SHAFT CONE METROLOGY SYSTEM AND METHOD BACKGROUND
Field: [0001] The present invention relates generally to metrology systems,
and more particularly to metrology systems for measuring characteristics of
a conical shaft. Description of Related Art: [0002] Magnetic disc drives are
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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 magneiicdietsranugdisc. Information is read back
Fibging the head by detecting magnetization of the disc surface. The
transducing head is moved radially across the surface of the disc so that
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of medija has tended to increase and the size of storage systems has tended
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resulted in tighter tolerancing in the manufacturing and operating of magnetic

Dg‘g@ﬁ?ﬂgr%?cﬁeﬁfbgj ggmponents thereof. In turn, achieving tighter tolerances

IN components requires increased precision in metrology systems for
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ccording to an aspect, a metrology system comprises a fixture for
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during scanning operations. For example, coordination may include
actpes/itmgy raca v biberdismsattlgt chiietemt datadret ke leaiveetraa Ramn of the
sensor and th}?\ fixture. The system also comprises img?ﬁ%lio%i'c for
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sterageafjefenid s ysiasd elseOeapliSafs trend has led to a need for greater precision,
which has resulted in tighter tolerancing in the manufacturing and operating of magnetic
storage discs, and components thereof. In turn, achieving tighter tolerances in
components requires increased precision in metrology systems for characterizing and

parameterizing those components.

SUMMARY

[0004] According to an aspect, a metrology system comprises a fixture for supporting
a workpiece, and a sensor disposed for scanning lines including sections of the
workpiece. The sensor may be disposed relative to the fixture to provide for relative
translation of the workpiece with respect to the sensor. The system further comprises
control logic coordinating the sensor and the fixture to cause line scans to be obtained at
approximately equal intervals during scanning operations. For example, coordination
may include providing for an approximately constant ratio of relative translation of the
sensor and the fixture. The system also comprises image logic for assembling an image



edge detection logic for detecting at least one edge shape in each assembled
image and slope calculation logic for calculating a slope of each of the at
least one detected edge shape. [0005] Other aspects may include a
metrology method, which comprises taking a plurality of line scans of a
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during trans|ation of the workpiece. The workpiece may be translated in a
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in the assembled image. The method includes calculating slopes of the at
SNi¥%st one edge shape; and obtaining a slope of a surface of the workpiece
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therefrom. The system also comprises logic for detecting one or more edge
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surface of the workpiece from the one or moreBer'%gIe shapes. BRIEF
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silﬁgﬂgttrirr]@t{ﬁclao\%ﬂ(s ig:%%rzthe sensor. The system further comprises logic for
maintaining an approximately constant ratio between longitudinal translation of the stage
and timing of line scan captures and an image assembler for receiving line scan captures
and assembling an image therefrom. The system also comprises logic for detecting one
or more edge shapes in the assembled image, and logic for determining an angle of a

surface of the workpiece from the one or more edge shapes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] For a fuller understanding of aspects and examples disclosed herein, reference

is made to the accompanying drawings in the following description.

[0008] FIG. 1 illustrates a cross-section of a portion of an exemplary disc drive

having conical shaft elements;

[0009] FIG. 2 illustrates an exemplary schematic view of the shaft cone metrology

system;



[0010] FIG. 3 illustrates a perspective view of an exemplary shaft cone
metrology system; [0011] FIG. 4A-C schematically illustrate an exemplary
staging system, and sources of uncertainty arising therefrom; [0012] FIG.
5A-B illustrate an end-on view of an exemplary fixture, and uncertainty
[oetig|ng thecefrom dPbs hipkesfedtivetiatascaspasienieaoshariesiomatraiddy
the exemplary shaft cone metrology system; [0014] FIG. 7A-C illustrate
SY&%®8nplary image characterization aspects; and [0015] FIG. 8 illustrates

D B TN e s ech A ane soures

ofpancswtaiotyadisiagytskitifionhe art to make and use various aspects of the
inventions. Descriptions of specific materials, technigues, and applications
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arRasstikeskiprein will be readily apparent to those skilled in the art, and the
general principles defined herein may be applied to other examples and
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mg,[)r(gfgrﬁle S%gI%eCts and examples may be employed for characterizing and
para Lt rizing any of a variety of objects. For example, aspects of shaft
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cones may also be characterized. The exemplary system configurations,
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herein are for illustrating various aspects and are not intended to limit the
configurations, components, tolerances, and/or criteria that may be
accounted for in such metrology systems. [0017] FIG. 1 illustrates a
cross-section of a disc driREMBIBESRIBACRIRTYEOMNON includes a hub 10
supporting discs 12. In operation, the hub 10 rotates about a fixed shaft 14.
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forms an upper 3 o ] _
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 for characterizing and parameterizing any of a
variety of objects. For example, aspects of shaft cone quality may also be characterized.
In some cases, shapes other than cones may also be characterized. The exemplary system
configurations, components, exemplary tolerances, design criteria, and the like provided
herein are for illustrating various aspects and are not intended to limit the configurations,
components, tolerances, and/or criteria that may be accounted for in such metrology

systems.

[0017] 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 the 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, each of the shaft bearing cones 16 and 18 and
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An aspect of this fit is the an%Ie at which the shaft bearing cones 16 and 18
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16 should be controlled. For example, some potential designs may call for
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cane taper angl The metrology system 200 includes a base 202 that may
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and other yndesirable environmental influences, A sta is placed upon
S R e SO oD L R S At e an
actiticaiedthylayyalagi2dand methtirge may be designed and secured or

otherwise coupled to the base 202 such that during longitudinal movement,
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metrology system 200, the fixtur olds the workpiece 210 to maintain
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IS mounted such that the stage 204, in moving in the [ongitudinal direction,
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stage 204 remains substantially stationary in other spatial dimensions. A fixture 206 is
coupled with the stage 204. The fixture 206 supports a workpiece 210 on a shaft 207 for
rotation about an axis of symmetry of the workpiece 210 (exemplary workpiece 210 is
conical and therefore has an axis of symmetry parallel with the page in FIG. 2). In the
exemplary metrology system 200, the fixture 206 holds the workpiece 210 to maintain
the axis of symmetry in a position substantially parallel to the longitudinal dimension

(arrows 203) in which the stage 204 moves.

[0019] A camera 212 is mounted such that the stage 204, in moving in the
longitudinal direction, moves the workpiece 210 across a field of view of the camera 212.
The camera 212 may be a line scan camera for obtaining an image of a single line of
pixels each time the camera is operated. An image may be assembled from a plurality of

line scans. A line scan camera may be preferable over a camera that obtains an entire



pixels each time the camera is operated. An image may be assembled from a
plurality of line scans. A line scan camera may be preferable over a camera
that obtains an entire 4 image at one time for a variety of reasons. Such
reasons may include a lower price per pixel, improved dynamic range of the
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lower noise image. Camera 212 may be color (i.e., sensitive to and capturing

resppuiieR raiHe\AGEfengths) or camera 212 may be monochrome. A
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Wiffﬁr e 4{ﬁ%§§g}ﬁra 212, for example during rotation of workpiece 210, as
will be further explained herein. Perspective error would cause metrology
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be differently sized in images ass;ar&nbled from scans taken at different points
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photographed object) and the sensor. In the present case, perspective error would be
caused by the workpiece 210 being closer to or farther from camera 212, for example
during rotation of workpiece 210, as will be further explained herein. Perspective error
would cause metrology system 200 to be less accurate because workpiece 210 would be
appear to be differently sized in images assembled from scans taken at different points of

rotation.

[0022] Dashed plane 240 illustrates an approximately perpendicular cross-section
(perpendicular to an axis of rotation of workpiece 210) in which camera 212 captures line
scans in the present example (further illustrated with respect to FIG. 7A). Line scans
capturing approximately perpendicular cross-sections are convenient. However, line
scans having non-perpendicular cross-sections may also be captured, so long as
appropriate corrections are made to other algorithms and components of metrology

system 200.



capturing approximately perpendicular cross-sections are convenient.
However, line scans having non-perpendicular cross-sections may also be
captured, so long as appropriate corrections are made to other algorithms
and components of metrology system 200. 5 [0023] Exemplary metrology
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to as shutter control, and a complete cycle of line scan capture may
regrivedipegcan image data must be able to respond quickly enough and/or have

sufficient buffer space to store line scan image data until that data can be processed.

