METHOD AND APPARATUS FOR SINGLE-AXIS CROSS-SECTIONAL SCANNING OF PARTS
5BACKGROUND Cross-sectional scanning of parts, and the processing of the data generated in the
same, is described in US Patents 5,139,338; 5,261,648; 5,880,961, 6,091,099, and 6,407,735. Such
techniques, 8?8&&??/ %ﬁg%iking, involve the repeated optical scanning of a Bgﬁ%ﬁé‘m%“ﬁ%’en encased in
a potting material so that, as successive layers of the part/potting combination are 10removed, data
regarding the dimensions of the part are generated by a computer processing the scanned data of the
image of each successive surface remaining after the preceding layer is removed. The optical contrast
between the portions of the surface due to the potting material and those due to the material of the
part identifies the dimensions of the part itself. Post-acquisition data processing techniques improve

the utility of the data for\IAF bt B Sda < BRA RSsTERERGIN (s JaEsdrbly in US Patent 6,407,735,
SUMMARY Commercial e i %M techpi %&@ﬂg \ isclosed in the patents listed
above generally involve W%%@ e calle %ﬁ%ﬁg% appr§a§1t€g%§h§i$g that a stage or shuttle

carries the part/potting combination linerally back and forth along an axis between separate
5 BACKGROUND

Cross-sectional scanning of parts, and the processing of the data generated in the same, is
described in US Patents. 5,139,338; 5,261,648; 5,880,961; 6,091.099; and 6,407,735, Such
techniques, broadly speaking, involve the repeated optical scanning of a part that has been
encased in a potting material so that, as successive layers of the part/potting combination are
10 removed, data regarding the dimensions of the part are generated by a computer processing the
scanned data of the image of each successive surface remaining after the preceding layer is
removed. The optical contrast between the portions of the surface due to the potting material
and those due to the material of the part identifies the dimensions of the part itself. Post-
acquisition data processing techniques improve the utility of the data for various purposes. One

15 such technique is described in US Patent 6,407,735,
SUMMARY

Commercial embodiments of the techniques and systems disclosed in the patents listed above
generally involve what may be called an “X-Axis” approach, meaning that a stage or shuttle
carries the part/potting combination linerally back and forth along an axis between separate

20 scanning and material removal stations. This application discloses various embodiments of
improved methods and apparatus for cross-sectional scanning of parts, utilizing a so-called “Z-
Axis” approach. These embodiments employ a scanning station in which the focal plane of the
scanning apparatus never moves in the vertical or Z direction, i.¢., the direction in which the
stage of the part/potting combination moves. The distinet steps of material removal and

25 scanning alternate with an intermediate step of moving the part/potting combination in the Z
direction after a surface layer has been removed, thus placing the newly-created surface back
into the focal plane for the next scanning step. To accomplish this, a removal station (not the
stage carrying the part/potting combination) repeatedly moves in the +/-X direction, i.e., into
and out of the field of view of the scanning station, between scanning steps. The materiat

30 removal station is specially configured to remove the desired surface layer of the part/potting



20 scanning and material removal stations. This application discloses various embodiments of
improved methods and apparatus for cross-sectional scanning of parts, utilizing a so-called "Z-Axis"
approachschitgsgiembedindentsremglalcariscaniingstatohrimpwhich¢herdacanplanenehthéscanning
apparatus never moves in the vertical.or Z direction, i.e., the direction in which the stage of the
parUpottiH&XWﬂ&ﬁ%ﬁ%ﬁ%\t&e&*W e 'g'xé?ea@gr&a?%é e(r’f’é?%%%a\l/éipgr%aﬂgng{:anning alternate with
an intermediate step of moving the part/potting combination in the Z direction after a surface layer has
been remawvestdthe sopldbisigthecneitlycresiad sdatenbskdntpthedodal plsow for tseniang scanning
step. To accomplish, this, a.removal station (no e carl e {Q% rté o} ing combination)
repeatedﬁ/nrﬂ%\/eg it rgﬂ}k 13? 8||Jg§i%ar?, |.€é.e,1§§%%tegqr}"%%(’)%tgo t et)%ﬁe]% of \(;?églw 311)‘ :ﬁ@%canniﬁmgstation,
between sdanmingstepg, THespaoriaB3iempvalistatipthigispetitiy tonfidaehtonegacidtthe desired
surface layey af e pariRafiing,aembiaaianand e sieaied dein. iRk icina hie peparate
environment tha previously mandated the use of the X-Axi$ approach in commercial applications.
Accordingthaadirstaspéut it psesablyinsehtions thekerbarovibie srage yetomofor taeanmihg an object,
wherein the PRISELERD B R1CAR e . aHHINa AlELIRL B B AP YiAR.ASERITAY RO .acanning, the
system comprising: adata gathering station including an image data acquisition device that gathers
data frompeofdded flaneectindyeriahgmgovdisstatiohetamrdnatbtaech winoHhb elpettifigeassembly can be
secured; wherejn the stage.can. mov w%g d %%l&g{' tafi ShiegLline fapsverse to
the focal brfa%n%()%\{/}v ?%?ﬁ“?ﬁ%”sy&%%“ﬁ%%?des %grgseé?ectively cﬁ%@ﬁng@%ﬁ%tanc?@%tween the object,
when thelokieehisendasedinial poitinglataembsiynadestedlyednothe stageoane Wrictaiacgathering
station along.the fi line:.wherein th lal.remaval statiop can reneatedly. ue,@;Series of
pre-deter%(?gaeoé1 Spg)t;t?gﬁsp (g?lt %psg%un}l{)g}?ag%%é% to expose a nevr\ll sur aceﬁ:)én the pofting assembly that
is positioneditivtké fotkd flanepkmttns Stagtgmevescrowsnddiie: diata gribisariagtstationhwhéiethe object
is encased, in the potting a Seeur &%égg 08 A rding to a second aspect of the
present in({/é%(ft%%, %Sr%giénzﬁrgﬁé%éyg%q?nse%ﬁgﬁ%c% using etﬁe systegr%%df the first aspect of the present
invention to produce electronic electronic data representations of the object, the object having a
plurality ofseprdiistohisetpdisepsse gfdhccorisasinycekendhngetiersy il setdged
encasing material,io,fonp a-Roitingassen bivsaHchRAGaAIRY Rsingdareaithakatahichalurality of

