SYSTEM AND METHOD FOR ADAPTIVE MACHINING BACKGROUND [0001]The invention relates
generally to machining, and more particularly to a system and method for adaptive machining Qf _
components such as airfoils. [0002]In many applications, such as aircraft, various parts are byllt with a
particular shape or contour, for example, for aerodynamics. Through normal service, there arises a
need to repair components such as airfoils in aircraft applications, for example. With respect to airfoils,

damage to a leading edge of tisergirferfisone pﬁgme{mgqt@mmp@gms. _Th_e_ leading (_adge IS
subject to foreign object damage or erosion aftey@pered;of service time. A significant savings can be
realized if the damaged blades can be repaired and returned to service. [0003]Conventionally, the

repair has been accomplished by machining away
BACKGROUND

[0001] The invention relates generally to machining, and more particularly to

a system and method for adaptive machining of components such as airfoils.

[0002] In many applications, such as aircraft, various parts are built with a
particular shape or contour. for example, for aerodynamics. Through normal service,
there arises a need to repair components such as airfoils in aircraft applications, for
example. With respect to airfoils, damage to a leading edge of the airfoil is one of the
most common problems. The leading edge is subject to foréign object damage or
erosion afier a period of service time. A significant savings can be realized if the

damaged blades can be repaired and returned to service.

[0003] Conventionally, the repair has been accomplished by machining away
the damaged portion of the airfoils. Welding material was then manually deposited
over the areas that had been machined away. The component was then machined by
referencing a nominal model geometry in an attempt to reproduce the originally
designed dimensions. Then, the component was hand finished, manually machined,

in order to put the component in a serviceable condition.

[0004] However, there are shortcomings associated with the historical repair
method. The method requires leaving a significant amount of material remaining (i.e.,
stock on) after the machining, which must be removed by a hand finishing process.
This is due to the fact that no component, or blade within a component, is exactly at a
nominal condition. The manual nature of the hand finishing process increases the cost

and processing time of the repair. Finally, the method results in significant scrap.
BRIEF DESCRIPTION

[0005] in accordance with one exemplary embodiment of the present
technique, a method of repair is disclosed. The method includes removing a

deformed portion of a component to define a native component portion and adding a



the damaged portion of the airfoils. Welding material was then manually deposited over the areas that
had been machined away. The component was then machined by referencing a nominal model
geometry in an attempt to reproduce the originally designed dimensions. Then, the component was
hand finished, manually machined, in order to put the component in a serviceable condition.
[0004]However, there are shortcomings associated with the historical repair method. The method
requires leaeirigeasigificanoarount okimatexal pentaining tioe., sthekreplraftestheardchiming, which
must be re g finishing, process. This is due to the fact.that no.component, or blade
within a co%%%%%r% iélg%g}gﬂiga?ogsf%n%’%ﬁngor?ait%%ﬁarﬁ%r%%ér}ﬁgl ﬁat%}% of Tt N6 hand ﬁﬁ?srh{ing process
increases thetost anitbpredessing timewt thecrepaile Finglytathetenetfiod:resultshiamignificant scrap.
BRIEF DESCRIPTION [0005]In accordance with one exemplary embodiment of the present technique,

a method ofsepgyr is discipsechHhsmeted ingludes cemaying a defarmed;Portion ofaggmponent to
define a native component portion and adding a
technique, a computer-implemented method is disclosed. The method includes

recelving actual measurements of a component having an undesirable portion. The
undesirable portion includes a deformation, a damaged portion, an undesirable shape,
or a combination thereof. A computer model of the component is transformed based
on the actual measurements and an original design intent, a new optimized desigsn, or

a combination therecf.

[0007] In accordance with another exemplary embodiment of the present
technique, a method of operating an adaptive machining system used for machining a
component having a native component portion is disclosed. The method includes
measuring a first set of points on the native component portion. An initial position of
a computer model of the component is determined by rigid body transformation using
the first set of points measured on the native component portion to form a transformed
computer model. A second set of points is created on the transformed computer
model. The second set of points on the transformed computer model corresponds
with the first set of points on the native component portion. The fransformed
computer mode] is morphed by matching the first set of points with the second set of

points.

[0008] In accordance with another exemplary embodiment of the present
technique, a method of operating an adaptive machining system used for machining a
component having a native component portion is disclosed. The method includes
creating a set of points in & built-up region of a transformed computer model
representative of the native component portion. The method also inciudes applyving a
rigid body transformation and morphing to a plurality nominal cutter contact points of
a nominal tool path so as to match the nominal cutter contact points with the set of
points to form a plurality of deformed cutter contact points; wherein the piurality of

deformed cutter contact points form a deformed tool path.



replacement portion to the native component portion. The replacement portion is adaptively machined
based on one or more parameters of the native component portion and based on one or more original
design parameters of the component. [0006]In accordance with another exemplary embodiment of the
present technique, a computer-implemented method is disclosed. The method includes receiving

actual measurements of a component having an undesirable portion. The undesirable portion includes
a deformatigi(& |[damageih portiod aare unitbszabiees hapen plaaycembiniatient thdrélof Anesamputer model

of the compg entis t%aglsformed based %r%\ éé%qegg?ctual r?re%surements and art.orl '&%lcherﬁ'r%n intent, a

new optimlzeC ggiegn, oF A ComBInation E[&O%Qﬂ N accorgancewith atother exemplary

embodimentyefzthefpresarit téch pigee@mmethoy ofoperdting amadaptiveomachiridgdystédm used for

machining G gmBonent _h%]\lgt(l%%% a nati e £om onent portion is, disclosed Th(g %e@otgldn%pedes

. LT 1 Togramiming  inSUUCHons . store
measuring a irst Setof po T the hatve oniponent portion. An hitia) position of a Computer model

of the compoadntistbatemine disyaigidobedydrasrsiornationl usiagutrefirss set ofopoints:mméasured on

the native companent partion to form.a transformed computer modeI.A%gcor(]igf% g{;ggints is created
on the tran%%‘?%%c? %o%%%sfg??%o 8rﬁl?ﬁ'e srij%:%n 'aé%stl%aglpgo%?g on't nedt“fz(;ims orme corﬁpdtgr model
correspondganitiz¢iepfirsiosetzaf podatrenithsehaativercensporientiportibunrchiie tidrsfanmadasomputer

model is morphed by, matching the first set of poi ith th onds -PQI -accordance
with anothel Semn e e B B e
machining systémtiisediforiivachitingséooomponentipaningrepddtive bompomentpobistdisdisclosed.