[0025] Timing of when camera 212 captures a line scan should be controlled in
present examples of metrology system 200. Image acquisition logic 220 may control this
timing either independently, under direction of control system 250, or by some other
suitable control means. The control of when camera 212 captures a line scan may also be
referred to as shutter control, and a complete cycle of line scan capture may described
with reference to a shutter speed. In turn, a frequency of line scan capture may be
derived from the timing of the capture, and may be affected by how quickly the sensors

of camera 212 can capture enough light to generate an image.

[0026] Control system 250 also interfaces with stage and fixture controller 224.

Stage and fixture controller 224 controls longitudinal movement of stage 204 and rotation
of fixture 206. Longitudinal movement of stage 204 should be coordinated with line scan
capture such that a line scan is captured at approximately equal intervals of longitudinal



with reference to a shutter speed. In turn, a frequency of line scan capture
may be derived from the timing of the capture, and may be affected by how
quickly the sensors of camera 212 can capture enough light to generate an
image. [0026] Control system 250 also interfaces with stage and fixture
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movement of stage 204 and rotation_of fixture 206, Longitudinal movement
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2. As discussed above, base 202 provides a stable supporting structure for
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formed substantially in a U shape, with camera 212 and associated
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between the two locations at which camera ] ]
may be formed substantially in a U shape, with camera 212 and associated telecentric
lens 213 coupled thereto. A convenient aspect of the implementation in FIG. 3 is that
stage 204 may be mounted to base 202 between the two locations at which camera
support 310 is secured to base 202. In this aspect, stage 204 may move perpendicular to
a plane of the U, which allows workpiece 210 to be easily translated under telecentric
lens 213 for line scan captures by camera 212. As illustrated, fixture 206 is mounted to
stage 204 and provides for an ability to rotate workpiece 210 for obtaining line scans at
various different rotation positions. Rotating workpiece 210 may aid in reducing errors
caused by imperfections in the workpiece, such as surface blemishes, eccentricities, and
roundness errors. Rotating workpiece 210 may also aid in reducing errors from other

components of metrology system 210, such as runout of fixture 206.



support 310 is secured to base 202. In this aspect, stage 204 may move
perpendicular to a plane of the U, which allows workpiece 210 to be easily
translated under telecentric lens 213 for line scan captures by camera 212.
As illustrated, fixture 206 is mounted to stage 204 and provides for an ability
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ositions. Rotating workpiece 210 may aid in reducing errors caused by
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obtaining images of different portions of the conical surface of workpiece
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in a line scanning. mode, or an imaging sensor may be mounted on a
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was for example identified by directional arrows 203 in relation to workpiece
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FI@@@BW%ﬂ!nﬁnd if line scans are obtained by some other mechanism than scanning
with a line scan sensor, for example by sequencing a sensor having multiple lines, then
translation examples herein may be adapted accordingly. Thus, the exemplary line
scanning functionality and apparatuses should not be considered as a sole way of

scanning lines to include cross-sections of an object of metrology.

[0033] The above examples included references to, for example, control system 250,
stage and fixture controller 224, image acquisition logic 220, and other logical and
control functions. These example logical functions and control features may
implemented in any of a variety of ways, including by dedicated hardware for each
function such as by application specific integrated circuits or programmable custom
hardware (e.g., FPGA), by integrating various functions into dedicated hardware, by
providing program code implementing one or more described functions in one or more

general purpose microprocessors, by dividing some portions of the functions into



scanning functionality and apparatuses should not be considered as a sole
way of scanning lines to include cross-sections of an object of metrology.
[0033] The above examples included references to, for example, control
system 250, stage and fixture controller 224, image acquisition logic 220,
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metrology system 200 s to determine a cone angle for the male
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assumptions, an angular standard deviation (of one sigma measurement)
Coplfadbe \wowdthsr dbest rales. e Bldegiees. In turn, a linear standard

devjation for the cone length would be abqut or less than 0.12m. [0035] In
(ORA] Toq TS AT SOTMIR FERR B e AEGE (LB 1R BN L

cepetarRppaRRANINBIpAYSIcR)Seae) caoudacphadtated Drletkanthslinear
standard . - L
deviation and the measurement resolution capability of the camera system in pixels or

fractions thereof. A 1/10 pixel resolution (Mp) capability is assumed for purposes of the

present example, resulting inR, = Gm—"m%/l =1.2um/ pixel .
p

[0036] Based on this spatial resolution Rs, and a maximum required directional field
of view (LOV), a required resolution (number of pixels on a side) of an image may be
calculated. In the present example, the male cone workpiece 210 is imaged
approximately perpendicularly to the longitudinal movement of the stage 204 (e.g., line
240). For the purposes of the present example, a maximum cone width (Dp) in this
perpendicular dimension is given as 8mm. Assuming a maximum part variation and
positioning error of 1mm (L), and a 10% error in camera pointing (P,), the maximum

LOV =(D, + L,)(1+P,) =9.9mm. Given that a pixel represents 1.2um in the present



deviation and the measurement resolution capability of the camera system in
pixels or fractions thereof. A 1/10 pixel resolution (Mr) capability is assumed
for purposes of the present example, resulting in RS = 6m-'t-) =1.2pn /pixel.
P [0036] Based on this spatial resolution Rs, and a maximum required

exdifpronaliirlinebYigyw82%) sixeruirdrasalitian ifageke Hrinaeisdesiad
side) of an image may be calculated. In the present example, the male cone

reW&'HB[éE?—;r PRy dNaEpIRREER s8fbendicularly to the longitudinal
movement of t esta 240). For the ur of the present
RS Ve e R A e
asgmqmtlaa Srmheocmnmrt@sﬂmammuhnepemnm;ah@ oamnia pesisiemgne resolaktion
, and a 10% err rln c mera fin aximum LOV =
ok O e e S Valeseine TS e o
a\@r@m@d Iaénasmmmemffnfrﬁﬁnuto%&%aopse@ﬁlfaglstrm)lmﬁndma[geﬂag)mﬂq@ece
a desired res on for the exemplary metrolo stem 200. [00 iven
2 B e ST RS A PRGOSO SR e hot
stdhgarqanssiatimsot the pixgluieatibtian. clesamera measurement resolution
and one sigma repeatability value is 0.12m. This value can be further

[Oﬁﬁa}oveGlhlyhemamgMgﬂ/iraepedt-stetmdtfodmgywystammﬁ](ea;nasllmms{i;iﬂevstthmegard
ithaut rotati Wor the cen II|mttheo such ver
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st{y©364n. FE(DGSQPHU mteates(mmdtsryfweetﬁi dhmtemogymyweah 0ge#@&t would

|In%% “?P%‘&XY& gadret ﬁﬁ eAS| ta%%?ﬁ @ﬁ%ﬁs %?u#éﬂsg%ﬁ Foll, or

as ecto error in |Ilustra”[ s aspects of
othrawaammean emootiien mﬂmtlsmgbrﬁe)zsmpldlidwewtymges?@bemaxoanh|b|t a

SRR o oet i el il o P eesE paye

direction énsion). Howeve may ex a vVariety
daub&mrdemaam\aallﬁsaée ctesw Ieecknhe\dmeagpagmmam&ﬁMaVO'eweseaﬂéumger

caﬂ%lfé)lﬁﬁn ?Bﬁ‘ﬁﬁgé‘e}c K %&?&%RBVF& Eéac%‘ﬁtféﬁ %I%H&' tnﬁesata le.

wor plece cat’nera n many aspects, anslation should
Hbwaventtbiesdissameieeaableor in the stage position, as the stage may either be

slightly further along or lagging where it should be at any given time.

[0039] Other errors in the stage 204 may include straightness and flatness of

movement errors (S ), each of which are non-rotational movements in directions

straightness

other than the direction of movement. Straightness error refers to movements not

precisely parallel to an intended direction of movement.