surfaces of thé object are coated with the encasing material and so that the encasing material

substantiafpresen il amenbhealints Be wlisshjeatng mplwrliuetaudively osrrindedesdsmhent a
plurality Oééﬁwg%: 'Bﬁ%ﬁgi%g aRchyRYELRhMatesaldRmayed havinsRredates minad.dineansions of
e

length, width and depth and a predetermined r1%eometric shape, so as to expose an encasement
surface, a¥faeaEdiy it SNFARIBODHEHIBYSP B?ége‘?ﬁﬁiﬁlﬁlmé%\?ﬁﬁéﬁmmﬁetﬁ@@ﬁjéﬁet; acquiring

an electrogigEaniesematinn.ehsclestediexnpssdipnsasemanisuriacenafissanademigined layer

has been removed; and processing each electronic representation to create a predetermined

electronicirépsieisEntameh of bscPhissassarnumestieaestvalychrnth toractri S el BRIRE YPresent

invention, there iy providad ameties of RIoLHGING BIRRUORICHABaRIGsaRtalionsatianobect, the
object having a plurality of surfaces, wherein the method comprises: providing a system for scanning

the objectiergibrenidtit atefeein Y chcaedaisHHBRh §5ARRHSI B8¥FmSa FStiAgEBSEMBY prior to

scanning, Jhe SYSLeMm.GempnisingsAaiaonaherne slatige i ngiHding.a0d ragedata acquision device
that gathers data from a focal plane, a material removal station, and a stage on which the potting

assembly thaPbiEcscRemaang HBreier mRis EgBesHation @t sRlsrtrdhepRict FRERSFMEL SHIGFON a fixed
line transvgyse, tothedaaaldaiane: whesien s sytemapRiisanbesaleritebichpnaiagadistance
between the object; when the object is encased in a potting assembly and secured to the stage, and
the data gatHEAIG SEEISIHIGIHG TEPHRBY FFRECHABHAR theaintararRAMbYEISation can repeatedly
remove a series of pre-determined portions of the potting assembly to expose a new surface on the
potting assembly that is positioned in the focal plane as the stage moves toward the data gathering
station when the object is encased in the potting assembly and secured to the stage; encasing the
object within a preselected encasing material to foxrm a potting assembly, such encasing being done so
that all of the plurality of surfaces of the object are coated with the encading material and so that the
encasing material substantially fills all interior voliunes of the object; removing successively from the
encasement a plurality of layers of material, each layer of material removed having predetermined
dimensions of length, width and depth and a predetermined geometric shape, so as to expose an
encasement surface, and assigning a value to each layer representative of its elevation within the
object; acquring an electronic representation of selected exposed encasement surfaces after a
predetermined layer has been removed; and processing each electronic representation to create a
predetennined electronic representation of each encasement surface.



According to a fourth aspect of the present invention, there is provided a method of scanning an
object, the method comprising: (a) providing a system for scanning an object, wherein the object can
be encasaddm-diaftitog hatdrgida de piestting assembheprisptovddahaimgihitriboystemcogmprising a
data gatharing siafion Including, an Image 4ala agausilien device. fakaaibsisala fipm.a focal plane.
a material rémova %&%ﬁ%’ﬁ?aﬁzﬁl a gtsage on Which the po ting aése?nuig?y‘ an be secure ; Wherein the
stage canhmomthtelvardnthedatagdthe dngssiatifon eamifigetidicgdcgreverse the theddcahgiane; wherein

the systeg;l]girsogldes for.selectwelgéJ (igapo%rll a distance be een.thetgbégct Whe%{%he %%l%ct is

encased Ih a gott}ﬁgp gglsne%nﬁl?/teé% secured opt%éns‘%aasg?%lndy the data ga%ﬂienﬁlﬁg ation ong the fixed

line; wheeinthsimgatediah ertheviab station tehidépeatediygedatvecgiseties dfpee-tetentiimad portions
of the potti ssembly to expose a_new. surface an the potting assembly that is positioned in the focal
plane as é?%gs%aog% F‘né%"eai t%i(\i%ael’dathnéadﬁﬁa grg%%‘??ngs% ﬁ?ldnal\}v g’nsfﬁ eo%}fe\cwtﬁllsclﬁer@&%é)éﬁ%gthe potting
assemblyasseehbBotine et octhecstagies i) rciaiogahenobjetvintd hpditngpthatiagatdooioom a potting
e bR e s betingasee biXye IALAMRg. GO ESREN AN Raione! he potting
assembly to"expose a surface; f moving the potting assembly substantially only verti to a
position in difixect pesitien focabpienehandhée)tgeanniagibeal sSudgeetiBRIGMDESGRIBTION OF THE

changes 1 SRR oo R L g T TR Lot AT o T et a6
specificaliyafiotechelspediatly betawe Eiguies diipm-gdetremiatid pivttonenf dfcpsystgrssmnebiding to the
e SRR SO 8 PRSRIPIS RGN ool A e qponder o
DESCRIREKEdNnoves toward the data gathering station when the object is encased in the potting

assembly and secured to the stage; encasing the object within a preselected encasing

material to form a potting assembly, such encasing being done so that all of the plurality of

surfaces of the object are coated with the encading material and so that the encasing material

substantially fills all interior volumes of the object; removing successively from the

encasement a plurality of layers of material, each layer of material removed having

predetermined dimensions of length, width and depth and a predetermined geometric shape,

so as to expose an encasement surface, and assigning a value to each layer representative of

its elevation within the object; acquring an electronic representation of selected exposed

encasement surfaces after a predetermined layer has been removed; and processing each

electronic representation to create a predetermined electronic representation of each

encasement surface.