The methogincludes creating a.set,gf noinis, A Rullipsaien ol A tansfaed comyter model

representative of the native component porti he niethod also includes applying a figid body
transformatiomanmiimeorgisiegiio a plurality nominal cutter contact points of a nominal tool path so as to
match the nominal cutter contact points with the set of points to form a plurality of deformed cutter
contact poimg; )hregir the plurality of deformed cutter contact points form a deformed tool path.

[0010] These and other features, aspects, and advantages of the present
invention will become better understood when the following detailed description is
read with reference to the accompanying drawings in which like characters represent

like parts throughout the drawings, wherein:

{0011} FIG. 1 is a diagrammatical representation of a system for machining a
component, for example an airfoil in accordance with an exemplary embodiment of

the present technique;

[06012] FIG. 2 is a diagrammatical representation of a component surface
having a warp patch and rigid patch in accordance with an exemplary embodiment of

the present technigque;

[0013] FIG. 3 is a diagrammatical representation of nominal cutter contact
points and morphed cutter contact points generated by an adaptive machining system

in accordance with an exemplary embodiment of the present technigue;

[0014] FIG. 4 is a diagrammatical representation of a flow chart illustrating
exemplary steps involved in adaptive machining in accordance with an exemplary

embodiment of the present technique;
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[0009]In accordance with another exemplary embodiment of the present technique, a computer
program to enable a controller operating an adaptive machining system for machining a component
having a native component portion is disclosed. The computer program includes programming
instructions stored in a tangible medium that enable the controller to receive actual measurements of a
component having an undesirable portion. The undesirable portion includes a deformation, a damaged
portion, an [Mdésirable shape 5ois & abipgvimatian thierepfesEheatompiite fprogrizart dlsstinthgles

programming mstlructlons stored. in a.targgblte medlu%’n that ena(?l%ctrhe cqptroller to Ir ngcl’rmlng a

computer nioderor the ' %%novr?e‘ﬁ%dbé%e I the ActUal easurements and an gﬁg?ﬁ%\ e'sgfgn intent, a

new optimizedotésiga vatteeoambindtioncihéreahBR ANHN GS {0016} ivese .amd other features, aspects,
and advantages of the present invention will become better understood when the following detailed

description gédr?@f with reference. o fhe.accompanving.drawings ipivhiehlike gharactersepresent like

parts throughoutthe drawings, wherein”[0011]FIG. 1s a diagrammatical representation of a system
for machinirgeaptmpeaphinfor es@mpldantietrfofahi BdEovd HISCEORIENSh WXBHIptdS 2nfisédiment of the

present techpigue, 10912152 5 A dirarammaticalieprseniatigual@ companent-susfase

embodiment of the present technique.
DETAILED DESCRIPTION

[0017] As discussed in detail below, embodiments of the present technique
provide a method for repairing a component, for example, an airfoil. The method
includes removing a deformed portion of a component to define a native component
portion. A replacement portion is added to the native component portion. The
replacement portion is adaptively machined based on one or more parameters of the
native component portion and also one or more original design parameters of the
component. Other embodiments include a computer-implemented method, a tangible
medium including computer-readable or machine-readable code, and a method of
operating an adaptive machining system configured to repair a component based on at
least in part on an original design intent, an optimum design, or a combination
thereof, as well as present measurements (e.g., dimensions) of the component
undergoing repair. In one embodiment, the exemplary technique is applicable to a
manufactured component having an undesirable shape, e.g. an airfoil with a blunted

leading edge.

[0018] The exemplary embodiments provide a technique for defining and
machining the final shape of a repaired part. The exemplary technique employs a
geometric model of the component. This model may be a CAD model or geometry
constructed from a library of measurement data. In one embodiment, the model may
be a mesh model. The exemplary technigue extrapolates information from measured
points on the component and computer model to obtain a smooth "as-1s" shape of the

component. An initial position for the computer model is determined using a rigid



having a warp patch and rigid patch in accordance with an exemplary embodiment of the present
technique: [0013]FIG. 3 is a diagrammatical representation of nominal cutter contact points and
morphed cutter contact points generated by an adaptive machining system in accordance with an
exemplary embodiment of the present technique: [0014]FIG. 4 is a diagrammatical representation of a
flow chart illustrating exemplary steps involved in adaptive machining in accordance with an exemplary
embodimeriicafytheapsésentriechriguet<lAk5 k| Goibiis m@ﬁagmimnaﬁcahr@peesérttmimtb,fea flow chart
illustrating exemplar ste S |nv Y}ed in ad tlve machining used,.for achwgn(%%gtg%rfonfm accordance

with an exerﬁnfg f}%m ment 0] lﬁwgrﬁyelsentaflec’ﬁlm U%re erre location “an on

shaping the newly added replacement portion. The trd.nsfonned model geometry is
then deformed using a function or process to smoothly blend the native component
portion with the replacement portion. Actual tool paths or other processing steps are
then derived from either the new geometry, or through the application of the rigid
body transformation and the deformation process directly to nominal tool paths or
process parameters. The shape attributes for the replaced portion may be easily
controlled by the user, allowing optimization and customization of the machining
process. Specific embodiments of the present technique are discussed below referring

generally to FIGS. 1-6.

[6019] Referring to FIG. 1, an exemplary adaptive machining system 10 used
for machining a component 12 such as, for example, an airfoil of an aircraft engine, 1s
illustrated in accordance with certain embodiments of the present technique. The
system 10 includes a measurement system 14 configured to provide a first set of
measurement points 16 on the component 12 having an undesirable portion. The
undesirable portion includes a deformation, a damaged portion, an undesirable shape,
or a combination therecof. It should be noted herein that the measurement points 16
are in the “X, y, z” coordinate system and is referred to as the “measured coordinate
system”. The measurement system 14 may include but not limited to a 5-axis milling
machine, coordinate measuring machine (CMM), an x-ray scanning machine, an
optical scanning machine, or an ultrasound scanning machine. The system 10 also
includes a computer model 18 (e.g., CAD model) of the component. The computer
model 18 of the component is representative of the component geometry, shape,
appearance, or a combination thereof, after undergoing a particular machimng
operation. The computer model 18 includes a second set of points in the “X, Y, Z”

coordinate system and is referred to as the “computer model coordinate system™.

