural portion for mounting the first object to provide for movement of the first object along a path that results in contact with the workpiece 332.  This path, between various metrology uses, need not have precisely the same starting point or ending point, but this path would be expected to lead to contact with the workpiece 332.  This path may be predetermined based on the arrangement of the structural portion.  

[00033] Similarly, plunger controller 320 may be generally viewed as a position controller for the structural portion for mounting the first object.  As such, there may be a separate position controller for the first object structural portion and the second object structural portion.  Functionality and/or functional portions of each position controller may also be distributed.  For example, pneumatic valving, motors, or other actuators may be included proximate the structural portion, circuitry for controlling that valving may be at a separate location, and computation logic for controlling the circuitry may be at yet another location.  

[00034] Upon contact, the first object fits with the workpiece at a portion of the workpiece determined by interaction between sizes and shapes of the first object and the workpiece.  First gauge 314 is an example of a sensor that can be viewed as sensing a distance traveled by the first object along the path and producing a signal indicative of such distance.  

[00035] Also, control related aspects and associated apparatuses, such as stage controller 316, data acquisition logic 322, plunger controller 320, control system 250 and the like may be implemented in any of a variety of ways that provide a variety of divisions between mechanical control (e.g., valving, timing, cams, gears, and other devices useful in constructing mechanical apparatuses) and electronic control, between software control running on general purpose processors and application specific hardware implemented in ASICS, FPGAs or other suitable logic implementations.  Aspects relating to second sphere 310, second plunger 326, second gauge 312, and the like may similarly be generalized. 

[00036] FIG. 4 illustrates a perspective view of an example implementation of metrology system 300.  Base 303 supports stage guide 302.  Stage guide 302 includes a first rail 402, a second rail 404, and a top portion 406.  The stage 304 interfaces with first rail 402 and second rail 404, which provide guidance to stage 304 as it moves along the stage guide 302.  The stage 304 also fits closely to the top portion 406, which is expected to aid in reducing variation of distance between a workpiece 332 disposed in fixture 334 and gauges 314, 312.  By reducing variation, the stage is expected to increase accuracy and repeatability because changes in amount of extension of plungers 328, 326 due to such variations would be reduced, and therefore measurement error and variations between measurements would be reduced.


[00037] The stage 304 may be an air bearing stage with a relatively small positioning error and a motion control system that can provide approximately constant velocity. Air bearing stages also help lower error because they tend to distribute load over a large surface area and often have good stiffness which is often desirable for heavy or offset loading. Also, the air bearing of an air bearing stage has an inherent averaging effect that helps in error reduction by filling small surface voids and other irregularities, which is thought to provide better pitch, roll, yaw, and straightness and flatness specifications.  An exemplary air bearing stage is the ABL 1000 (FiberGlide 1000) manufactured by Aerotech.  


[00038] FIG. 5 provides a top view of portions of metrology system 300.  Base 303 again supports stage guide 302 on which stage 304 moves.  Fixture 334 is illustrated as a ring that is placed within a compliancy boundary 506.  The compliancy boundary 506 defines a surface over which fixture 334 may move under application of force on workpiece 332 (held by fixture 334 – FIGS. 3A-C) by first sphere 308 or second sphere 310 as each contact workpiece 332.  The surface may be steel and may further be finished to be relatively smooth.  In present examples, workpiece 332 includes a conical cavity.  Although stage 304 may approximately align a bottom of the conical cavity under each of first sphere 308 and second sphere 310, there may also be some misalignment, and the first sphere 308 and second sphere 310 may each initially contact workpiece 332 at a point that is not as low in the conical cavity as each sphere may reach.


[00039] Getting each of first sphere 308 and second sphere 310 as low as possible in the conical cavity of workpiece 332 may increase accuracy of cone angle measurement.  Therefore, providing for movement of the fixture 334 allows for correction of misalignment because the first sphere 308 and second sphere 310 tend to exert some force horizontally (as well as vertically) when resting on workpiece 332.  By providing an interface (e.g., an interface between a surface of compliancy boundary 506 that faces a bottom of fixture 334 in FIG. 5) having a coefficient of friction low enough to allow movement of fixture 334 under that horizontal force, the workpiece 332 may find a lower position in the conical cavity.  

[00040] Aspects of metrology system 300 that affect an allowable approximate maximum friction coefficient include vertical force of the sphere/plunger combination on the workpiece, friction forces at the sphere/workpiece interface, and angle of contact between the sphere and the workpiece.  In an example, the workpiece 332 is formed from steel and the surface defined by compliancy boundary 506 is formed from sapphire. A metal-sapphire surface has a coefficient of friction of about 0.1-0.15.  In another example, the workpiece 332 is supported by a sapphire ring (e.g, fixture 334) having a bottom portion resting on a steel surface defined by compliancy boundary 506.  In this example, the sapphire ring glides along the steel surface.  Rings of various sizes may be selected for different workpieces.  Shapes other than rings may also be used; for example discs, or blocks may be used.  By further example, an inner portion of a shape may be a ring, but an outer portion may be any other shape such as a square, or a hexagon. 