[0040] Yaw errors (.., ), illustrated by curved arrow 420 in FIG. 4A are rotational

yaw
errors about an axis perpendicular to the direction of travel, and not in the horizontal
plane of stage 204. FIG. 4B illustrates direction of travel arrows 203, and curved arrow

425 that represents pitch errors (&, ). Pitch errors are rotational movements about an

axis in the horizontal plane of stage 204, but perpendicular to direction of travel arrows
203. FIG. 4C illustrates an end on view of stage 204 (i.e., stage 204 is traveling

toward/away from the viewer), and curved arrow 430 which represents roll errors (&, ).
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However, there is some linear error in the stage position, as the stage may
either be slightly further along or lagging where it should be at any given
time. [0039] Other errors in the stage 204 may include straightness and
flatness of movement errors (SS"q,8ht, esS ), each of which are

RAIPErFEIQHANRIAOMEneamis Hhelfesiigns faiRelkamena divsion wivaovarnsael

Straightness error refers to movements not precisely parallel to an intended

by FIERSHAN OF KN HERYSBH20] Yaw errors (e,.), illustrated by curved arrow

in FIG, 4A tati | t ' dicular to,th
1088 o AT R T B AV D A B B S st AR DY &
iniHPeQéfﬁb?ﬁi%Sﬁﬁ@ﬂa‘ﬁﬁtfﬁdﬁr%ffﬁ?‘jﬁéngﬁ% Gghgeed 1PV these Eadrs may be

represents pitch errors (eQ,,h). Pitch errors are rotational movements about

objRrts RISTMINIRE 2360 REX PRI ASRAEIS: 20 AN RGHEINIEHARR R PHREN of
aiiAYShAUGYRIRAR IS, MH'&@H%%MQ&@M?%Q@@%%H@F(ilfénéﬁge

204 is traveling toward/away from the viewer), and curved arrow 430 which
10 B SR rors (avid ). 10 Roll errors are rotational errors about an axis

llel to,the direction of travel indicated by direction of travel arrows 203.
ol CRERCRCHA AL AR R IR
meétnplepisipstam Ao0trody b calotdatedramb nemty effesidagil 2 Adsigiling thetsel egyors
sy 8 260 RS PITINIERNon INETRIaN: Aspecis ) eichearing slane,

may be Used for aiding i such minimization, with"an exemplary air bearing
pespagei bdargadhieckivec®itef fr@diDfronthAdwiechtal (04 &fttags D4mmbeve

cagc%?gt” eq%' EERORSHIA® %%éag&g@gﬁ%%eg%%%%ﬂ 1% EBQIRRY System 200 may
e calculated and comprehended in designing metrology system 200. Error

[otndje diregligiaf MoNp (ustrated ag 203 .in EI(3S. 2 and 4B) and

scale

perpendicular to the directioff of m8ffon in th&"horizontal plane of stage 204

be .ag demonstrated respegtively in equations 1 and 2 below.
[OP(?O 3] E%g#ﬁ? :'A%)g:_( %T‘?mlﬂe% fé",”xxzz(i-' eyq,, X X) [0044] Equation 2: Ax-

o3 & S S ol) R9HTHR MSRSSES ISR RE60 D ARStro e tem
sensitivity to some of the above sources of error. For example, Ay is directly impacted
by the length of the field of view perpendicular to stage motion (x) as this length

increases the effect of ¢,,. Likewise, both Ay and Ax are directly sensitive to distance

between stage 204 and a point on workpiece 210 being scanned or otherwise imaged, as

this distance increases the effect of both &, and ¢

roll *

[0046] FIGS. 5A-B illustrate that rotation by shaft 207 of fixture 206 may cause
inaccuracy in metrology system 200. FIG. 5A illustrates that shaft 207 rotates on bearing
system 515 that is disposed between shaft 207 and outer sleeve 510. Because a
predominantly circular bearing system is often not strictly circular, bearing systems often
have eccentricity which is illustrated by double ended arrow 520 between outer sleeve
510 and shaft 207. This error effect is known as circular runout. Exemplary aspects use

telecentric optics system 213 for reducing errors due to this error effect.
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sensitivity to some of the above sources of error. For example, Ay is directly
impacted by the length of the field of view perpendicular to stage motion (x)
as this length increases the effect of eye" . Likewise, both Ay and Ax are
directly sensitive to distance between stage 204 and a point on workpiece

[0847) beingyscam @ RFaib eiiyisRoimadetr@sofitacdistancmiyaseangslaheunout
effect of both ePa,n and a,odd . [0046] FIGS. 5A-B illustrate that rotation by
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coné dhgrmtgsrthathghaft @94 eiasas 330 bealiahesHsar A AR igrobFRYERblary

between shaft 207 and outer sleeve 510. Because a predominantly circular
MefERaRY EEH0ften not strictly circular, bearing systems often have
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ruliRelR G INARK PR ARG B L ALIR wegkpiece 210 for

pe 602 app ger than a leng plece for shape 604.

| int ffect i .62
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ctor of 2, which wou
[0051] As described with respect to FIGS. 4A-C, 5A-B, and 6, various errors and

inaccuracies in components used to construct exemplary metrology system 200 may be
considered so that the system performs as expected and within tolerances. Such
components and calculations and errors relating thereto are exemplary, and may be
adapted by substitution of differing components as would be understood by one of
ordinary skill in the art, including designing systems having other accuracies. As
component tolerances improve, it would be expected that tolerances of other components
may be relaxed, and that an overall accuracy of a system may improve.

[0052] Now turning to FIGS. 7A-C, aspects relating to extracting (detecting) edges of
workpiece 210 from captured images are discussed. As used herein extracting may
include any operation for producing data describing positional and orientational aspects
of such edges. In FIGS. 7A-C, captured image 706 illustrates workpiece image 705
against background 707. In an example, pattern recognition logic may be used for

12



provide a standard error of fixture equal to one half of the calculated error.
[0051] As described with respect to FIGS. 4A-C, 5A-B, and 6, various errors
and inaccuracies in components used to construct exemplary metrology
system 200 may be considered so that the system performs as expected

idemeFyHIG i eI Feso RE it GRTAROTER IS gMeh Faica RERNE eMAIRKINIER S S8t
thereto are exemplary, and may be adapted by substitution of differin
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conRSHRY D8I NDEEIEE D havie e h A6EHARISR- Aic RIYRRNAIemented in

tolerances improve, it would be expected that tolerances of other
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c 0%detecting) edges ﬂﬁworkpiece 210 from captured imfﬁes are discussed. As
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ntitying the feature of workpiece 210, a coordinate system may
Fas\exaaale, ohaheodutipieretivlagy SRt wekkiinees ibaydddatdeg: anis
) o ’ ; . )
D e e o e e b e fockton
dUFIGS M) i agh 6 PRC i nstr diechra vitliAdoseapetidgaiise Yamoas avapkp iesspieariesly 05

(i%&%ﬁﬁé’r@ﬁﬂ%@l&ﬁ&%’é of WRHiBIEHE URAsE iﬁ%@é&f”‘fﬁé‘sﬁﬁé‘%vgﬁ{ﬁg@ to

y be located with reference to the coordinate system. By locating
appear dh ¢iférent 1ocarmosmitihisrerptsecdmpge ¢oordReaaeIss)saeieh) aieasdabe(20

mEVE R PYE Al %qﬂ9%Hﬁﬂ%&e@é{[ﬁé)m@@e‘é’t‘&ﬂ‘?ﬁi%sererﬁ%%ﬁmﬁ lﬁlmeini%vant

production metrology situation, workpieces may be loaded on metrology
aregspRiraRikpiecedsnagat bt e wisrrpie cverae¢oadtarheHdastitiedphysisaaspect may
in@&%%p%ammempeﬁgmm (AU ERA P PR AHOH HeSBHBEMA R SInd
workpiece images 705
other sources of variation during use of metrology system 200.