[0020] A computer 20 receives the first set of measurement points 16 and the
computer model 18. The computer 20 is configured to determine the deviation
between the first set of measurement points 16 on the component 12 and the second

set of points of the computer model 18. The computer 20 classifies the first set of
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[0016]FIG. 6 is a diagrammatical representation of a flow chart illustrating exemplary steps involved in
adaptive machining using computer software (e.g., code stored on a tangible medium such as
memory) in accordance with an exemplary embodiment of the present technique. DETAILED
DESCRIPTION [0017]As discussed in detail below, embodiments of the present technique provide a
method for repairing a component, for example, an airfoil. The method includes removing a deformed
portion of ammpmmﬁtt@edﬁfm%aonamewﬁm@mﬁmspmg’w p&dEDlReEMmenthpation. iswaged to the
native compon ortion é glacementlgﬁrtlon 5 adaptlve machlggqa%ased on one r more

[
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machining syg pa&?ﬁlgm} d‘?glpeﬁjaaitrgg Bpor Z s%—lfd SR afieASt ‘g?jf rS?l‘b‘?nEﬁ design
intent, an optitemueastgmnrer aatomblmaammmﬂ;@fzasmwaﬁqoaemﬁmaﬁummﬁﬂa (@g.,
dlmenS|ons) of the comg)?ggrgite%m er omg] alr In on embod|ment%2the exem Ia technique is
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applicable to SR ANttactured compon
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final shape of a repair rt. The exem niq S ic model of th >, component.
This model Phay be &% SEE? fiodel cr?rag%eor%ef}{érgg%gtr:}f\ %%o?étgrlfbré?)? 8#%%%%@%&?85 data. In one
embodimengnthe medelmay becﬁ;mggrmmmik}ﬂhecexempiaty'}te{(}hﬁl‘que'exﬂaﬂﬁjamsm;;rmatlon

from measu ints on th co mponent and puter mode?io obt in.a smooth "as-is" shape of the
component. g Mﬁtléﬂl S%S{lt%% mp@él%%ute??ng%o e iPHster |ﬂe’c§1c i ariglanior 55,5
keyboard 28, and a mouse device 30. The computer 20 operates under control of an

operating system stored in the memory 24 to present data such as the set of
measurement points 16 and the computer model 18 to an operator via the display
screen of the monitor 26 and to accept and process commands from the operator via
the keyboard 28 and the mouse device 30. The computer 20 generates the
transformation model using one or more computer programs or applications (e.g.,
code or instructions) through a graphical user interface. Set forth below is a more
detailed discussion of how the computer 20 generates the transformation model. A
computer-readable medium, e.g., one or more removable data storage devices 32 or a
fixed data storage device 34, store the operating system, software applications, and
other code configured to carry out the embodiments discussed in detail below. The
storage devices 32 and 34 may include removabie media drives and/or removable
storage media, such as floppy discs, compact discs, digital video discs, flash memory,
USB pen drives, and so forth. The storage devices 32 and 34 also may include hard

disk drives.

[0G21] The system 10 also includes nominal tool paths 36 for operating a
particular tool for machining the component 12. After generating the transformation
model, the computer 20 modifies the nominal tool paths 36 to the measured
coordinate system of the component 12 according to the transformation model. Set
forth below is also a more detailed discussion of how the computer 20 modifies the

nominal tool paths 36. The modification of the nominal tool paths 28 resuits in



body transformation computed using points measured on a surface of the native component portion.
This provides an initial preferred location and orientation for shaping the newly added replacement
portion. The transformed model geometry is then deformed using a function or process to smoothly
blend the native component portion with the replacement portion. Actual tool paths or other processing
steps are then derived from either the new geometry, or through the application of the rigid body
transformatiefoanddhe« efetinmdtion prockss: dicactty ito A0 miral deotpithscor progesisp@iameters. The
shape attributes fo‘r; the Orgpl&cl:%q Ppgiosr{nm%y bg:-s%qs(i: : &P%”%”r%%}fﬁ’ the Ilil’}.Sa%[ﬁgilfll%Wing optimization
and custonfization c})]fetﬁe acﬁlnin‘g rocess pecific embodiments of the preserit technique are
discussed below referring generally to FIGS. 1-6. [0019]Referring to FIG. 1, an exemplary adaptive
machining $§88h 10 usedciormachihiig a.cbmpahentil2 dirshaasisicekarnplecaatianfoil of an aircraft
engine, is i siialedin ageauianee wih eariain.ambqdiments Al be puasenk legniaug T system 10
includes a measurement system 14 configured to provide a first set of measurement points 16 on the
componentr2tivaviyiarnenedésicabie horiene Mhisnndesikdisieporlidhrinttedadesbabitndtion, a
damaged ptiof, apHdesibable, share. oba somRinatian thereef it shouldbenoted-hessin that the
measurement points 16 are in the "X, y, z" coordinate system and is referred to as the "measured
coordinate §yst8ustrathe metsuteitlentsysibatachiay Wieiidebuphbnitsdde @A BREIGE Ailling
machine, coueRaL MadsHiing BARDIAR{CYAD - A0CIEY SEaRning MAEhing, apRricA sranning
machine, or'an ultrasound scanning machine. The system 10 also includes a computer model 18 (e.g.,
CAD modeleofitherebaimpsnent qher corableompaesns. of the component is representative of the
component geometry, shape, appearance, or a combination thereof, after undergoing a particular
machining gggration. Th putersmorel d8rscludes asesantssebREPatRiiRihemovnZ"
coordinate system and is referred to as the "computer model coordinate Séstem". [0020]A computer 20

receives th#F&Ese: 8FGHeas e ienPHbIfRs I8 LY the BBHSULEAThotidt 1A HERIBHISUTEE 20 is