According to a fourth aspect of the present invention, there is provided a method of scanning
an object, the method comprising: (2) providing a system for scanning an object, wherein
_the object can be encased in potting material to form a potting assembly prior to scanning,

the system oorhprising: a data gathering station including an image data acquisition device
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In general terms, this application pertains to substantially improved versions of the methods and
apparatus for cross-sectional scanning disclosed in US Patents 5,139,338; 5,261,648; 5,880,961; and
6,091,09%: 4 aath ek thasadacumenlspaiscarperaialirby se it rancenanadansilipsiphwittidhehleasic
operating principles taught in each of thesg documents is assumed in the following discussion. Thus,
details kriSWiHH AHES lﬁm&%ﬁ%“& ol EGth'ag ﬁ%%%ecsgs%&‘é?eta‘%ﬁfﬁ l%% i!é%(g\% B$uccessive
layers of theiparsipoiting-¢ombinakiersrgeneratiorhoildplameegardiog the dipspnsiprs/dfcthéopart
(including the computer processing of the scannedﬂ%ata f th im%ﬁe of each suyccessive surface
remaining SR Prateet PRaIcs btk ae 8 %é”q%gtt- it %?ﬁé%"&&?&f’éfr&%?&‘ﬁl& fechniques
that impravethgwility sidhedatatieriaiouaduiposes. Rtfetripgtaibigulas: 14k dpdtitepe
cross-sectional scanner system 10 comprises verticall ovin% stage 1.1 and fixed-focal %I%ane scanner
12.In the"ﬁf@f‘@?ré@ee% m?géiaﬁﬁgf’&f@ §Féq‘?8?%/gp€/’ With rveesﬁge%ﬂgss BT ERE Hhus only the
vertical mafigenefien: icthiagendskneRdihe gansidared exglicitlyn Hawsieangaitsanglyitlistrist preferred,
it is possible for s anré%rélaﬁénove rg;ative to st\e;%e 11, %lr%thg {emzﬁ'lnder OE g{his di cu?ﬁion assumes
that only BESGERE MoVEd AR AN T S it aes B1F Wit TRE G HaR AT NG TRa e Roh-Bretsred
approachgisj@ls inglusadin WOPIQR 2420055 el sS20AHO MO 9 B1ae chtsipptitsopfd/potting
combination 13 so that vertical mgtion of stage 11 a%\ia.ngﬁs ??%igatio .13 1in thebilertical direction
toward scBHh&PPEENEHTA RotioR 5IR0SL & PPRF sUfa 8 st SHEo A 158 R BSSion
correspongiRé o thesheighilotreneviicknessaf ofateriitinpesemblieth ahpue thediked;6dation F of
the focal plane of scanner 12. Then such a thickness 5 is removed fram the upper (scanner-facing)
surface oFOSHBiEBA ngmkﬁygs%g%%%% ﬁydgg%ln %& ?ﬁr?‘rrbeorsgé%v}vl? ‘?‘fﬁ% Dldces the upper
surface s@nerbpledtexactly atatbengabiianfaddhe fixed focal plane of scanner 12, and scanning
proceeds according to conventional techniques. A repeated series of stepwise motions, each

corresponding in distance to %ﬁg&ﬁjﬁ@}@r@f} %ﬂﬂg\y ; glternates with removal of such
material followed by scannin ' ace created. Thus, each scanning step occurs at

the location of the fixed focal plane. The part/potting combination never shuttles in the X or Y
directionsThe Geresraillastsrinar rofErah RGP Axhinerit chgifboradsinod pheamingge capture
device sugh,as.2i¢ GRAMYHIRGSCENCANEIR REARBBERNRAME BreHigRd 88AlIRRIIRR000 pixels

per square centimeter or greater) (megapixel per square inch or greater) image capture 15equipment
is preferreadent seanerafialy naied daesehaqheiired, but not limiting, thickness of

Figure 1 is a schematic side view of a system according to the detailed description below.

Figure 2 is a close-up upper petspective view of a prototype embodiment of a portion of

Figure 1.

Figure 3 is a close-up Jower perspective view of a portion of Figure 2.



each slice is 25.4 micrometers [one thousandth (0.001) inch]. This combination results in data points
measured at a scale that is 25.4 micrometers [one thousandth (0.001) inch] in each of the three
orthogonal primary directions. RefereDEga (0 HNdRRgsSRIMFISHMements should be understood as
referring to measurements taken 20normal to the surface of the part/potting combination 13. The part
itself typically is oriented at some non-orthogonal angle, within the ing.material an distances
measuregni Efﬁ%raprﬁ%%lllﬁaﬁgﬂf, W@éﬁ%i%npqgn%%srﬁgyﬁ%x&gge é’rﬁlg Fﬁf%t‘t,ﬁ%lggsrt% t %Fagrlg%gg%ter than or
less thanaink dhicknesS@ascroeasttbshaosraah bogtiessostace df th @ ghaita b th¥ |3 %tidA O f8asurement.
As show tting, c ination.13 is erally rectangular.in cross-section | he 25three
principal %i%%:{t?dgr?s? is %’rgegfie’@%%%ﬁ% nc())tgr%%eﬁﬁe&l,ctlﬁg I(E:{grﬁf)iﬁngt%%oiaéeﬁa% lr?r?%{?rﬁ%r; f}mensions on
the orderfafiddad tpnillithebersakiy 68ctathilliprateiddsy88!0 milacietdriddds dobimatmtsy2adsindh by 3-1/2
inch). This is only, a preference. Cuttin bsystem 14 is, in gengral, any means far 1 ying an
amount olf]tﬁ’ee S%}{%)Oerlggr%sc% SS%Ot]ﬁ'(ljt égr%/g% ?g&%%‘b}ﬁgﬁ%ﬁ%ﬂ“ﬁ.eee% o F?ﬁé%?l%&%ﬁg %’it
specificallysmdhtelbsahrdtating B3abviecerndive itprreoftihg prtpvithsupphbthityoNiggeaatOutter of

AmherSt’ol}leé%Qq’%e}r 1rlxrgnt]l%9 %&mensions of the part (including the computer processing of the

scanned data of the image of each successive surface remaining after the preceding layer is
removed), and the post-acquisition data processing techniques that improve the utility of the

data for various purposes.