[0054] FIG. 8 illustrates steps of an exemplary metrology method. In 802, a
workpiece (e.g., workpiece 210 of FIG. 2) is loaded into the fixture 206, such as by being
placed on or secured to shaft 207. In 804, the stage movement is commenced by the
stage controller 224 as controlled by control system 250. At 806, the camera 212
captures lines at intervals determined based on a desired resolution, such as the resolution
arrived at by the above exemplary calculations for exemplary metrology system 200. 806
may be viewed as an iterative process including a decision block 808 for determining
whether a given image scan has been completed (e.g., completed such as to form
captured image 706). In practice, any number of different methods and means can be
used for determining whether all lines for assembling an image have been captured, such

as timers, counters, image feature detecting algorithms, sensors for detecting a position of
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(images of different workpieces or rotationally varied images of the same
workpiece) to appear in different locations within captured image 706.
Because search areas 715, 720 move with reference to the identified
feature, the search areas remain within the relevant areas of workpiece
sté@@ﬂﬂ?%ﬁr@ h@ﬂﬁh&@h@é@&@ﬂ%ﬁ%b@id%ifﬁﬂbﬁﬁﬁmirﬁm data, and
increase repeatability by compensating for the exemplary situation described
th%\%ge and other sources of variation during use of metrology system 200.
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enhanc 2. Image enhancement ma allow for extraction of better

tolimeishirihaeuryeenss fiade Ehlsairrnesptessea/nciodle ebrapasofibeiticakionce
2191 a8aMLrSFRFBAs fIh iR G RSN S BN R éggg‘m%} HilUgtPa@kahg

Image processing. Following image enhancement, e y be extracted
a fssra\tRier i dgecaoBsaTplgd pigbdatd eodidiy cahen airddaswids theseanf
ora_m?\@'?m of mdraeted edges may be calculated at 816. In an example,

edges extracted from the image are expressed as a series of coordinate

[0pSB)ts (eFtepcattifstiohwkeldidites Whinb érasdegl sigges] #dermiiaxtionashaade
at %%tSaagttrg %Hg?hepr\ r%lcj)?\éeirﬂgégg Sﬂgl? Ir&tB(ren cg%'t%'r’eg such that more edges can be
extracted and slopes obtained therefrom. By averaging a certain number of edge slopes,
better accuracy may be obtainable since workpieces being measured may exhibit local
abnormalities and imperfections that induce measurement inaccuracies not easily
separable for inaccuracies caused by the metrology apparatus. This determination 818
can include comparing the number of edge slopes calculated with a predetermined
number of edge slopes, or a number of images with a predetermined number of images,
since by analysis it can often be determined how many different scans will be required to
obtain a required measurement accuracy, based on expected uniformity of the workpiece.
Other determinations can include comparing results obtained between slopes of edges
extracted from different images to detect whether variation appears to be present among

the slopes, or whether all the slopes are within an acceptable tolerance.
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least square means algorithm) may be used to fit a line to that series of
coordinate points. After fitting, the curve may be expressed by an equation
that expresses slope of the edge to which the curve was fitted. This slope
expresses the angle of taper of the workpiece 210. Other methods for

[0dsTgrminingaacsiapReirmorextiagis drRuuerd axtnelewlaaltsirtiRee mEpdOver
run based on sampled pixel data, and any other method known by those of
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captured such that more edges can be extracted and slopes obtained
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variation appears to be present among the slopes, or whether all the slopes
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IS within the specification, then the workpiece IS allocated for use in a disc
e0ga Y GrRIRS DR BMmer estiedr Solemslextieda ieserah SratoriRige Bveragsiqid sdopes

eiﬁ%@ﬂmtﬂzﬁépﬁéfmﬁ%&?he” the workpiece may be discarded and

[0059] 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 additional metrology systems and other systems for determining suitability
of a workpiece under a given specification. 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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another workpiece loaded by returning to 802, or the workpiece may be
subjected to another metrology run. [0058] Such aspects as described above
are merely exemplary, and can be modified, extended, and/or redacted as
required for a particular application. For example, a number of images can

weegaptured before edges are extracted from images and slopes calculated.

1,

2.

Slopes can be averaged or combined in any number of ways. In some
a(sgects he extracted edges themselves may be averaged (e.g., by

F%tirr‘? EX(@Y%F'BOB?H?H Bvel data) and a slope extracted from the
aver%mrMpgmr{mgm%&g!es, various edge averages may be

created, a slope extracted for each created edge average, and slopes

extrag&espoapeide ugdtaltnggére So0aBoVITioR inekisiereet ascokitdlary

and it W\W(}?E arent to those of ordinary skill in the art that numerous
modifications and variations are possible. For example, various exemplary
methcaigrahtbgicstente atdswaibert rresensanaydie et @l tmeaasarine staimsaindre

with vari%ltlasi aec(ijdai&ional metr éﬁégrgqs%ﬁtﬁ]%agpd other systems for determining

suitabiIiPy of'a woﬁ?&{aocxérﬂ% a'given Speci ICaton, Wdﬂ%?\%‘ﬁrya,ngg?ﬁcular

exanipiggehayr heersehissisgad RsHBoMIthRagye xRl paR Al dtRKBIgtdech
address certain disadvantages in related art. This discussion is not meant,
howeve??zl‘m’é'gtﬂe?"tﬁtéo{)arious examples to methods and/or systems that

actualigedHHaS RS Rt GiSARY ANAGESnd IR dach BRESFAIRGY

system, comprising: a fixture for supporting a workpiece; a sensor operable
for obtalA1AgEliABLScans which include sections of the workpiece; control logic

‘ e ; . :
g;p%?gﬁg}%l%ﬂ ﬁ%ﬁgﬁﬁg@gﬂéﬁ%ﬁﬁg-‘&%lﬁug%‘f‘%ﬁéﬁ“&?ﬁé‘ﬁt?lE%&%n@%@!%fe‘b

uring scanning operations; image logic
assembiitige ahapaage from image data generated during each scanning

operation; edge detection logic for detecting at least one edge shape in each
addernmeglogy system of claim 1, wherein the fixture supports the workpiece for

relative translation with respect to the sensor.

The metrology system of claim 1, wherein the fixture supports the workpiece for

translation with respect to a fixed position of the sensor.

The metrology system of claim 1, wherein the fixture and the sensor are relatively

disposed to provide for capture of rotationally varied views of the workpiece.

The metrology system of claim 4, wherein the fixture rotationally supports the

workpiece.

The metrology system of claim 1, wherein the control logic further provides for
rotation of the workpiece after a completion of each scanning operation and before a
commencement of each subsequent scanning operation, thereby resulting in at least

two detected edge shapes.
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image; and slope calculation logic for calculating a slope of each of the at
least one detected edge shape. 2. The metrology system of claim 1, wherein
the fixture supports the workpiece for relative translation with respect to the
sensor. 3. The metrology system of claim 1, wherein the fixture supports the

7. WoRkNRaRoe gy E3SRIRGMIMIN 6eoRReEO tAdNRABRIE MGl @RGHdtHibhe

metrology system of claim 1, wherein the fixture and the sensor are relatively
dRBbUEP ISRl TCIasiG R O IS RS Ry AT s ralor e d mlpRpieach

5of e BreERI0O0 DR BAIdaishapesvherein the fixture rotationally supports
the workpiece. 6. The metrology system of claim 1, wherein the control logic

o uher provIdse (or. roration of g workpieee. alleria somplction ofsach,

‘scaltimg S atEHeAR AL eTa WIS TIHSRE SRR PSR SUIpSahaLit
spanthdngpperidt on ctpareblynesedtin thio h eastederdrielasted edge shapes.
16 7. The metrology system of claim 6, wherein the workpiece is a male

9. cdieangicotimy, sgsienhes slepe Laleuhetioanuyisipgovides for averaging of the
calculated slope of each of the at least two detected edge shapes. 8. The

metrglogr&y StasACRIiGHHRY Fol SIRIRIBHNG BRNRBFIPRECIES a line scan camera

portion operable to capture line scans through a telecentric lens. 9. The
metrolo%y system of claim 1, further comprising: a source of back_lightin%for .

1025t FORTHR 0% YSIREBIREEIND OrMAeHINGI68\PSPEIBRPAF IIGRRY fhresished with

celeblet eadacklightbgus BRisheshydith a color sensitivity spectrum of the
sensor. 11. The metrology system of claim 1, wherein at least two edge

S es are detected in ,each assembled image,and the calculated slope of
1 A T S L A e ST el
1 padherssenth ke dyegd etet tionchd gidate ¢ sbopd ed thithat least two edge shapes is

averaged.

12. The metrology system of claim 1, wherein the edge detection logic is provided with
an identified subregion of each assembled image for each of the at least one edge
shape to be detected in that assembled image, each identified subregion associated
with a coordinate system associated with an imaged feature of the workpiece detected

in that assembled image.

13. The metrology system of claim 1, wherein the fixture includes an air bearing stage

section for longitudinal translation.