configured o gatermiagithe deviationbetivesnneirstselofineastiemenbpeints deionthe
component 12 and the second set of points of the computer model 18. The computer 20 classifies the

first set of RicHaHERRENEPBINGE TECOHME CoRABEAST RS YR plhiehPIsRd % ARS BatHF Piarp patch

may be refagiad 4 as:aLagipa-Proximate te-adeRadr 280e-Phthel Gampariaat anc.Haitipateh may be
referred to as region away from the repair zone of the component. Rigid patch and warp patch are

explained iRt§1&aReFHEAIPHitH réRSroRE Y SBBEqRERHGHES BEIRISTRE coMBEtefLPYenerates a

transformatieq medelthabappraxinates:thedaeformationefiihe measuiad cempanentslarelative to the
rigid patch. The computer 20 may be a general purpose computer such as a work statipn, a personal

computer, SPERSARHiEBORTASHERSTh EoMFIEBIER0 TG HEER S roRaLe di5sD MR RBIMSHY 24

including a sapderhageass Mmemory(RAM)iHead voly memaryROM)and{erspther gompopents. The
computer also includes a monitqr, 26, a keyboard 28, and a mouse device 30. The computer 20
operates un&EFEOHEDI THAD “%iﬂ@‘“‘svs%% &#5ted in the memory 24 to present data such as the set
of measurement points 16 and the computer model 18 to an operator via the display screen of the
monitor 26 Eii24d accept dhel prosessneotrayrsiaas iffomtirel operatsnvia theskeyhoardi28 add the
mouse device go. Thtercg‘)m ag%eg (&Qe}% 1rvaetes }%% tr Qsef)?r%{gtg%?nmg%eltulsjng,l%réec%gn more computer
programs o(r)%pﬁ?ic%lﬁgnslire.g., Sode of instruttions) t rough a graBﬁlca user interfacer 8et forth below
is a more detailedidissussitnret hoththeenmplies2@generates] therttan sfoi vaationamddeli A
computer-readable medi e.g.,one.qr more removable data storage devices 32 or a fixed data
ctorage deve B e oo S R B RE PR BT e o
carry out thesembogirnents discussiedimdetaffbeloweThelstbragedevices@2dnaS4ystaminclude
removable media drives and/or removaple, stora edia, such as.fl discs, compact discs, digital
e disce AL o B e B e ey
include hardrdiskdiffeesit measurements. The computer model 18 is subjected to rigid body

transformation and morphing according to the measured first set of points 16. As
known to those skilled in the art, rigid body transformation may be referred to as a
rigid body motion wherein an object may be moved from one position to another

without altering the shape and size. Typical rigid body transformations involve



[0021]The system 10 also includes nominal tool paths 36 for operating a particular tool for machining
the component 12. After generating the transformation model, the computer 20 modifies the nominal
tool paths 36 to the measured coordinate system of the component 12 according to the transformation
model. Set forth below is also a more detailed discussion of how the computer 20 modifies the nominal
tool paths 36. The modification of the nominal tool paths 28 results in deformed tool paths 38. A
milling conttoifstat®@usesahendefdmedddoot pdths88itg prockss thmredmpenericdhingnsitigle pass

machining of uICrssmasniing, 0022RSlering 8 FI. 2,41l faue.s adlagammagea
representation a component surrace o) e component havmg a hative portion and a

built-up portinstfiinzacgot dedyewitiamege mplanyernibedimentpbfitd presemeteetiqueh In the
lustrated empodiment, the compaent-hais an ajrfol The alifollis ysed onlyfor luisiratian of the
disclosed embodiments, w idh are not fimited to any particular 6fype o?%on‘fponentmog application. The
exemplary tediguécisregueadlyhapidicablie: fortregairthpplicatishs Dhethersuitabietomponents.

[0023]Repajring service. artség uch.as airfoils).often includes removin maged sections,of the part
a&;ﬁ ) ve" anipone 1? Opaon i hgg S(fﬁgées’g%s%f:}ﬂglﬁssw%g%tﬁcegﬁ?\g% gh?%cs?-lup or some

to produce a "native” part, and then replacing t
other metalli8.substitgié thathmil/ belmavhine gaoray Gogpeodisos Berk padet partbydsmieothly blending
the native H?J%\%%%Q the E&@tggP&%{&i&Q‘ﬁé’%l%l%”gé% oLine IsRa rrfagl A Il .36‘%8864;{‘&'”9. for rigid
body errors In the original native part’'s shape or position, chiange in part geometry due to Service, and
any local warpirigpimidticelthy treatingthmecdative. niterialbduningbuildupaprocéssesh? haeiéxemplary
embodimens epbis ysers o maniain oLapRroadh desian st oLI? geYmEe el degign based
upon the shape ot native (remairiing) portion of the part before repair.

rigid patch 48. Points 54 proximate to the built-up region 46 (thinner regions of the

part) are referred to as the warp patch 50. The rigid patch 48 provides an estimate of

the shape change as well as errors in positioning and orientation of the component 12.

The warp patch 50 may change shape significantly due to heat and service, Defining

relevant patches on the native component portion 44 and manipulating the patches in

a sequence, enables the present technique to obtain a smooth shape and properly

defined features.

[0025] Referring to FIG. 3, this figure is a diagrammatical representation of
nominal cutter contact points 56 and morphed cutter contact points 58 generated by
the machining system in accordance with an exemplary embodiment of the present
technique. In the illustrated embodiment, to define the final geometry to be machined
from the built-up region of the component 12, the computer system 20 creates a set of
virtual points in a built-up region 46 of the transformed computer model. The built-
up region 46 of the transformed model corresponds with the built-up or replacement
portion of the component 12. These virtual points may be manipulated for purposes
of matching original design intent or creating new optimized shapes at the point of
repair or manufacture. The nominal tool path 36 is registered to the set of virtual
points on the transformed computer model. The nominal tool path 36 is then
subjected to rigid body transformation and morphing according to the set of virtual
points so as to match the nominal cutter contact points 56 of the nominal tool path 36

with the set of virtual points of the transformed computer model to form the plurality