Referring to Figures 1-3, a prototype cross-sectional scanner system 10 comprises vertically
moving stage 11 and fixed-focal plane scanner 12. In the preferred embodiment, scanner 12
is stationary with respect to system 10 and thus only the vertical motion motion of stage 11
need be considered explicitly. However, although it is not preferred, it is possible for
scanner 12 to move relative to stage 11, but the remainder of this discussion assumes that
only stage 11 moves in the vertical direction with the understanding that the non-preferred

approach is also included.
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WO 2009/143005PCT/1152009/044095 number A377 as designated by that manufacturer. This
device has three flutes in a right-hand orientation at a helix angle of 37 and dimensions (flute diameter
by shank diameter by cut length by overall-length) of 9.5 millimeters by 9.5 millimeters by 38.1
millimeters b 828itffeters (3/8 inch by 3/8 inch by 1-1/2 inches by 3- F4THSRULYI4#AE device may
be uncoated 5or coated as available from the manufacturer; a preferred coating is TICN. The use of

three flutestigPrafarspafopcrpatine efabsmeciersuracerdu! theimorieref luttarsesot by itself a
critical parameter. The_preferred_ rotation speed is 1200 rpm._The right-hande orieﬁtation, coupled

with counte AL GO Ficd! HHEEHoa BB SEPARThEA D ISFHEA LRI RESHY L &R by the
curved arreifibe gt Mearsdhaidhedciting ssiges ac vanesdntortte: tverpigaedeihie same

direction as the advancing hoo i'%theipoﬁsitm -direction. Jt i%{POSigli'ﬂbUt nfﬁt n&c;isisary, to
continue rEtARGHET R Hfif BEHSER 15 TP dPERVR itF (e R Wit Ry S8 e tHEPSiclly
spinnifng cuttighsed iReasisMpein aahee fauifaredheosnbindinmids 18 Bnaumgretiatacddracy.
described further below. This places the upper surface so created exactly at the position of the
fixed focal plane of scanner 12, and scanning proceeds according to conventional techniques, A
repeated series of stepwise motions, each corresponding in distance to the thickness of material
to be removed, alternates with removal of such material followed by scanning of the new upper
10 surface created. Thus, each scanning step occurs at the location of the fixed focal plane. The

part/potting combination never shuttles in the X or Y directions.

In general, scanner 12 is any multi-pixel scanner, camera, or similar optical image capture
device such as a CCD array, line scan camera, or area scan camera. High resolution (155,000
pixels per square centimeter or gi‘e&ter} {megapixel per square inch or greater) image capture
15  equipment is preferred for scanner 12, In this case, a preferred, but not limiting, thickness of
each slice is 25.4 micrometers fone thousandth (0.001) inch]. This combination results in data
points measured at a scale that is 25.4 micrometers [one thousandth {0.001) inch] in each of the

three orthogonal primary directions.

References to thickness measurements should be understood as referring to measurements taken
20  normal to the surface of the part/potting combination 13. The part itself typically is oriented af

some non-orthogonal angle within the potting material and thus distances measured in the

principal X, Y, and Z planes may expose amounts of the part that are greater than or less than

the thickness as measured normal to the surface of the part at the location of measurement.

As shown, part/potting combination 13 is generally rectangular in cross-section in each of the
25 three principal directions, Tt is preferred, but not required, that combination 13 have maximum
dimensions on the order of 44.4 millimeters by 63.5 millimeters by 88.9 millimeters (1-3/4 inch

by 2-1/2 inch by 3-1/2 inch). This is only a preference.

Cutting subsystem 14 is, in general, any means for removing an amount of the upper surface of
the part/potting combination. In the embodiment illustrated, it specifically includes a rotating

30  single-end center-cutting end mill supplied by Niagara Cutter of Amherst,. NY under their model



The cutting length of cutting subsystem 14 should be greater than the width of part/potting
15combination 13 to ensure that the entire width of part/potting combination 13 is cut in a single pass.
The position of cutting subsystem 14 with respect to the location of part/potting combination 13 is
coordinated Ate3MMYR*Hood 15 enables conventional vacuum system T HIGEERIAHHE efficiently
remove debris 18 from chamber 17 as such debris is created by cutting subsystem 14 when it

removes then@yen of 28 nasigpatiig cembinaistuls, Thie axaetishapeofiieoth A9iigreheritical. The
function of hood 15 is tg concentrate the yacuum and keep. the debris within a contained volume. In
the embodREHE T EUAMER FEBELS bUBSARRETT 20 dul Bty SOUL, SRR TB Gt Tor  reladvely
small openectithat faaing the:thpped Sutfdaacad e parphieg e BiNbLtNibratigh 82kich debris will be

collected by.the vacyum. (see especially Figue 3). 25 ith the cutting length of cutting subsystem
14, tho w1 (SR BCTROAT h h 2kt oy AL ik RN OF s

~diréction) s greater than the wi potting
combthation dhditd ensuibthadiéhetentiraviidtives, ayirdficacsinghepasSitldotihtmds sfidebanically

attached o} therwisfe c qdinat(tad Wi%h the B sition. of %’tEiﬁg sung,st(? 4 50 th%t O[EL advance
. %ﬁts 1§ PIE errff,% T creation of 4 SO tgfer su%ace )i} AUmberO Fe s not v Iselia
together (|nut e Xtdiréc |or% across the face of part/potting combination o remove the surface layer
of materiat(ies geaeeatirththedodebusition speed is 1200 rpm, The right-handed orientation,
coupled with counter-clockwise rotation (as observed looking at the tip of the device, as
illustrated by the curved arrow in Figure 2) means that the cutting edges advance into the
10 workpiece in the same direction as the advancing hood, i.e., the positive X-direction. It is
possible, but not necessary, to continue rotation of the end mill as hood 15 is withdrawn (in the

-X direction) so that the rapidly spinning cutting surfaces smooth out the surface of

combination 13 to ensure greater accuracy.

The cutting length of cutting subsystem 14 should be greater than the width of part/potting
15  combination 13 to ensure that the entire width of part/potting combination 13 is cut in a single
pass. The position of cutting subsystem 14 with respect to the Jocation of part/potti.zlg

combination 13 is coordinated accordingly.