[00041] Thus, compliance aspects described herein include selecting materials to provide an interface with an appropriately low coefficient of friction, where the interface is between either a workpiece and a support (e.g., the surface of compliancy boundary 506) or between a body (e.g., the ring example of fixture 334) accepting the workpiece and a support.  Of course, such compliance aspects may be combined or otherwise modified.  Other ways to achieve compliance are contemplated in other aspects.  For example, compliance may be added to a mechanism for supporting the first and the second spheres.


[00042] The above examples and aspects presented used, for ease of description, spheres for objects contacting workpiece 332.  In other aspects, any of a variety of objects having other shapes may be used.  For example, hemispheres and discs may be used rather than spheres.  Still further aspects may use any object having a geometry from which a position of the object in a conical sleeve may be used in combination with a position of a differently sized object in the conical sleeve to calculate a characteristic, such as a taper angle of a surface in the conical sleeve.  Other characteristics may include cone angle quality.


[00043] FIG. 6 presents an exemplary metrology method 600 (described with reference to FIGS. 3A-C).  At 602, workpiece 332 is loaded into fixture 334.  At 604, stage 302 moves approximately under first sphere 308 for obtaining a first measurement.  At 606, first sphere 308 is released for contacting workpiece 332.  At 608, a velocity of the first sphere 308 is reduced.  As first sphere 308 begins contacting workpiece 332, workpiece 332 may move by sliding on a low friction surface (e.g., the surface of compliancy boundary 506) or may slide with a low friction support such as fixture 334 on a surface.  At 610, an amount of extension of first plunger 328 is measured, and used as an indicium of position of first sphere 308 in the workpiece 332 (e.g., indicium may include a height of first sphere 308 with respect to a reference as discussed previously).  At 612, first sphere 308 is retracted, at 614 stage 304 is moved substantially under second sphere 310, and at 616 second sphere 310 is released.  At 618, a velocity of the second sphere 310 is reduced.  At 620, an amount of extension of second plunger 326 is measured, and used as an indicium of position of second sphere 310 in the workpiece 332.  At 622, second sphere 310 is retracted.  At 624, a characteristic, such as an angle of taper of the conical cavity of exemplary workpiece 332 is calculated based on the indicia of respective positions of first sphere 308 and second sphere 310 in workpiece 332.


[00044] An additional aspect that may aid in improving accuracy and repeatability is to cause first and second spheres 308, 310 to contact the surface of workpiece 332 at various relative orientations for a number of metrology cycles.  By example, first and second spheres 308, 310 may each be rotated through some portion of a complete revolution after completion of a cycle.  Then another cycle may be commenced.  Because first and second spheres 308, 310 have each been rotated through a portion of a revolution, first and second spheres 308, 310 will each contact the surface of workpiece 332 at a different relative orientation than each did previously.  Where there is some deformity in one or more of first sphere 308 and second sphere 310 and the surface of workpiece 332, rotating in this manner may help average measurements to minimize the effect of those deformities on accuracy and repeatability.  Workpiece 332 may also be rotated to accomplish a similar result.

[00045] This description is exemplary and it will be apparent to those of ordinary skill in the art that numerous modifications and variations are possible.  For example, various exemplary methods and systems described herein may be used alone or in combination with various other metrology systems, control mechanisms including program code, data collection, data visualization techniques, and the like.  Various additional steps may be added to methods, including rotating of workpieces for obtaining measurements at different orientations which may improve accuracy or may be for assessing other workpiece characteristics.  Additionally, particular examples have been discussed and how these examples are thought to address certain disadvantages in related art.  This discussion is not meant, however, to restrict the various examples to methods and/or systems that actually address or solve the disadvantages.


We Claim:


1. A contact-based metrology system comprising:


a fixture dimensioned to hold a workpiece;


a first object dimensioned to fit with at least a portion of the workpiece;


a first structure mounting the first object, the mounting providing for movement of the first object along a path between a start position and an end position for the first object, the first object fitting with at least a portion of the workpiece at the end position; and


a first sensor disposed to sense distance traveled by the first object along the path between the start position and the end position, and to produce a signal indicative of such distance.


2. The metrology system of claim 1, wherein


the first structure includes a first plunger, the first object includes a generally spherical portion, and the first sensor senses an amount of extension of the first plunger for sensing the distance traveled by the first object along the predetermined path.