[0024]The measurement system 14 is used to measure a first set of points 16 on the outer surface of
the native portion 44 of the component 12. The computer model 18 is registered to the measured first
set of points 16 on the native portion 44 of the component 12. It should be noted herein that image
registration may be referred to as a process of transforming different sets of data into one coordinate
system. Registration is required in order to be able to compare or integrate the data obtained from
different medsureniedtsr ThéocompatetemonehdiBrsisthidctetito plgiclbydy! tdefisfordatiar:and
morphing according to_the measured first set of. points 16., As wn to.those skilled in the art, rigid
body transft%cl)nrll){zfi1 |€ ﬁ%%tg bée’@reﬁéﬁgd o %esi%glﬁa?d E%O y %'% |‘onkv{\]/ﬁeererﬁz%IESJLI[r%:%’tl)‘sj'icl)ctr 1lgﬁgyr%)%%ﬁioved from
one positionrtoshmotiveg, withb uthakehing the: skapkiard size glagpicalitgid bedy trafistekmaations involve
wanslation, fqtation. aadgefleetion Moraling.may e eferied to. a5, technighe hat changes (or
morphs) one |m§ge Into another through a seamle 5 fransi |on.mﬁ‘|e reglé?enng, rigid Boc?y
transformingeiatd Thonpling affsexitainadidsgredtendedapotitly kefehe nemtdosuledecprentftow charts. In

the iIIustrat%gI ng‘QOd ent, th% (%rprgg&eguzf%init(i)ailll Sdaée(g ih%S éfhﬁ% Qr?o‘é!a%éo? beam%gnath%first set of
measurement points i on}% e native componen porﬁon 4'and the Second st of poin%s of the
computer modehit®. derigitl maech 48 amdimavagypaptimbiedrehigienstifiedhbgsedt o thgpgewation

between the fi f peints 16 on the.native component partion 44, and the second set of points of
the comput%lrgf@g(’g}l%& oin%tls111 Zgﬁwl%t?ielrg}ee&gh ésva)l}l %1?% @Fes Biligﬁgl%}ﬁlﬁe%@[%%%% e O(Tpoints taken
in thicker areasofithe pathcarenrsferrad 18 assthéigihpatéh48.cPointstb4 proximatedaathe built-up

region 46 (Qﬁgﬂgﬁ\;g%% O%%H% gg{gnare referred to as the warp patch 50. The rigid patch 48 provides
an estimate of the shape change as well as errors in positioning and orientation of the component 12.

The warp patch 50 may change shape significantly due to heat and service. Defining relevant patches
on the natil@&8rhponentsdrioRu4and mariptkgingawre phitcheSar acketuéliegraingblencthe present

technique te,Qbigin-3 SRR And PEaRsrlx Aefined featissH00eoIRefering iR FIG, 3, this

figure is a diagrammatical representation of nominal cutter contact points 56 and morphed cutter

contact poiffaBg igHbs e dsF e R HIFSHE s $teprERC rdh cel Witanrsasensplapg i8mbodiment of
the IOresentl@@ﬂrﬂﬂé‘ﬁaﬂﬂzéQ%MB%H@&@%&H&PQM%}ESE%Q@W fhe dinakgeometpyig b machined from

the built-up region of the component 12, the computer system 20 creates a set of virtual points in a
built-up regiefFuE oM EtFaPRIFGINTRP B RIPERE PR 6 die-opregoment BisteRtidngi8rmed model

correspondg,with:thebuiluR-eri reRIaeeMENh BN ofile compenent 13..T heas yirualpoints may be

manipulated for purposes of matching ori ina?design intent or creating new optimized shapes at the

point of rep@§ BEifaAtHsRtIrR TS ISh A T3S BRI BIEHE Jik BBt RuEPRiRtAbints on the
transformed compiéehmadiats Tirennoringhiee! Radi3ikisihepdauhiested indigidhody ansformation

and morphing according to the set of virtual points so as to match the nominal cutter contact points 56

of the nomiFIPERBEDath BessiHiRsHRCSBI B ISFr b MseEC BRite R HE b PneBdthe FFURIIERS el to form the
plurality of merabratdeformed cuilel.cantart peinte 8 theyiality ehdefermed cytter

48 and warp patch 50 are identified based on the deviation between the first set of

points 16 on the native portion and the second set of points of the computer model 18.

[0027] The computer model 18 is then registered to the first set of
measurement points 16.  The computer model 18 is subjected to rigid body
transformation and morphing according to the rigid patch 48 as represented by the
siep 66. The method further includes creating a set of corresponding points to drive
morphing. In other words, each of the measured points 16 on the native portion 44 (in
both rigid and warp patches 48 and 50) is matched with the closest point on the
registered (transformed) computer mode! 18 as represented by step 70. Transforming
the computer model 18 in the warp patch 48 includes creating a set of virtual points in

the transformed model that are adjustable to achieve original design intent, new



contact points 58 form a deformed tool path. The registering, rigid body, transforming, and morphing
are explained in greater detail with reference to subsequent flow charts. In some exemplary
embodiments, the nominal cutter contact points 56 may be offset from the set of virtual points of the
transformed computer model to form the deformed cutter points 58 of the deformed tool path so as to
matching design intent or creating new optimized shapes at the point of repair or manufacture. In
some embagtiteins] thesiriginal desigminciucingteenfetry Bind/orgdimengions! of-ikid copdponent 12
may be adj %Sqo%%%d rg)ge?ﬁcﬁual measu %g]s{lggeogu@e native comrpoH.ent portion. [0026]Referring to