Hood 15 enables conventional vacuum system 16 to quickly and efficiently remove debris 18
from chamber 17 as such debris is créated by cutting subsystem 14 when it removes the layer of

20 part/potting combination 13. The exact shape of hood 15 is not critical. The function of hood 15
is to concentraté the vacuumn and keep the debris within a contained volume. In the embodiment
illustrated, hood 15 substantially surrounds cutting subsystem 14 but for a relatively small open
throat facing the upper surface of the part/potting combination, through which debris will be
collected by the vacuum {see especially Figure 3).

25  As with the cutting length of cutting subsystem 14, the width of hood 15 (measured in the Y-
direction) is greater than the width of part/potiing combination 13 to ensure that the entire width
is cut in a single pass. Hood 15 is mechanically attached or otherwise coordinated with the
position of cutting subsystem 14 so that both advance together (in the X-direction) across the

face of part/potting combination 13 to remove the surface layer of material (thus generating the
30 debris),



Any debris 18 generated by such removal is withdrawn through vacuum hood 15, which is attached to
conventional vacuum system 16. As illustrated in this embodiment, system 10 further comprises a
working chamber 17, which is optional in the sense that system 10 could be incorporated as a

sub-system 3Y2 14#8&+380%tem if so desired. 5Thus, the amount of motionFe&tlirétf it arious

components of system 10 is substantially reduced compared to prior commercial embodiments. To
summarizanioges:pasedndaraniistivesatadl timadidiable thibtandduumpaddiritingidombination 13)
moves only in the Z direction and not at all in the X ar Y directigons; hood/vacuum system 15, 16 moves
only in theagr??;{eﬁﬁf‘%ﬁﬂ%e&%%%nvﬁf’iwqh@”@g’r ]f'dﬁ‘seﬁ%ﬂ%%eg %ﬁt?ﬁ%ogdffﬁg}ts@’rﬁeﬂiﬁ n the preferred
10 embodimeirf dbispiaied) wotpgishsmbeotatinguend mtiohalMinhasemxithof Sytaneiryoddated such that
it is coordinated with the Z §_osition tpe art/ tottiﬂ% cgmbigation 13 to thereby remove only the
necessary 5P aB&ed AMETHT 6FmMafeAR AL IHAR Axig [HOVas in only the +/-X direction and not the Y
or Z directions. The susbtantial reduction in the amount of moving subassemblies enables a
substéntialresiubtiommrtief onsicalirsizést chtheystans tompeesniselisywendédopbeantisistructural,

mechanical,aach eleeical SUPRPHIRG LAPRS RIS MAKGS G SXSte0y 1R RIgh e SHtifable for use

with small part/potting combinations 13 such as those having the non-limiting dimensions given above.
The technfijedsiobtrilsedaiisoli(mdyhve rasvipaistedeontieativsclds ey et el patehisdiswipabove,

which spegifically, disalpge $6,usq:Rl-a6R21IGaNSIIGRISAIORALORS fan e Maie Rl Lrspoval 20station

and the scanning station, such stations being separatec from each other along the so- called X axis.

The time réiegsitiedstandtigttie fireYseadediiectinmg: Ml paittnsotdryscomidriiba pakrathd forth between
thesgphysicaly; SeRARIR 2Haas FeRNCER AEE ¥0IE dimenaliie. R R PLORESSCARRRIEG IR the

approach disclosed above. By contrast, very low cycle times of approximately 8-10 seconds are

" believed p&ssibiedposdinsiaéivial thecenetisanctithe BppRoEEN desbiivEgnabbipdhostyisemalcknown to use
computers, (. GapHal. 08, oRe ALNBaRbIRE 3R F NG USRI AR MR BSnly the +/-X direction

and not the Y or Z directions, The susbtantial reduction in the amount of moving subassemblies

enables a substantial reduction in the overall size of the system 19, because it reduces overall
15  structural, mechanical, and electrical supporting equipment. This makes the system 10 highly

éuitabl.e for use with small part/potting combinations 13 such as those having the non-limiting

- dimensions given above.

The techniques described above may be contrasted to the disclosure of the patents listed above,
which specifically disclose the use of separate, dedicated locations for the material removal

20 station and the scanning station, such stations being separated from each other along the so-
called X axis. The time required to shuttle the stage bearing the part/potting combination back
and forth between these physically separate stations reduces the cycle time of the entire process
compared to the approach disclosed above. By contrast, very low cycle times of approximately

8-10 seconds are believed possible in commercial production of the approach described above.

25 Itis well known to use computers to control the operation and location of the system as well as
to process the data generated by the scaning subsystem. The preferred, but not required,
technique to convert the scanning data is disclosed in the patents incorporated by reference

above, as well as US Patent 6,407,735, which is also incorporated by reference.



to process the data generated by the scaning subsystem. The preferred, but not required, technique to
convert the scanning data is disclosed in the patents incorporated by reference above, as well as US
Patent 6,407,735, which is also incorporated by reference. WO 2009/143005PCT/US2009/044095
Application t8€ /588 4¥¥fonal Scanning Systems The techniques describ¥a 468 40" De employed
in a cross-sectional scanning system of the following general design. Details of particular
embodiments of such systems\gptidftithepaienis sodonpbfaied iy Seference above. 5The system
produces electronic data representations of an object or part. The major components of the system

ae: (1) G5IAGHIRING ISNGD WY B SEL ARG e oS e oGl RN e efiscd elive

to the surface o part; a material rémoval station that moves into and o position over the
surface offthloping; saner{BYeaipablRepribidingonilerthodinsiisad meveyHensiere parpasTput the
surface atiH&S;ﬁ&%@%ﬂe@%JQ&é\;&lé”e- The data 10 gathering station typically, but not necessarily,
comprises: (1) an image data acquisition device for successively acquiring images of the part after
removal of a predetermined contour; and (2) an electronic device operatively associated with the
image datAlScHSieRiSrP Rt 8 I FHE SR RRFLURSING That PRIGRS! PRE M PR AF Sation
typically, ysttRetspaeassarity) comprigata{dy aweiohcersipustedAnthasrangpesitorenfaye focal
predetermined contoyr of material from the part; 15 and (2) a drive mechanism constructed and
arranged ®JBolfRe r%ﬁﬁ\fglﬁ%?/é?nt@ﬁtsﬁg?ﬁ?e%ﬁtﬁ?é’ ol )ﬁ Wéeﬁglg#zflﬁéaa%?g%o 4 284t and is
moved byiatdrive mecifapisitoeanstrdeiet@nd afrargedtiaptadide ably pentidalgelsyvesmalement of
the table; and.a means to determine the relative locations of the. part and the focal plane along the
vertical BLHSR FHE G50 UK o b RAI PE G e for 57 BURICE 8 Al G o B mage
datai0 gathering station typically, but not necessarily, comprises: (1) an image data acquisition device