14. A metrology method, comprising:
taking a plurality of line scans of a workpiece;
assembling an image from the plurality of line scans;
detecting at least one edge shape in the assembled image;
calculating slopes of the at least one edge shape; and

obtaining a slope of a surface of the workpiece based on the calculated slopes of

the at least one edge shape.

17



an identified subregion of each assembled image for each of the at least one
edge shape to be detected in that assembled image, each identified
subregion associated with a coordinate system associated with an imaged
feature of the workpiece detected in that assembled image. 13. The
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section for longitudinal translation, 14. A metrology method, comprising:
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image; calculating slopes of the at least one edge shape; and obtaining a
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comprising translating the workpiece with respect to a sensor taking the
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method of claim 15, further comprising repeatedly rotating the workpiece
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detecting at [east one edge shape, and ca ting’a slope; and thereaiter
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detected, the search region associated with a coordinate system mapped to
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methesheksiimd foftith@hsgmprising silhouetting the workpiece with
backlighting for the sensor. 19. The metrology method of claim 14, further

C rising, rotating the workpiece through a portion of a complete revolution.
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through a portion of a complete revolution.

20. The metrology method of claim 14, further comprising determining if the slope of the
surface is within a specification and if so then allocating the workpiece for assembly

into a disc drive motor.

21. A metrology system, comprising:

a stage translatable in one dimension while remaining substantially constant in

two other dimensions;

a fixture coupled with the stage, the fixture for holding and providing for

controllable rotation of a workpiece;

a sensor arranged for capturing line scans of the workpiece through a telecentric

lens;
a backlight for silhouetting the workpiece for the sensor;

logic for maintaining an approximately constant ratio between longitudinal

translation of the stage and timing of line scan captures;

18



20. The metrology method of claim 14, further comprising determining if the
slope of the surface is within a specification and if so then allocating the
workpiece for assembly into a disc drive motor. 21. A metrology system,
comprising: a stage translatable in one dimension while remaining
substayigdleGRE& ANEITo P ARG WiNBRBRIOR B X HAE LOsAIAMYVER iRege
stage, the fixture for holding and providing for controllable rotation of a
workpie@?,r efi98hsor arranged for capturing line scans of the workpiece
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sensor; logic for maintaining an approximately constant ratio between
longitadindidrtdateshationgodntae gltagieasndfaraioitiof inskptere Faprutiesspa8airmore
image aesdsgeFrg%%r gor receiving line scan captures and assembling an image
therefrom; logic'tor detecting one or more edge shapes in the assembled
image; and logic for determining an angle of a surface of the workpiece from
the one or more edge shapes. 19
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shaft CONE metrology system and method


BACKGROUND


Field:


[0001] The present invention relates generally to metrology systems, and more particularly to metrology systems for measuring characteristics of a conical shaft.


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 in the manufacturing and operating of magnetic storage discs, and components thereof.  In turn, achieving tighter tolerances in components requires increased precision in metrology systems for characterizing and parameterizing those components.

SUMMARY


[0004] According to an aspect, a metrology system comprises a fixture for supporting a workpiece, and a sensor disposed for scanning lines including sections of the workpiece. The sensor may be disposed relative to the fixture to provide for relative translation of the workpiece with respect to the sensor.  The system further comprises control logic coordinating the sensor and the fixture to cause line scans to be obtained at approximately equal intervals during scanning operations.  For example, coordination may include providing for an approximately constant ratio of relative translation of the sensor and the fixture.  The system also comprises image logic for assembling an image from image data generated during each scanning operation. The system also comprises edge detection logic for detecting at least one edge shape in each assembled image and slope calculation logic for calculating a slope of each of the at least one detected edge shape.


[0005] Other aspects may include a metrology method, which comprises taking a plurality of line scans of a workpiece.  The line scans may be taken at approximately equal intervals during translation of the workpiece.  The workpiece may be translated in a direction perpendicular to the line scans.  The method includes assembling an image from the plurality of line scans and detecting at least one edge shape in the assembled image.  The method includes calculating slopes of the at least one edge shape; and obtaining a slope of a surface of the workpiece based on the calculated slopes.


[0006] Such aspects may be exemplified by a metrology system comprising a stage translatable in one dimension while remaining substantially constant in two other dimensions, and a fixture coupled with the stage.  The fixture is for holding and controllably rotating a workpiece.  The system also comprises a sensor arranged for capturing line scans of the workpiece through a telecentric lens, and a backlight for silhouetting the workpiece for the sensor.  The system further comprises logic for maintaining an approximately constant ratio between longitudinal translation of the stage and timing of line scan captures and an image assembler for receiving line scan captures and assembling an image therefrom.  The system also comprises logic for detecting one or more edge shapes in the assembled image, and logic for determining an angle of a surface of the workpiece from the one or more edge shapes.



BRIEF DESCRIPTION OF THE DRAWINGS


[0007] For a fuller understanding of aspects and examples disclosed herein, reference is made to the accompanying drawings in the following description.


[0008] FIG. 1 illustrates a cross-section of a portion of an exemplary disc drive having conical shaft elements;


[0009] FIG. 2 illustrates an exemplary schematic view of the shaft cone metrology system;


[00010] FIG. 3 illustrates a perspective view of an exemplary shaft cone metrology system;


[00011] FIG. 4A-C schematically illustrate an exemplary staging system, and sources of uncertainty arising therefrom;


[00012] FIG. 5A-B illustrate an end-on view of an exemplary fixture, and uncertainty arising therefrom;


[00013] FIG. 6 illustrates aspects of edge detection used in the exemplary shaft cone metrology system; 


[00014] FIG. 7A-C illustrate exemplary image characterization aspects; and


[00015] FIG. 8 illustrates exemplary steps of a method for shaft cone metrology.


DETAILED DESCRIPTION


[00016] 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 for characterizing and parameterizing any of a variety of objects.  For example, aspects of shaft cone quality may also be characterized.  In some cases, shapes other than cones may also be characterized.  The exemplary system configurations, components, exemplary tolerances, design criteria, and the like provided herein are for illustrating various aspects and are not intended to limit the configurations, components, tolerances, and/or criteria that may be accounted for in such metrology systems.


[00017] 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 the 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, each of the shaft bearing cones 16 and 18 and respectively opposing conical bearing sleeves 28 and 30 should fit together.  An aspect of this fit is the angle at which the shaft bearing cones 16 and 18 taper.  To continue rapid and consistent increases in disc drive performance, the taper angle of lower shaft bearing cone 18 and upper shaft bearing cone 16 should be controlled.  For example, some potential designs may call for tolerances within at least about 0.01 degrees of the engineered specification.  In turn, determining whether shaft bearing cones 16 and 18 are within 0.01 degree of specification requires an accurate metrology device and method.


[00018] FIG. 2 illustrates a schematic view of an exemplary metrology system 200 for characterizing aspects of conical shaft portions (such as determining cone taper angles).  The metrology system 200 includes a base 202 that may be formed from granite or another material suitable for providing support and for helping isolate the remainder of the metrology system 200 from vibrations and other undesirable environmental influences.  A stage 204 is placed upon the base 202.  The stage 204 is moveable in a longitudinal dimension, as indicated by arrows 203.  The stage may be designed and secured or otherwise coupled to the base 202 such that during longitudinal movement, the stage 204 remains substantially stationary in other spatial dimensions.   A fixture 206 is coupled with the stage 204.  The fixture 206 supports a workpiece 210 on a shaft 207 for rotation about an axis of symmetry of the workpiece 210 (exemplary workpiece 210 is conical and therefore has an axis of symmetry parallel with the page in FIG. 2).  In the exemplary metrology system 200, the fixture 206 holds the workpiece 210 to maintain the axis of symmetry in a position substantially parallel to the longitudinal dimension (arrows 203) in which the stage 204 moves.


[00019] A camera 212 is mounted such that the stage 204, in moving in the longitudinal direction, moves the workpiece 210 across a field of view of the camera 212.  The camera 212 may be a line scan camera for obtaining an image of a single line of pixels each time the camera is operated.  An image may be assembled from a plurality of line scans.  A line scan camera may be preferable over a camera that obtains an entire image at one time for a variety of reasons.  Such reasons may include a lower price per pixel, improved dynamic range of the pixel sensors, a higher pixel fill-factor, and elimination of frame overlaps.  A line scan camera may also allow obtaining a higher resolution of a total image.