FIG. 4, this Tigure is a flow ¢ a%taifﬁjsfjr%ﬁhg one exemﬁfgr%eg%ag%%rﬁgnt of steps involved in adaptive

machining. In the illustrated embodiment, the measurement system 14 generates a first set of

measurgmdﬁﬂ%%_]nts 16 dn the M%@dm@ném@ﬁrﬁbﬁmmﬁht@ww theesitepob®. (Rhe computer
20 receives,thg firsh set of measuie Wl?enh&?éz@t%érﬁéiﬁ%@htt HHGASK ement @8%&2%&3&%&?‘9 computer

model 18 of the component. The computer 20 then determines the deviation rst set of
measuremesnptieis 2l Sopsthe matvengo M emdiisecsavorier seedflpdints.of the pemputed model 18

as represenigd by the step82, Lhe.campiee 0 %agéiﬁﬁesl{&?vﬁr%én%g%ﬁg%ﬁ%ﬂﬁg ints 16 on

the component 12 into rigid patch 48 and warp patch 50 as repres e step 64. The rigid patch
48 and warpiphtch Boraresidentified tbaseephtehengeviatioasetivemaatip it seses of poisis6 on the

native portig apdithe;sacand,setafraints of 5@%&0%@%&&91%]&8%% 800241 he ﬁgga%gg model 18 is

then registered to the first set of measurement points 16. The computer model 18 is subjected to rigid
body transfbeiiegBntiznderaTpEh g aseordingrtaithendgitieparersug ddrapredentedthy thsietep 66. The

method further ipcludes creating aselahsocespending paintsdo.diive Spormbings IR.ALhgRords, each

of the measured points 16 on the native portion 44 (in both rigid and warp patches 48 and 50) is
matched witf thapRose Sropeineerions registéhe oranstsimeds cotputaprastiEsrenrsmesented by

step 70. Tragsfpiming the compuiermadel 4845108 watp,paieh ﬁ/&éﬂ%&%ﬁfﬁé&ﬂ% Sehof virual

points in the transformed model that are adjustable to achieve original design intent, new optimized
design, or @¢eribIeatich trereorsT i sesterigiurelinglddsdagiearisinatonadeiailsederdlescribed in

the subsequent PRI Inctions. The computer 20 optimizes the mapping functions to
minimize the distance between the point locations of the computer model 18 to the
measured locations of points 16 on the native component portion 44. Suitable
mathematical functions may be used as the optimization function. After optimizing
the mapping functions, the computer 20 then transforms the point locations from the
computer model 18 to the measured locations of points 16 on the native component
portion 44. In particular, the optimized functions act as basis functions to transform
the computer model coordinates and vectors to reflect the deformations measured in
the nafive component portion 44. The transformation enables the original set of
computer model 18 points to reside on or substantially near the actual measured
points 16. The computer 20 generates a tensor for morph using the transformed
computer model points as represented by the step 70. A tensor may be referred to as a
generalized linear ‘quantity’ or 'geometrical entity' that can be expressed as a mulii-
dimensional array relative to a choice of basis of a particular space on which it is

defined.

(0029] Rigid body transformation is applied to cutter contact (CC) poinis of
the nominal tool path 36 as represented by the step 72. In other words, After

transforming the computer model 18 according to the native component portion 44,
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[0028]In the illustrated embodiment, the computer 20 obtains a series of n (X, y, z) points measured on
the native component portion 44. The computer 20 then generates a series of n pairings between the
computer model 18 (X, Y, Z) points and the n series of measured (X, y, z) points 16 on the native
component portion 44. Each of the n pairings between the computer model 18 and the measured
series of n points 16 substantially correspond to each other. After generating the series of n pairings

between thelgompuiesdn odehldigrintmhansh g meaasurpaRoings 16:90 the.sative GRMpRRENt portion
44, the com%uter Zofrg%ermines a plurality of mapping functions for mapping point locations from the

computer mOdET e to B prEKiF SRR R R Fane 6P sbied O Alth & 0B ShiseRidREDortion 44.

Mathematicaldusictians sughiag pedynenmialfunstinms, irigeprametsic funstions arlagisakiypctions may
be used as the ma pin%f nctions. The computer 20 optimizes the mapping functions to minimize the

distance befiEEAThE BBThCICUAINHSE SF e compiiter HBREIA 8% tRE HMdatedateation st points 16

on the nativeom;ma@rmm@ﬁr@i&@iﬁélt@%ﬁﬁ%ﬁi@@&ﬂ@ﬁpﬁ%@hﬁm@&iﬁnW&o&%ﬁé@@@%i}ﬁe@mimization
function. Af:@rﬁo timizing the mapping functions, the computer 20 then transforms the Eoint locations

from the coMiSUTEY THGH M3 P th S RS e IS BT bSO IRt E 6 on Hhe RetvBAL&AbBAENt portion

44. In particiéais the npizetddfupcipnsiast gsihagsiucianade-Aansoun thesempuigemodel
coordinates,and vectgés o reflect the defoimations measured in the native component portion 44. The
1

transformationPERABIE-tAY SAGThRPLE BICSRGT R Fhaudr4es pBm i taiasite bResissdbstintially near

the actual meassired fainisHkendhe cempulerR0 senertesRdenser faemarph usingdhe dransformed
computer mo lerpoints as re_gresent?d by the séegxm A tensor may be referred to as a generalized
linear 'quanﬁ’f%’o SREThetidhF TR tRRFEaBExpradEa P RB KRt nteHSw AFPradfative to a
choice of basiscabasparteulamsipacedon putiers i, ishdefinesud@0291Rigiskbadydransiermeation is applied
to cutter contact (Cgﬁi‘points of the no?‘ﬂnal tool path 36 as represented by the step 72. In other words.
After transfé)ragrﬁﬁg ¢ ISMBULST TOHRT 18 SNSRIy the padOd Mo Aferert SUtRsrFaatacthe

computer 2@shadifies hanaminmkidedfagam 3B tasthe raeasdieskcoRrdipateisyatem of theanative
component portion 44 according to the transformed computer model. The nominal tool paths 36
include a plEFRI S RO 5?&%% PR Wgﬁnfgae‘i‘%ﬁ]in"a‘l@%ﬁ‘f@?ﬂ?%?f@?@b%éining the
nominal toohpaths I6isthefeomputes 20fthemabisssihe apiiniaedonaapineiypetions dihg computer
20 applies tpe op! im% ng;gin%functiorg tgﬁhﬂ?11 nqr%r_[%i?qal tool paths 36, The nominal tool path 36 is
registered to"the S&t SPUTRTA poisRydhied 8 HENSRrhEP CoRIBUtErRIdde PHiTSSiEIar, for
each point andaoréctanibatindisdesi theinemiralitgohpatbs:asihe mappingfunetiens movs the tool
path into an appropriate orientation and. position with respect fo the transformed model. After applying
b AR e P‘%ﬂﬁﬁaf}fgé%éfﬂ 1%’61,{ tﬁ%oid?ﬁgﬁte?%éeé%]ﬁ%r&e@‘fhe