for successively acquiring images of the part after removal of a predetermined contour; and (2)
an electronic device operatively associated with the image data acquisition device for receiving
and storing the images. The material removal station typically, but not necessarily, comprises:
{1) a too! constructed and arranged to remove a predetermined contour of material from the part;
15 and (2) a drive mechanism constracted and arranged to provide relative movement between the
tool and the part. The table holds the part and is moved by a drive mechanism constructed and
arranged to provide only vertical relative movement of the table; and a means to determine the

relative locations of the part and the focal plane along the vertical direction,

The operation of a typical configuration of such a system is as follows, The image data
20  acquisition device successively acquires images of the part after removal of a predetermined
contour. The tool is moved into and out of relative material removing engagement with the part.
The relative movement between the table and the tool along the path is such that the part and the
tool are moved in material removal alignment for removing a predetermined contour of material
from the part and in imaging alignment to the image data acquisition device after removal of a
25  predetermined contour. The position determining apparatus actuates the image data acquisition
device at predetermined positions of the part relative to the tool. For example, a linear encoder
with a scale, a sensor, and a computer may be arranged to send signals to the computer in
response to the relative movement between the sensor and the scale. The computer is
programmed to determine the position of the scale relative to the sensor in response to the

30  signals received from the sensor. Thus, because the scale and sensor are operatively associated



20 acquisition device successively acquires images of the part after removal of a predetermined
contour. The tool is moved into and out of relative material removing engagement with the part. The
relative movement between the table and the tool along the path is such that the part and the tool are
moved in mateRiattEeéAPal alignment for removing a predetermined contotit GERTAL & %O m the part
and in imaging alignment to the image data acquisition device after removal of a 25 predetermined
contour. Thaesilicnrdetempingoappataiysactimies ihehmage daig aropisitivnicesicaatly
predetermined positions of the part relative to the tool. For example, a linear encoder with a scale a
sensor, an tﬁ‘%%?ﬁ et?‘ﬁ%%g%%rranged to send signals to the computer in response to the relative
movement between the sensor and the scale. The computer is programmed to determine the position
of the scaleamtatiréntcrihedmasoisvek pongastonhoBosi§HdisceN a0 ronminsisagiboforThus,
because the, 36lFi B4 3ARRALAS-ABRIR Y BbARRSRGIA W SO00KANNRII)S300(044095 with

each other, the position of the part relative to the tool along the path is'incrementally determined by the

compéter. [Bureirereid] erhiso airsh @ibedpepvalpstdmsseifipriy sie iproradd-20benm wavelength)
for illumintgtioni and SeanRAISRERS dYSi I HIRLPicRM NRYIRG A aUsIFREL SRDtesRe.Qn 550 nm.

5However, such values are not critical &ovided that sufficient contrast is provided at the detection

wavelengticERaserihsHifRea AR HiFIEH e FhigiFRIRAHH R ROEI - SRS HPH GAARI to the surface

have been ilstratedrasicRIHRGIFNGRMMON, more complicated geometries are possible but not
preferred. -

While the above description refers to many specific details for the sake of explanation, these

10 details should not be construed as limitations unless explicitly included in the following claims.



While the above description refers to many specific details for the sake of explanation, these 10details
should not be construed as limitations unless explicitly included in the following claims. Claims: 1. A
system for scanning an object, wherein the object can be encased in potting material to form a potting
assembly prior to scanning, the system comprising: a data gathering station including an image data
acquisition device that gathers data from a focal plane, a material removal station, and a stage on
which the potting assembly can be secured wherein the stage can move toward the data gathering
station on gafixed.line transverse to the focal plane; wherein the system provides for selectively
changing a distance between the object, when the object is encased in a potting assembly and

secured to {he stage, anshihedataSatedndosRlion ARRgihm Bxesidneaheripdhesmatgrial removal

station can repeatedly remove a series of pre-determined portions of the potting assembly to expose a

new surfacesgihthenpating asseply thaidgirgstianadony theilpced planamRdheafiagodnares toward
the data gathering station when the object is encased in the potting assembly and secured to the

stage. 2. Therpraipm of alainghindieigistipimagedatp acawistionR gevice, Ganisucgesiiwely acquire

images of the potting assembly after removal of the predetermined portions, in which the data
gathering stadtagetuehetsaantpsises stelestioniadeviesisipeaidvely Astoricded withidhe tnage data
acquisition device for receiving and storing the images. 3. The system of claim 1, in which the material
removal stattdohcthapiséspbiaashbiyecafi Bdcelaoadirutiedmntharstngedso nremevewzedseries of
predetermined portions of the potting assembly; and a drive mechanism constructed and arranged to
provide relétivelate\uatrertrigetisateanthe tdixaddite patingrassenibly fodk | THarsy stdrarefrclaim 1,
wherein the fixed line is vertical and the stage further comprises a drive mechanism constructed and
-arranged téhsronigieve micalidesy émesribetiveignahansiage artistae cathajageningstatimeialong the
vertical fixed line. 5. The system of claim 1, wherein the stage moves only along the Z-axis, the image

data acquistien desiesigcbiatRimasesna teotierrisemblyadrtasoausoestbalpagmepn X-axis.

the data gathering station along the fixed line; wherein the material removal
station can repeatedly remove a series of pre-determined portions of the potting
assembly {0 expose a new surface on the potting assembiy that is positioned in
the focal plane as the stage moves toward the data gathering station when the
cbject is encased in the potting assembly and secured to the stage.

2. The system of claim 1, wherein the image data acquisition device can
successively acquire images of the potting assembly after removal of the
predetermined portions, in which the data gathering station further comprises an
elecironic device o‘perativety associated with the image data acguisition device
for receiving and storing the images.