[00020] Camera 212 may be analog or digital, but a digital camera by digitizing image data closer to the sensing source of that data may provide a lower noise image.  Camera 212 may be color (i.e., sensitive to and capturing a range of light wavelengths) or camera 212 may be monochrome.  A monochrome camera may be preferred for the exemplary metrology system 200 because color cameras may be affected by color aliasing in an image having sharp contrasts between portions of the image.  In the present context of a digital camera, camera 212 may generally viewed as a sensor that is controllable to capture image data from a source on command.  As such, camera 212 may also operate with an optics system.   


[00021] In exemplary metrology system 200, telecentric optics system 213 is disposed so that the camera 212 captures image data through the telecentric optics system 213.  A telecentric optics system reduces perspective error (parallax) induced by changes in the distance between an object from which reflected light is being sensed (i.e., a photographed object) and the sensor.  In the present case, perspective error would be caused by the workpiece 210 being closer to or farther from camera 212, for example during rotation of workpiece 210, as will be further explained herein.  Perspective error would cause metrology system 200 to be less accurate because workpiece 210 would be appear to be differently sized in images assembled from scans taken at different points of rotation.


[00022] Dashed plane 240 illustrates an approximately perpendicular cross-section (perpendicular to an axis of rotation of workpiece 210) in which camera 212 captures line scans in the present example (further illustrated with respect to FIG. 7A).  Line scans capturing approximately perpendicular cross-sections are convenient.  However, line scans having non-perpendicular cross-sections may also be captured, so long as appropriate corrections are made to other algorithms and components of metrology system 200.


[00023]   Exemplary metrology system 200 may also include backlighting 208 that emits light for silhouetting workpiece 210 for camera 212.  Backlighting 208 may be comprised of light emitting diodes.  Backlighting workpiece 210 may provide for sharper definition of the edges of workpiece 210 by helping enhance contrast of workpiece 210 edges against the backlighting.  A color (wavelength) of backlighting 208 may be selected based on a sensitivity spectrum of camera 212.  A lower wavelength may be preferable for reducing diffraction caused by workpiece 210.  Control system 250 may also interface with backlight controller 222.  Backlighting 208 may also be strobed in time with the taking of line scans by camera 212 under control of backlight controller 222.  


[00024]  An image acquisition logic 220 interfaces with camera 212 to receive line scan output.  Image acquisition logic 220 interfaces with control system 250.  Image acquisition logic 220 may assemble an image from the line scans outputted by the camera 212.  Image acquisition logic 220 may then provide the assembled image to control system 250 for further image processing, and the like.  Image acquisition logic 220 may also provide portions of an image, or as little as a single line scan to control system 250.  However, as one of skill in the art would understand, control system 250, if it is to receive line scan image data must be able to respond quickly enough and/or have sufficient buffer space to store line scan image data until that data can be processed.


[00025] Timing of when camera 212 captures a line scan should be controlled in present examples of metrology system 200.  Image acquisition logic 220 may control this timing either independently, under direction of control system 250, or by some other suitable control means.  The control of when camera 212 captures a line scan may also be referred to as shutter control, and a complete cycle of line scan capture may described with reference to a shutter speed.  In turn, a frequency of line scan capture may be derived from the timing of the capture, and may be affected by how quickly the sensors of camera 212 can capture enough light to generate an image.  


[00026] Control system 250 also interfaces with stage and fixture controller 224.  Stage and fixture controller 224 controls longitudinal movement of stage 204 and rotation of fixture 206.  Longitudinal movement of stage 204 should be coordinated with line scan capture such that a line scan is captured at approximately equal intervals of longitudinal movement, and with a frequency selected to achieve a desired fidelity during image reconstruction.  As such, control system 250 should contain logic to coordinate stage and fixture controller 224 with image acquisition logic 220.  Thus, metrology system 200 may provide for communication between the image acquisition logic and the stage and fixture controller logic 224 for aiding in this coordination/synchronization.  In other examples, control system 250 may communicate with one of image acquisition logic 220 and the stage and fixture controller logic 224, and thereafter synchronization may be accomplished without involvement of control system 250.  


[00027] In exemplary metrology system 200, the stage and fixture controller 224 causes the stage 204 to move longitudinally through about 8mm.  During that longitudinal movement, the image acquisition logic provides for capture of approximately 8000 lines of image data.  Thus, in such an exemplary metrology system 200, a line of image data is captured for approximately each 1(m of longitudinal movement.  A more particular example is provided with regard to FIGS. 4-8, below.


[00028] FIG. 3 illustrates a perspective view of an exemplary arrangement of components of the exemplary metrology system 200 of FIG. 2.  As discussed above, base 202 provides a stable supporting structure for portions of metrology system 200 described below.  In this example, a camera support 310 is secured to base 202 at two locations and may be formed substantially in a U shape, with camera 212 and associated telecentric lens 213 coupled thereto.  A convenient aspect of the implementation in FIG. 3 is that stage 204 may be mounted to base 202 between the two locations at which camera support 310 is secured to base 202.  In this aspect, stage 204 may move perpendicular to a plane of the U, which allows workpiece 210 to be easily translated under telecentric lens 213 for line scan captures by camera 212.  As illustrated, fixture 206 is mounted to stage 204 and provides for an ability to rotate workpiece 210 for obtaining line scans at various different rotation positions.  Rotating workpiece 210 may aid in reducing errors caused by imperfections in the workpiece, such as surface blemishes, eccentricities, and roundness errors.  Rotating workpiece 210 may also aid in reducing errors from other components of metrology system 210, such as runout of fixture 206.


[00029] Stage 204 may be coupled to base 202 through stage guide 325.  Stage guide 325 may provide railing portions to aid in guiding stage 204.  Stage 204 may be an air bearing stage, as further described below.


[00030] In other exemplary metrology systems, instead of or additionally to rotation of workpiece 210, camera 212 may be rotated or otherwise moved to obtain line scans from different points with respect to the workpiece 210.  Exemplary aspects and examples should not be construed to be limited either implicitly or explicitly to rotating only workpiece 210 for obtaining images of different portions of the conical surface of workpiece 210.


[00031] In other examples, a full-frame imaging sensor may be operated in a line scanning mode, or an imaging sensor may be mounted on a movable support for providing line scanning functionality.  

[00032] Above exemplary systems illustrated and described scanning “longitudinally” which was for example identified by directional arrows 203 in relation to workpiece 210 (FIG. 2).  Other examples of relative translation of a workpiece and an image sensor are contemplated.  For example, relative translation may be such that line scans may be taken parallel to a direction of rotation of workpiece 210 (as opposed to perpendicularly as in FIGS. 2 and 3).  And if line scans are obtained by some other mechanism than scanning with a line scan sensor, for example by sequencing a sensor having multiple lines, then translation examples herein may be adapted accordingly.  Thus, the exemplary line scanning functionality and apparatuses should not be considered as a sole way of scanning lines to include cross-sections of an object of metrology.


[00033] The above examples included references to, for example, control system 250, stage and fixture controller 224, image acquisition logic 220, and other logical and control functions.  These example logical functions and control features may implemented in any of a variety of ways, including by dedicated hardware for each function such as by application specific integrated circuits or programmable custom hardware (e.g., FPGA), by integrating various functions into dedicated hardware, by providing program code implementing one or more described functions in one or more general purpose microprocessors, by dividing some portions of the functions into mechanical control and others into electronic and/or software control.  Any combination of the above variations may also be effected.

[00034] Further exemplary of aspects of metrology system 200 are discussed below, and with reference to FIGS. 4A-C.  These aspects aid in understanding how to design a metrology system according to aspects presented or to modify such aspects by providing examples of calculations relating to amounts of expected errors from different portions of metrology systems.  Such aspects may also be useful in calibrating, before and/or during metrology sessions, metrology systems designed and constructed according to examples and aspects presented herein.  In these exemplary aspects, metrology system 200 is designed primarily for examining a male cone workpiece having a cone edge length of about 8.94mm.  For purposes of example, this exemplary metrology system 200 should be able to determine a cone angle for the male cone within 0.01 degrees with a 99% confidence level, with a desired gauge repeatability of no greater than 20%.  Based on these goals and assumptions, an angular standard deviation (of one sigma measurement) would be about or less than 0.00078 degrees.  In turn, a linear standard deviation for the cone length would be about or less than 0.12µm.