the optimized mappm% Hfictions 15

deformed takifpathd. Thel tenser 68 Mdrph tBgenerateid:acording tadheddeiormedeuttergontact
points 58 oflth defor edutf)o ath 38 as represented by the step 74. As ed previously, in

| iscus
some exem Bl%ﬁyl/l%l%gltfi%eﬁ%%ﬁ% Rominal cfﬁ r?@ﬁﬁ%ﬁ%é@t@% &y a?oaﬁsgflﬂ%%tﬁ‘f’é set of
virtual pointsatifs!# ttansteimedicomputenmode] to-fordi:ihadefeormed cuttes poinieH8 efihe deformed

tool path 380f%r ntlQZeeg%r J0se 81‘ matc%ingﬁgrig{'ga! d ._sig%intent or creating new optimized shapes at the
point of repalt o mantTachurs. THE M SHTICRICH B the HonTIEMBEE AL SESFEE TR ¥ teformed
tool paths 38; thattheersacitiniiercdthpsestolcontnl agaattiselaranashinifg/ mansdactudagaeocess, The
controller 490%%%5%303%? {gzleq,tpqlzglatgs 38 to machine the component 12 accordirclig to the
original deigh INtent, Rew optimized design ~or 2 Compbinatich thereor ARG RRhiITNG S ThE
measuremént gointE161e themaahinedicompaiieribiRi rhayeagainybeemsichedwvitiithe points on the
computer model 18 to\chegf fcr)r any devialtionsé(rlﬁ verification purpase as re resenltfed by step 78. The

exemplary Pélgﬁ%rllc?&le thsciosedNisrain May 58 SERHTR oty Ot Atitwe ERSEoREol PiEEsses such as

drilling, millimg,-teming ninspeeting; forging:, norfacorfiachigasytament systgms, surface finishing
systems. or the like. [0030]Referring to FIG. 5, this figure is a flow chart illustrating one

[0030] Referring to FIG. 5, this figure is a flow chart illustrating one
exemplary embodiment of steps involved in adaptive machining using computer
software (e.g., code stored on a tangible medium such as memory). In the illustrated

embodiment, a first set of measurement points 16 on & native component portion 44 is

11



exemplary embodiment of steps involved in adaptive machining using computer software (e.g., code
stored on a tangible medium such as memory). In the illustrated embodiment, a first set of
measurement points 16 on a native component portion 44 is measured using a measurement tool. A
computer 20 receives the first set of measurement points 16 from the measurement tool via a
communication port as represented by the step 80. The computer 20 also receives a computer model

18 of the componaid 12k heneamsLibeation Porh Therpemputer 2Qdsihemusgdioparse the points
data to obtain a points file as re%%e ented by the step 82. In other words, the computer 20 determines

the deviatioR BEIESTThEHLS set JF I AL BT HERAS 1O the RANB BB e Pfhe second

set of pointsgfthencanputps mesen] STRhe campteri2blclassifiessthe:firshset of saspsyrgment points

16 on the component 12 info rigid patch 48 and warp patch 50. [0031]The computer 20 then runs a
registration SSHWARBFEY tlél‘lY ‘ﬁqﬁgﬁf’maaﬁ’ﬁwgge 0 BRI b S ReFsgistered to

the first set terpeassrgment Feiits 4 folhe BRMputermadel 18 imsubiacted o NigidbeEYs,

transformation according, to the rigid patch 48. The method further includes creating a set of
corresponditr% B%%‘Fﬁé“%géﬁ\?&iﬁw%ﬁﬁ BUEPR BRI e e e theh Sifed sEnT BAMRE native

portion 44 (irs hethirgidindpyaiprpatches 48 anebhl)ds majhied withihesinsest Reiatorpthe

registered (transformed) computer model 18. The computer 20 then runs a tensor program as
re;g)resenteaf:f y HEEHES i?é} ﬁ‘%%s’é[b%b%‘?egllﬁbSﬁéHgfg’@‘g%}?%lpﬂipﬁéﬁnﬂrhg?ﬁgcﬂ@ﬂ%formed

computer middeitpoeipis FAOB2pAier wransfarohing the computer model 18 according to the native

[0031] The computer 20 then runs a registration software program as
represented by the step 84. The computer model 18 is registered to the first set of
measurement points 16. The computer model 18 is subjected to rigid bedy
transformation according to the rigid patch 48. The method further includes creating
a set of corresponding points to drive morphing. In other words, each of the measured
points on the native portion 44 (in both rigid and warp patches 48 and 50) is matched
with the closest point on the registered (transformed) computer model 18. The
computer 20 then runs a tensor program as represented by the step 86. The computer

20 generates a tensor for morph using the transformed computer model points.

10032] After transforming the computer model 18 according to the native
component portion 44, the computer 20 then runs a tool path transformation program
as represented by the step 88. The computer 20 modifies the nominal tool paths 36 to
the measured coordinate system of the native component portion 44 according to the
transformed computer model 18. After applying the optimized appropriate mapping
functions to the nominal tool paths 36, the computer 20 generates the deformed tool
paths 38. The tensor for morph is generated according to the deformed cutter contact
pomnts 58 of the deformed tool path 38. The deformed tool path 38 is then
communicated to a machine tool via a communication port for machining the

component 12 as represented by the step 90,

[0033] While only certain features of the invention have been illustrated and

described herein, many modifications and changes will occur to those skilled in the



component portion 44, the computer 20 then runs a tool path transformation program as represented
by the step 88. The computer 20 modifies the nominal tool paths 36 to the measured coordinate
system of the native component portion 44 according to the transformed computer model 18. After
applying the optimized appropriate mapping functions to the nominal tool paths 36, the computer 20
generates the deformed tool paths 38. The tensor for morph is generated according to the deformed
cutter contact.pdints B8efdhe deisrmet:taobpataBtcThmeaeiotmbdodrpatiic’dds themweammunicated
to a machine,tool,via a munication port for machining,the component 12 as represented by the
Stop 90. [00N3TVATE Seyr LR ToA L P e InvA o RAuG BRLN NI AIS ANd described herein,
many modifications and changes will occur to those skilled in the art. It is, therefore, to be understood
that the appended claims are intended to cover all such modifications and changes as fall within the
true spirit of the invention. CLAIMS: 1. A method of repair, comprising:



removing a deformed portion of a component (12) to define a native component portion (44); adding a
replacement portion (46) to the native component portion (44); and adaptively machining the
replacement portion (46) based on one or more parameters of the native component portion (44) and
based on one or more original design parameters of the component (12). 2. The method of claim
1, wherein adaptively machining comprises madhikiipthe deformed portion on an airfoil (12) at least
generally consistent with an original airfoil design despite warping and/or damage to the airfoil (12) as
evident by measurements taken on %he native component portion (44) of the airfoil (12). 3. The
method of claims 2 or 2, &mﬁﬁgﬁaﬁ JaR%tTG 3R 6¥dmal design, including geometry and/or
dimensions, based®@roagidabmeasriementsiohthel nativereprapengnt pattiatefine 4. Aetive
computer-implemented methog comprising: receiving actual measurements of a component (12)
having an UrBRRFABIERSEHTSH, Wherein the undesirable portion comprises a deformation, a damaged
portion, an undesitaidlieshapsi-oéaeombinati otothergafhaivt contransfonminga(ddmpuder model (18)

f he component 1) el . o ciel MEERUSIES Y TR SESHRIIE A"

parameters of the native component portion (44) and based on one or more original

design parameters of the component (12).

2. The method of claim 1, wherein adaptively machining comprises
machining the deformed portion on an airfoil (12) at least generally consistent with an
original airfoil design despite warping and/or damage to the airfoil (12) as evident by

measurements taken on the native component portion (44) of the airfoil (12).

3. The method of claims 1 or 2, comprising adjusting an original design,
including geometry and/or dimensions, based on actual measurements of the native

component portion.

4. A computer-implemented method, comprising:

receiving actual measurements of a component (12} having an undesirable
portion, wherein the undesirable portion comprises a deformation, a damaged portion,
an undesirable shape, or a combination thereof: and

transforming a computer model (18) of the component (12) based on the actual
measurements and an original design intent, a new optimized design, or a combination
thereof.
5. The computer-implemented method of claim 4, comprising identifying

deviation between the actual measurements and points in the computer model {18).
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5. The computer-implemented method of claim 4, comprising identifying deviation between the actual
measurements and points in the computer model (18). 6. The computer-implemented method of
claim 4, comprising identifying a rigid patch (48) and a warp patch (50) on the component (12) based
on deviation between actual measurements and the computer model (18). 7. A method of
operating an adapfive mathéringsystermplontoraharhiinidadeompbrentiflnaading & mngtive
oo P4 GaTAPnG. Meaauing ) Uishaetahaints (1) ofuthe prtie camponent
portion (44); determining an initial position of a computer model (18) of the component (12) by rigid
body transfbrtvetiorecisitgnbestirsnsatofoims ¢ag)une asuteld bh-the native component portion (44) to
form a transformed computer model; creating a second set of points on the transformed computer
model; wherein the second set of points on the transformed computer model corresponds with the first
set of points (16) oh the nAtivecturdpohentgaiition (U4Rrdantive meshphing theterandfdtméer computer

model by m&%@lﬂﬁn@ﬁ E&Sﬁ{;ﬁﬁ{eﬁ Pﬁﬁ'ﬁ?‘d%@ X"Hﬂi@éecﬁﬁ%%ﬁ%&ﬁgg i@ﬁ)g comprising:
measuring a first set of points {16) on the native component portion (44);
determining an initial position of a computer model (18) of the component
(12) by rigid body transformation using the first set of points (16) measured on the
native component portion (44} to form a transformed computer model;
creating a second set of points on the transformed computer model; wherein
the second set of points on the transformed computer model corresponds with the first
set of points (16) on the native component portion (44); and
morphing the transformed computer model by matching the first set of points

{16) with the second set of points.

8. A method of operating an adaptive machining system (10} for
machining a component (12) having a native component portion (44}, comprising:

creating a set of points in a built-up region (46) of a transformed computer
model representative of the native component portion (44); and

applying a rigid body transformation and morphing to a pluraiity nominal
cuiter contact points {56) of a nominal tool path (36) so as to match the nominal cutter
contact points (56} with the set of points to form a plurality of deformed cutter contact
points (58); wherein the plurality of deformed cutter contact points (58) form a

deformed tool path (38).

9. The method of claim 8, wherein morphing the plurality of nominal
cutter contact points (56) of the nominal tool path (36) comprises overlapping the
nominal cutter contact points (56) with the set of points to form the plurality of

deformed cutter contact points (58) of the deformed tool path (38).
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8. A method of operating an adaptive machining system (10) for machining a component (12) having a
native component portion (44), comprising: creating a set of points in a built-up region (46) of a
transformed computer model representative of the native component portion (44); and applying a
rigid body transformation and morphing to a plurality nominal cutter contact points (56) of a nominal
toot path (36) so a$to makth thethorinbldsitter Contaét pohstsithbehovithitize et pfyelintis td form a
plurality of deform cytter c ints (58 er ll; ur% y.of defor tact points
(58) form a{:‘ie?(l)r 0{3“(1)tcp())<'£11 F PQS 6%6( %e’t yréelt g1dn 0 %?%I f (%E r§|n %%r%%mg igg;%urality of
nominal cuttee cm)matal pwiits Qﬁﬁyagf mem&)(ﬁ@afrtunltpattﬁ(aﬁ)mummnséerov@ﬂapbm@lm@hominal
cutter contact 0|nt Wlth th sei t far alit formed cutter contact points
(58) of the e orme [E ?Ht? 5701 %% %erg] gf%ég)é %‘%’g{w erein morphing the plurality of
nominal cutter contact pomts (56) of the nomlnal tool path (36) comprises offsetting the nominal cutter
contact points (56) from the set of points to form the plurality of deformed cutter contact points (58) of
the deformed tool path (38).
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