3. The system of claim 1, in which the material removal station comprises at
least one of: a tool constructed and arranged to remove the series of
predetermined portions of the potling assembly; and a drive mechanism
constructeé and arranged to provide relative movement between the tool and the

potting assembly.



6. The system of claim 5, wherein the material removal station includes a tool that rotates about the
Y-axis. 7. A method of using the system of claim 1 to produce electronic data representations of the
object, the object the method comprises: encasing the object within potting assembly, such encasing
~ being done so that all of the plurality of surfaces of the object are coated with the encasing material
and so that the encasing material substantially fills all interior volumes of the object; removing
successively from the encasement a plurality of layers of material, each layer of material removed

having pregdetermiped dimensionsiafiengtinwidih and fieninimadia ResdeleTaninad oeesetric shape,

SO as to expose an encasement surface, and assigning a value to each layer representative of its

elevation wilhkie QhistHes a AHAIAGAAARHH OB EERIIEENENIONRiaRIgEE SRS
encasement surfaces after a predetermined layer has been removed; and
vertical movement between the stage and the data gathering station along the
vertical fixed line.
5. The system of claim 1, wherein the stage moves oniy along the Z-axis, the
image data acquisition device is stationary and the material removal station
moves only along the X-axis.
6. The system of claim 5, wherein the material removal station includes a
tool that rotates about the Y-axis.
7. A method of using the system of claim 1 to produce electronic data
representations of the object, the object having a plurality of surfaces, wherein
the method comprises:
encasing the object within a preselected encasing material to form a
potting assembly, such encasing being done so that all of the plurality of surfaces
of the object are coated with the encasing material and so that the encasing
“material substantialiy fills all interior volumes of the object;
removing successively from the encasement a plurality of layers of
. material, each layer of material removed having predetermined dimensions of
length, width and depth and a predetermined geometric shape, so las to expose
an encasement surface, and assigning a value to each layer representative of iis
elevation within the object;
acquiring an electronic representation of selected exposed encasement

surfaces after a predetermined layer has been removed; and



processing each electronic representation to create a predetermined electronic representation of each
encasement surface. 8. The method of claim 7, wherein the selected electronic representation is a
three-dimensional point cloud representative of the object. 9. The method of claim 7, further
comprising lofting a surface onto each layered point cloud. 10. The method of claim 7, in which the
selected electronic representation selected from the group consisting of a solid model of the object and
a surface model of the object. The method of claim 7, wherein the acquiring step includes

scanning each engasement suHacedisiibAiSCANBEEEHRSIE R Scatiied dmpariefeatheancasement
surface. 12. The method of claim 7, wherein the removing step includes removing a contour of

material sugBdhahRUESHEShRNBIIEEABNSASRIBRIBWlRRRE Of the object are substantially parallel
to each other, the method further including the steps of: identifying a feature of interest in the object;

and orientingTihe elipeisULhihat theBspasarepsretmesikatfarerpféternbiret are non-parallel
to the feature of interest so that at least one exposed encasement surface extends through the feature

of interest, tHk3eTdimeneibod ebofritiotdwieresatheilayef sHrawbjeper and lower encasement surfaces
and a substantially uniform thickness, the upper and lower surfaces being substantially parallel to each
other. 0. The method of claim 7, further comprising lofting a surface onto each
layered point cloud.
10. The method of claim 7, in which the selected eiectronic representation
selected from the group consisting of a solid mode! of the object and & surface
model of the object.
11.  The method of claim 7, wherein the acquiring step includes scanning each
encasement surface using a scanner to creaie a scanned image of each
encasement surface.
12. The method of claim 7. wherein the removing step includes removing a
contour of material such that successively exposed encasement surfaces of the
object are substantially parallel to each other, the method further including the
steps of:
identifying a feature of interest in the object; and
orienting the object such that the exposed encasement surfaces of the
object are non-parallel to the feature of interest so that at least one exposed
encasemeant surface extends through the feature of interest.
13.  The method of claim 7, wherein the layers have upper and lower

encasement surfaces and a substantially uniform thickness, the upper and lower

surfaces being substantially parallel to each other.

10



14.A method of using the system of claim 1 used to scan an object, the method comprising: €)
encasing the object into a potting material to form a potting assembly; (b) while the potting
assembly is not moving, progressively removing a portion of the potting assembly to expose a surface;
(c) moving the potting assembly substantially only vertically to a position in a fixed position focal plane;
and (d) scanning the surface. 15.The method of claim 14, further comprising repeating (b) and (c)
after (d). 16.A method of producing electronic data representations of an object, the object having a

plurality of gyrfacgs nyenesginingsgting cmeRses: claimProviding & systemiforagaaningthe object,
wherein the object can be encased In potting material to form a potting assembly prior to scanning, the
system comqw(’%ﬁg@@thering station including an image data acquisition device that gathers
data from a focal plane, a material removal station, and a stage on which the potting assembly can be

secured; wherein(the:atagengahdnshiedonard thetitledargadherning Satiecnattadieeddmeiransverse to
the focal plane; wherein the system provides for selectively changing a distance between the object,
when the object istgneasedtie gphitiggaassenmbblyianmdsecovettoptiug stagieehn cethedagaagathering
station along the fixed line; wherein the material removal station can repeatedly remove a series of
pre-determineibparfitespaftiing petergtdgsemiohpte expwdaca;new surface on the potting assembly that
is positioned in the focal plane as the stage moves toward the data gathering
(¢} moving the potting assembly substantially only vertically to a position in
a fixed position focal plane; and
(d} scanning the surface.
15.  The method of claim 14, further comprising repeating (b) and (¢} after (d}.
16. A method of producing electronic data representaiions of an object, the
object having a plurality of surfaces, wherein the method comprises:
providing a system for scanning the object, wherein the object can be
encased in potting material to form a potting assembly prior {o scanning, the
system comprising: a data gathering siation including an image data acquisition
device that gathers data from a focal plane, a material removai station, and a
stage on which the potting assembly can be secured; wherein the stage can
move toward the data gathering station on a fixed line transverse to the focal
plane; wherein the system provides for selectively changing a distance between
the object, when the object is encased in a potting assembly and secured to the
stage, and the data gathering station along the fixed line; wherein the material
removal station can repeatedly remove a series of pre-determined portions of the