3. The metrology system of claim 1, further comprising:


a second object dimensioned to fit with at least a portion of the workpiece;


a second structure mounting the second object, the mounting providing for movement of the second object along a path between a start position and an end position for the second object, the second object fitting with at least a portion of the workpiece at the end position for the second object; 


a second sensor disposed to sense distance traveled by the second object along the path between the start position and the end position for the second object, and produce a signal indicative of such distance; and


computational logic for determining indicia of respective positions of the first object and the second object as each of the first object and the second object fits with the workpiece.

4. The metrology system of claim 3, further comprising:


a stage for supporting the fixture, the stage translatable relative to the first object and the second object for permitting each of the first object and the second object to alternately fit with the workpiece at respective end positions of the first object and the second object.

5. The metrology system of claim 3, further comprising control logic interfacing with a position controller for the first structure, and a position controller for the second structure, the control logic operable to initiate movement of the first object and the second object along respective paths.


6. The metrology system of claim 5, wherein the control logic is further operable to initiate retraction of the first plunger and the second plunger after sensing respective distances traveled by the first object and the second object.  


7. The metrology system of claim 1, wherein the control logic interfaces with the position controller for the first structure and the position controller for the second structure at least partially pneumatically.


8. The metrology system of claim 5, wherein the control logic provides for slowing movement of the first object before contact between the first object and the workpiece by application of vacuum through pneumatic control lines interfacing the control logic with the first position controller.

9. The metrology system of claim 1, wherein the workpiece may move relative to the first object in response to contact by the first object, the movement in a direction generally transverse to a direction of travel of the first object along the path for the first object.

10. The metrology system of claim 1, further comprising a compliancy feature that allows movement of the fixture relative to a structure supporting the fixture.

11. The metrology system of claim 10, wherein the compliancy feature includes a sapphire portion of the fixture that interfaces with a steel portion of the structure supporting the fixture.

12. The metrology system of claim 3, wherein the indicia of the positions of the first object and the second object include respective heights for the first object and the second object described with respect to a reference.

13. The metrology system of claim 3, wherein the workpiece is a sleeve cone, and further comprising computational logic operable to calculate an angle of the sleeve cone from the indicia of the respective positions of the first object and the second object.


14. A contact-based metrology method, comprising:


relatively positioning a workpiece and a first object, the positioning so that the first object may fit with the workpiece upon traveling a path for the first object;


moving the first object along the path for the first object;

determining a position of the first object upon fitting the first object with the workpiece;


relatively positioning the workpiece with a second object, the positioning so that the second object may fit with the workpiece upon traveling a path for the second object;

moving the second object along the path for the second object;

determining a position of the second object upon fitting the second object with the workpiece; and


determining, based on the positions of the first object and the second object, a characteristic of the workpiece.
 


15. The metrology method of claim 14, wherein 

determining a position of the first object includes determining a height of the first object with respect to a reference,


determining a position of the second object includes determining a height of the second object with respect to the reference, and 


the determined characteristic of the workpiece includes an angle of taper of a conical cavity defined by the workpiece.

16. The metrology method of claim 14, wherein 

moving the first object includes extending a first plunger coupled to the first object, and 


moving the second object includes extending a second plunger coupled to the second object.

17. The metrology method of claim 14, wherein moving the first object includes slowing the first object before the first object contacts the workpiece.


18. The metrology method of claim 14, wherein moving the first object comprises:


 initiating movement by application of air pressure by control logic to a controller of a structure supporting the first object, and

slowing the first object by application of vacuum to the controller.

19. A method for forming a disc drive motor including the metrology method of claim 14, and further comprising:  determining that the characteristic of the workpiece is within a specification, and positioning the workpiece in the motor if the characteristic is within the specification.


20. A contact-based metrology system comprising:


a stage for supporting a sleeve cone to provide accessibility to an inner cavity of the sleeve cone;


a first object with a first size and a second object with a second size, each of the first object and the second object coupled to one or more supports for removably disposing each of the first object and the second object to touch a surface of the inner cavity of the sleeve cone;


sensor equipment operatively interfacing with the one or more supports, the sensor equipment for determining a position of the first object and a position of the second object in the inner cavity based on respective positions of the one or more supports; and


computational logic for deriving an angle of taper of the surface of the inner cavity based on the position of the first object and the position of the second object in the inner cavity.


SLEEVE CONE ANGLE MEASUREMENT SYSTEM

ABSTRACT



For repeatably and accurately measuring characteristics of workpieces, such angle of taper of a conical cavity defined by a workpiece, examples may include a system having a stage movable in predictable and repeatable increments, and a compliancy fixture.  The compliancy feature may include a sapphire to metal interface.  Such examples may also include a mechanism, such as an elongate body or an arm, for alternately disposing each of a first object of a first size and a second object of a second size in the conical cavity. Examples may use spherical objects, or portions thereof.  Systems further include at least one sensor for determining positions of the first and second objects in the conical cavity and logic for determining the characteristics, such the taper angle, based on the position of the first object and the second object in the conical cavity.
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