[00035] In turn, required spatial resolution (Rs) of the image (spacing between pixel centers mapped onto a physical scene) can be calculated based on the linear standard deviation and the measurement resolution capability of the camera system in pixels or fractions thereof.  A 1/10 pixel resolution (Mp) capability is assumed for purposes of the present example, resulting in
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[00036] Based on this spatial resolution Rs, and a maximum required directional field of view (LOV), a required resolution (number of pixels on a side) of an image may be calculated.  In the present example, the male cone workpiece 210 is imaged approximately perpendicularly to the longitudinal movement of the stage 204 (e.g., line 240).  For the purposes of the present example, a maximum cone width (Dp) in this perpendicular dimension is given as 8mm.  Assuming a maximum part variation and positioning error of 1mm (Lb), and a 10% error in camera pointing (Pa), the maximum 
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.  Given that a pixel represents 1.2(m in the present example, a minimum of about 8250 pixels is required in an image to provide a desired resolution for the exemplary metrology system 200.

[00037] Given that a pixel represents 1.2(m in the present example, and the assumption that the camera has 1/10 pixel resolution, the camera measurement resolution and one sigma repeatability value is 0.12(m.  This value can be further improved by averaging lines detected from two or more passes (line scans) without rotating workpiece 210.  By the central limit theorem such averaging would be expected to reduce the standard deviation of the measurements to 0.085(m.

[00038] Further exemplary aspects of metrology system 200 are discussed with regard to FIGS. 4A-C.  Each of FIGS. 4A-C illustrate a different aspect of error induced by stage 204.  FIG. 4A illustrates aspects of yaw and linear error.  An ideal stage 204 would linearly translate in one direction (dimension), but would not tilt, lurch, pitch, roll, or otherwise move in any other direction (dimension).  However, stage 204 may exhibit a variety of errors in actual usage.  One error is linear positioning error represented by double ended arrow 415.  As described above, stage 204 translates workpiece 210 under camera 212.  In many aspects, this translation should be controlled and repeatable.  However, there is some linear error in the stage position, as the stage may either be slightly further along or lagging where it should be at any given time.  


[00039] Other errors in the stage 204 may include straightness and flatness of movement errors (
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), each of which are non-rotational movements in directions other than the direction of movement.  Straightness error refers to movements not precisely parallel to an intended direction of movement.  


[00040] Yaw errors (
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), illustrated by curved arrow 420 in FIG. 4A are rotational errors about an axis perpendicular to the direction of travel, and not in the horizontal plane of stage 204.  FIG. 4B illustrates direction of travel arrows 203, and curved arrow 425 that represents pitch errors (
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).  Pitch errors are rotational movements about an axis in the horizontal plane of stage 204, but perpendicular to direction of travel arrows 203.  FIG. 4C illustrates an end on view of stage 204 (i.e., stage 204 is traveling toward/away from the viewer), and curved arrow 430 which represents roll errors (
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).  Roll errors are rotational errors about an axis parallel to the direction of travel indicated by direction of travel arrows 203.


[00041] Other sources of error may include scale error (
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) introduced by imprecision in control and motor components of stage 204.  All of these errors may be objects of minimization in exemplary aspects.  An air bearing stage may be used for aiding in such minimization, with an exemplary air bearing stage being the FiberGlide 1000 from Aerotech.


[00042] Effects of the above described errors on accuracy and repeatability of metrology system 200 may be calculated and comprehended in designing metrology system 200.  Error in the direction of motion (illustrated as 203 in FIGS. 2 and 4B) and perpendicular to the direction of motion in the horizontal plane of stage 204 can be calculated as demonstrated respectively in equations 1 and 2 below.


[00043] Equation  1:  
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[00044] Equation 2:  
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[00045] A measurement taken with metrology system 200 may have a different sensitivity to some of the above sources of error.  For example, 
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 is directly impacted by the length of the field of view perpendicular to stage motion (x) as this length increases the effect of 
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 are directly sensitive to distance between stage 204 and a point on workpiece 210 being scanned or otherwise imaged, as this distance increases the effect of both 
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[00046] FIGS. 5A-B illustrate that rotation by shaft 207 of fixture 206 may cause inaccuracy in metrology system 200.  FIG. 5A illustrates that shaft 207 rotates on bearing system 515 that is disposed between shaft 207 and outer sleeve 510.  Because a predominantly circular bearing system is often not strictly circular, bearing systems often have eccentricity which is illustrated by double ended arrow 520 between outer sleeve 510 and shaft 207.  This error effect is known as circular runout.  Exemplary aspects use telecentric optics system 213 for reducing errors due to this error effect.  


[00047] FIG. 5B illustrates that another source of inaccuracy may be angular runout 530 (wobble).  Angular runout 530 causes workpiece 210 to appear shorter, and hence the cone angle larger.  Thus, angular runout 530 should be considered in design of exemplary metrology system 200.


[00048] FIG. 6 schematically illustrates how effects of angular runout 530 can be considered in design of exemplary metrology system 200.  Solid cone shape 602 illustrates an outline of workpiece 210 captured at a given angle of rotation of shaft 207.  Dashed cone shape 604 illustrates an outline of workpiece 210 at a different angle of rotation of shaft 207.  As illustrated, due to angular runout 530, a length 610 of the workpiece 210 for shape 602 appears longer than a length 605 of the workpiece for shape 604.  These lengths in turn affect respective apparent cone angles 625 and 620.  Thus, error due to angular runout 530 may be calculated as shown below, where a maximum runout is defined by N and L is a nominal length of the workpiece 210.  


[00049] 

[image: image16.wmf])


/


(


sin


;


cos


);


2


(


tan


)


2


(


tan


1


1


1


L


N


L


M


M


D


L


D


error


fixture


-


-


-


=


=


-


=


-


=


q


q


a


b




[00050] This result may be probabilistically accounted for by assuming a normal distribution and a 95% confidence level, with a coverage factor of 2, which would provide a standard error of fixture equal to one half of the calculated error. 


[00051] As described with respect to FIGS. 4A-C, 5A-B, and 6, various errors and inaccuracies in components used to construct exemplary metrology system 200 may be considered so that the system performs as expected and within tolerances.  Such components and calculations and errors relating thereto are exemplary, and may be adapted by substitution of differing components as would be understood by one of ordinary skill in the art, including designing systems having other accuracies.  As component tolerances improve, it would be expected that tolerances of other components may be relaxed, and that an overall accuracy of a system may improve.

[00052] Now turning to FIGS. 7A-C, aspects relating to extracting (detecting) edges of workpiece 210 from captured images are discussed.  As used herein extracting may include any operation for producing data describing positional and orientational aspects of such edges.  In FIGS. 7A-C, captured image 706 illustrates workpiece image 705 against background 707.  In an example, pattern recognition logic may be used for identifying a feature of workpiece image 705 (signifying a feature of workpiece 210) as displayed in captured image 706.  For example, pattern recognition logic may identify a corner area 708 of workpiece 210.  Such pattern recognition logic may be implemented in control system 250.  After identifying the feature of workpiece 210, a coordinate system may be overlayed on the workpiece image 705 with reference to the feature; this coordinate system is illustrated for convenience by site mark 710 in FIG. 7A.   


[00053] After identifying the feature and setting up the coordinate system, FIGS. 7B and 7C illustrate providing search areas 715 and 720 respectively for the left and right edges of workpiece image 705.  Search areas 715, 720 may be located with reference to the coordinate system.  By locating the search areas 715, 720 with reference to the coordinate system, the search areas move with the identified feature of the workpiece.  For example, in a production metrology situation, workpieces may be loaded on metrology apparatus 200 so that all the workpieces are not in the same physical location during scanning operations.  Such a situation would cause various workpiece images 705 (images of different workpieces or rotationally varied images of the same workpiece) to appear in different locations within captured image 706.  Because search areas 715, 720 move with reference to the identified feature, the search areas remain within the relevant areas of workpiece image 705 (i.e., remain over edges to be identified).  This aspect may increase repeatability by compensating for the exemplary situation described above and other sources of variation during use of metrology system 200.  