potting assembly to expose a new surface on the potling assembly that is

positioned in the focal plane as the stage moves toward the data gathering

11



station when the object is encased in the potting assembly and secured to the stage; encasing the
object within a preselected encasing material to form a potting assembly, such encasing being done so
that all of the plurality of surfaces of the object are coated with the encasing material and so that the
encasing material substantially fills all interior volumes of the object; removing successively from
the encasement a plurality of layers of material, each layer of material removed having predetermined
dimensions of length, width and depth and a predetermined geometric shape, so as to expose an

encasemenL iy iaaReANth SN G YRNE P Pagt: I QvRAgRissemiavaref Baalpvationyethin the

object; acquiring an electronic representation of selected exposed encasement surfaces after a
predetermg}ggégyer_has been removed; and processing each electronic representation to create a
predetermined electronic representation of each encasement surface. 17. The method of claim 16,

wherein the seleciad:RliRelramc sppiesantationiprcturedinensigsiaypaiataliouddsefreseatative of the
object. 18. The method of claim 16, further comprising lofting a surface onto each layered point cloud.

19. The meitadphetaimblp, dnsvhicidbmgelenigdielactoninateprosttrtatioraiglestedrfacss the group
consisting of a solid model of the object and a surface model of the object.
of the object are coaied with the encasing material and so that the encasing
material substantially fills all interior volumes of the object;
removing successively from the encasement a plurality of layers of
material, each layer of material removed having predetermined dimensions of
length, width and depth and a predetermined geometric shape, so as o expose
an encasement surface, and assigning a value to each layer representative of its
elevation within the object;
~ gcguiring an electronic representation of selected exposed encasement
surfaces after a predetermined layer has been removed; and
processing each electronic representation to create a predetermined
electronic representation of each encasement surface.
17.  The method of claim 16, wherein the selecied electronic representation is
a three dimensional point cloud representative of the object.
18.  The method of claim 16, further comprising lofiing a surface onto each
layered point cloud.
19.  The method of claim 16, in which the selected electronic representation

selected from the group consisting of a soiid model of the object and a surface

model of the object.



20. The method of claim 16, wherein the acquiring step includes scanning each encasement surface
using a scanner to create a scanned image of each encasement surface. 21. The method of claim 16:
wherein the removing step includes removing a contour of material such that successively exposed
encasement surfaces of the object are substantially parallel to each other, the method further including
the steps of: identifying a feature of interest in the object; and orienting the object such that the
exposed encasement surfaces of the object are non-parallel to the feature of interest so that at least

one exposed encesemaBiaTaceaents tirsightiedeata pLnEshAz:dhesmetag of claim 16,

wherein the layers have upper and lower encasement surfaces and a substantially uniform thickness,

the upper andilowgrsdtacesdpnesubsigniialapasrliel eashothiennds. imartgdatrcanning an

object, the method comprising: (a) providing a system for scanning an object, wherein the object
can be encaseddnRoeitisgiaaterial to form a potting assembly prior to scanning, the system
comprising: a data gathering station including an image data acquisition device that gathers data from
a focal plane, a nTieriakramd il Staons and e stagrcorewligihdheqgofitingrdssemilyvian e secured;
wherein the stage can move toward the data gathering station on a fixed line transverse to the focal
plane; wheseitidhe siystemeirovidéstiat selectivelyethangivepd distancebetveeciathe objiet, when the
object is encased in a potting assembly and secured to the stage, and the data gathering station along
the fixed lindjothereinstiestantietial preaie) dbststidn dhr nelfeatwatpodriioveca suriedind dhe-determined
portions of the potting assembly to expose a new surface on the potting assembly that is positioned in
the focal pkiressfthe stage moves toward the data gathering station when the object is encased in the

potting assembly and secured to the stage; (b) encasing the object into a potting material to form
‘a potting assembigientifying a feature of interest in the object; and

orienting the object such that the exposed encasement surfaces of the
object are non-paraliel to the feature of interest so that at least one exposed
encasement surface extends through the feature of interest.

22. The method of claim 18, wherein the layers have upper and lower
encasement surfaces and a substantially uniform thickness, the upper and lower
surfaces being substantialiy paralle! to each other.

23. A method of scanning an object, the method comprising:

(a) providing a system for scanning an object, wherein the object can be
encased in potting material to form a potting assembly prior o scanning, the
system comprising: a data gathering station including an image data acquisition
device that gathers data from a focal plane, a material removal station, and a
stage on which the potting assembly can be secured; wherein the stage can
move foward the data gathering station on a fixed line fransverse to the focal
plane; wherein the system provides for selectively changing a distance between
the obiect, when the object is encased in a potting assembly and secured to the

stage, and the data gathering station along the fixed line; wherein the material

-~
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(c) while the potting assembly is not moving, progressively removing a portion of the potting assembly
to expose a surface; (d) moving the potting assembly substantially only vertically to a position in a
fixed position focal plane; and (e) scanning the surface. 24. The method of claim 23, further
comprising repeating (b) and (c) after (d). 25. The method of claim 23, wherein the stage moves only
along the Z-axis, the image data acquisition device is stationary and the material removal station
moves only along the X-axis. 26. The method of claim 25, wherein the material removal station

includes a {galhatdRiates-aRGehRHiPHSmove a series of pre-determined portions of the

potting assembly to expose a new surface on the potting assembly that is
pesitioned in the focal plane as the stage moves toward the data gathering
station when the object is encased in the potting assembly and secured to the
stage:

(b} encasing the object into a potting material to form a potiing assembly,

(¢} while the potting assembly is not moving, progressively removing a
portion of the potting assembly to expose a surface;

(d) moving the potting assembly substantially oniy vertically to a position in
a fixed position focal plane; and

(&) scanning the surface.
24.  The method of claim 23, further comprising repeating (b) and (c) after (a}.
25. The method of claim 23, wherein the stage moves only along the Z-axis,
the image data acquisition device is stationary and the material removal station
moves only alohg the X-axis.
26.  The method of claim 25, wherein the material removal station inciudes a

tool that rotates about the Y-axis,

14