[00054] FIG. 8 illustrates steps of an exemplary metrology method.  In 802, a workpiece (e.g., workpiece 210 of FIG. 2) is loaded into the fixture 206, such as by being placed on or secured to shaft 207.  In 804, the stage movement is commenced by the stage controller 224 as controlled by control system 250.  At 806, the camera 212 captures lines at intervals determined based on a desired resolution, such as the resolution arrived at by the above exemplary calculations for exemplary metrology system 200.  806 may be viewed as an iterative process including a decision block 808 for determining whether a given image scan has been completed (e.g., completed such as to form  captured image 706).  In practice, any number of different methods and means can be used for determining whether all lines for assembling an image have been captured, such as timers, counters, image feature detecting algorithms, sensors for detecting a position of stage 204, sensing how much memory has been used in a buffer storing image data, and the like.  


[00055] Following a determination that all the data for assembling an image has been captured, the image is assembled at 810 and may be enhanced at 812.  Image enhancement may allow for extraction of better lines in later steps.  Image enhancement may include contrast modification, dilation, erosion, and other enhancements known to those of skill in the art of image processing.  Following image enhancement, edges may be extracted from the image at 814 (e.g., edges of workpiece image 706 of FIGS. 7A-C).  The slope of extracted edges may be calculated at 816.  In an example, edges extracted from the image are expressed as a series of coordinate points (e.g., a series of pixel data), which may be stored in an array or other data structure.  A curve fitting algorithm (e.g., a least square means algorithm) may be used to fit a line to that series of coordinate points.  After fitting, the curve may be expressed by an equation that expresses slope of the edge to which the curve was fitted.  This slope expresses the angle of taper of the workpiece 210.  Other methods for determining a slope of an extracted edge may include calculating a rise over run based on sampled pixel data, and any other method known by those of ordinary skill in the art.


[00056] After calculation of the slopes of the extracted edges, a determination is made at 818 as to whether more images should be captured such that more edges can be extracted and slopes obtained therefrom.  By averaging a certain number of edge slopes, better accuracy may be obtainable since workpieces being measured may exhibit local abnormalities and imperfections that induce measurement inaccuracies not easily separable for inaccuracies caused by the metrology apparatus.  This determination 818 can include comparing the number of edge slopes calculated with a predetermined number of edge slopes, or a number of images with a predetermined number of images, since by analysis it can often be determined how many different scans will be required to obtain a required measurement accuracy, based on expected uniformity of the workpiece.  Other determinations can include comparing results obtained between slopes of edges extracted from different images to detect whether variation appears to be present among the slopes, or whether all the slopes are within an acceptable tolerance.


[00057] In cases where more images should be extracted, the workpiece may be rotated by rotation of the shaft 207 through some arc.  As described above, camera 212 may be rotated instead of or additionally to rotation of workpiece 210.  The method then loops back to 804 for beginning stage movement once again.  If no more images/edge slopes are required then those slopes calculated are averaged or otherwise combined at 822, and that averaged slope is outputted at 824.  That outputted slope is compared with a specification at 826, and if the slope is within the specification, then the workpiece is allocated for use in a disc drive motor or some other suitable mechanism at 828.  And if the workpiece is not within the specification, then the workpiece may be discarded and another workpiece loaded by returning to 802, or the workpiece may be subjected to another metrology run.


[00058] Such aspects as described above are merely exemplary, and can be modified, extended, and/or redacted as required for a particular application.  For example, a number of images can be captured before edges are extracted from images and slopes calculated.  Slopes can be averaged or combined in any number of ways.  In some aspects, the extracted edges themselves may be averaged (e.g., by averaging pixel or coordinate level data) and a slope extracted from the average of the edges.  In other examples, various edge averages may be created, a slope extracted for each created edge average, and slopes extracted from those edge averages.


[00059] 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 additional metrology systems and other systems for determining suitability of a workpiece under a given specification.  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 metrology system, comprising:


a fixture for supporting a workpiece;


a sensor operable for obtaining line scans which include sections of the workpiece;


control logic for coordinating the sensor and the fixture to cause line scans to be obtained at approximately equal intervals during scanning operations;  


image logic for assembling an image from image data generated during each scanning operation;


edge detection logic for detecting at least one edge shape in each assembled image; and


slope calculation logic for calculating a slope of each of the at least one detected edge shape. 

2. The metrology system of claim 1, wherein the fixture supports the workpiece for relative translation with respect to the sensor.


3. The metrology system of claim 1, wherein the fixture supports the workpiece for translation with respect to a fixed position of the sensor. 


4. The metrology system of claim 1, wherein the fixture and the sensor are relatively disposed to provide for capture of rotationally varied views of the workpiece.  


5. The metrology system of claim 4, wherein the fixture rotationally supports the workpiece.


6. The metrology system of claim 1, wherein the control logic further provides for rotation of the workpiece after a completion of each scanning operation and before a commencement of each subsequent scanning operation, thereby resulting in at least two detected edge shapes.


7. The metrology system of claim 6, wherein the workpiece is a male conical portion, and the slope calculation logic provides for averaging of the calculated slope of each of the at least two detected edge shapes.


8. The metrology system of claim 1, wherein the sensor includes a line scan camera portion operable to capture line scans through a telecentric lens.

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


a source of backlighting for silhouetting the workpiece.


10. The metrology system of claim 9, wherein a color of the backlighting is matched with a color sensitivity spectrum of the sensor.


11. The metrology system of claim 1, wherein at least two edge shapes are detected in each assembled image and the calculated slope of the at least two edge shapes is averaged.


12. The metrology system of claim 1, wherein the edge detection logic is provided with an identified subregion of each assembled image for each of the at least one edge shape to be detected in that assembled image, each identified subregion associated with a coordinate system associated with an imaged feature of the workpiece detected in that assembled image.


13. The metrology system of claim 1, wherein the fixture includes an air bearing stage section for longitudinal translation.


14. A metrology method, comprising:


taking a plurality of line scans of a workpiece;


assembling an image from the plurality of line scans;


detecting at least one edge shape in the assembled image; 


calculating slopes of the at least one edge shape; and


obtaining a slope of a surface of the workpiece based on the calculated slopes of the at least one edge shape.


15. The metrology method of claim 14, further comprising translating the workpiece with respect to a sensor taking the plurality of line scans, the translation providing for approximately equal intervals between each of the plurality of line scans.


16. The metrology method of claim 15, further comprising repeatedly rotating the workpiece through portions of a complete revolution, and after each rotation, repeating the steps of translating, taking a plurality of line scans, assembling an image, detecting at least one edge shape, and calculating a slope; and thereafter obtaining the slope of the surface of the workpiece by averaging the calculated slopes.


17. The metrology method of claim 14, further comprising selecting a search region in which the at least one edge shape is to be detected, the search region associated with a coordinate system mapped to an imaged feature identified in the assembled image.


18. The metrology method of claim 14, further comprising silhouetting the workpiece with backlighting for the sensor.


19. The metrology method of claim 14, further comprising rotating the workpiece through a portion of a complete revolution.


20. The metrology method of claim 14, further comprising determining if the slope of the surface is within a specification and if so then allocating the workpiece for assembly into a disc drive motor.

21. A metrology system, comprising:


a stage translatable in one dimension while remaining substantially constant in two other dimensions;


a fixture coupled with the stage, the fixture for holding and providing for controllable rotation of a workpiece;


a sensor arranged for capturing line scans of the workpiece through a telecentric lens;


a backlight for silhouetting the workpiece for the sensor; 


logic for maintaining an approximately constant ratio between longitudinal translation of the stage and timing of line scan captures;


an image assembler for receiving line scan captures and assembling an image therefrom;


logic for detecting one or more edge shapes in the assembled image; and


logic for determining an angle of a surface of the workpiece from the one or more edge shapes.


shaft CONE metrology system and method

ABSTRACT



Aspects include metrology methods and systems for determining characteristics of conical shaft portions, such as angle of taper.  In an example, a metrology system includes a fixture for supporting a workpiece.  The fixture provides for translation in a longitudinal dimension, and rotation about an axis of symmetry.  The system may include a sensor mounted for scanning lines including sections of the workpiece as well as control logic for coordinating translation of the workpiece to provide for an approximately constant ratio of longitudinal translation and lines scanned during scanning operations.  The system may include image logic for assembling an image from image data generated during each scanning operation; edge detection logic for detecting at least one edge shape in each assembled image; and slope calculation logic for calculating a slope of each of the at least one detected edge shape.
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