ADDITIVE MANUFACTURING SYSTEMSAND METHODS OF
CALIBRATING FOR ADDITIVELY PRINTING ON WORKPIECES

FIELD
[0001] The present disclosure generally pertains to additianufacturing
systems and methods of additively printing on wagkes, and more particularly to
systems and methods that include a vision systerfigtwed to locate workpieces and

an additive manufacturing machine configured totpon the workpieces.

BACKGROUND
[0002] An additive manufacturing machine or system mawtidzed to produce
components according to a three-dimensional compubelel. A model of the
component may be constructed using a computer aegdn (CAD) program, and
an additive manufacturing machine or system maytiadty print the component
according to the model. With previous additive ofasturing machines or systems,
typically, components are additively printed onugldplate and/or within a build
chamber. After the additive printing process impteted, the components are
removed from the build plate and/or the build chanfbr further processing. The
build plate and/or the build chamber are not pathe component being additively
printed, but rather, the build plate and the baldmber respectively provide a
surface and/or a medium to support components glting additive printing process.
As a result, the specific location of the final adely printed components on the
build plate and/or within the build chamber may betof particular importance
provided that the components are successfullyguiat intended by the CAD model.
[0003] However, according to the present disclosure, iilditve desirable to
utilize an additive manufacturing machine or systeradditively print onto pre-
exiting workpieces, including additively printingnto a plurality of pre-existing
workpieces as part of a single build. When adelyiyrinting onto such workpieces,
it would be desirable for additive manufacturingamaes, systems, and methods to
additively print onto pre-existing workpieces wgtfficient precision and accuracy so

as to provide near net shape components. Accdyditigre exists a need for



improved additive manufacturing machines and systemd methods of additively
printing on workpieces.

[0004] The workpieces contemplated by the present disddsglude originally
fabricated workpieces, as well as workpieces irgertd be repaired, rebuilt,
upgraded, and so forth, such as machine or devitgaonents that may experience
damage, wear, and/or degradation throughout teence life. It would be desirable
to additively print on workpieces such as machindavice components so as to
repair, rebuild, or upgrade such components. lild/also be desirable to additively
print on workpieces so as to produce new comporsmis as components that may
exhibit an enhanced performance or service life.

[0005] One example of a machine or device component ieslaah air foil, such
as a compressor blade or a turbine blade usetlilbamachine. These air foils
frequently experience damage, wear, and/or degosdiroughout their service life.
For example, serviced air foils, such as compresisales of a gas turbine engine
show erosion, defects, and/or cracks after long tese. Specifically, for example,
such blades are subject to significant high steeasd temperatures which inevitably
cause blades to wear over time, particularly neatip of the blade. For example,
blade tips are susceptible to wear or damage fratioh or rubbing between the
blade tips and turbomachine shrouds, from chendiegtadation or oxidation from
hot gasses, from fatigue caused by cyclic loadmyumnloading, from diffusion creep
of crystalline lattices, and so forth.

[0006] Notably, worn or damaged blades may result in nmecfailure or
performance degradation if not corrected. Spedlficsuch blades may cause a
turbomachine to exhibit reduced operating efficieas gaps between blade tips and
turbomachine shrouds may allow gasses to leak giwthe turbomachine stages
without being converted to mechanical energy. Wéféniency drops below
specified levels, the turbomachine is typically oced from service for overhaul and
repair. Moreover, weakened blades may result mptete fractures and catastrophic
failure of the engine.

[0007] As aresult, compressor blades for a turbomachmméyaically the target
of frequent inspections, repairs, or replacemefts typically expensive to replace
such blades altogether, however, some can be eelpfair extended lifetime at



relatively low cost (as compared to replacement wittirely new blades).
Nevertheless, traditional repair processes teite t@bor intensive and time
consuming.

[0008] For example, a traditional repair process usesldinggcladding
technique whereby repair material may be suppbeariepair surface in either
powder or wire form, and the repair material mayrmdted and bonded to the repair
surface using a focused power source such asradéabeam, plasma arc, or the like.
However, blades repaired with such a welding/clagdechnique also undergo
tedious post-processing to achieve the target gegraed surface finish.
Specifically, due to the bulky feature size of Wnelding/cladding repair material
bonded to the repair surface, the repaired blagtpsine heavy machining to remove
extra material followed by polishing to achieveagget surface finish. Notably, such
machining and polishing processes are performeal gingle blade at a time, are labor
intensive and tedious, and result in large ovéahlbr costs for a single repair.
[0009]  Alternatively, other direct-energy-deposition (DEDgthods may be used
for blade repair, e.g., such as cold spray, whigkcts high-speed metal powders to
bombard the target or base component such thatothvders deform and deposit on
the base component. However, none of these DEDadstare suitable for batch
processing or for repairing a large number of congmbs in a time-efficient manner,
thus providing little or no business value.

[0010]  Accordingly, it would be desirable to provide impeadl system and
method for repairing or rebuilding serviced comptse More particularly, additive
manufacturing machines and systems for quicklyedfettively rebuilding or
repairing worn compressor blades would be partrbutiesirable.

BRIEF DESCRIPTION
[0011] Aspects and advantages will be set forth in patténfollowing
description, or may be obvious from the descriptmmmay be learned through
practicing the presently disclosed subject matter.
[0012] In one aspect, the present disclosure embracedsett calibrating an
additive manufacturing system. An exemplary metimay include comparing a
digital representation of one or more calibraticarks to a calibration-CAD model



that includes one or more model calibration maaksl applying a calibration
adjustment to one or more CAD models based at ilegstrt on the comparison. The
digital representation of the one or more calilmratnarks may have been obtained
using a vision system, and the one or more caldraharks may have been printed
on a calibration surface according to the caliboreCAD model using an additive
manufacturing machine. The calibration adjustrmeay be configured to align the
one or more CAD models with one or more coordinatdéle additive manufacturing
system.

[0013] In another aspect, the present disclosure embeaithsve manufacturing
systems. An exemplary additive manufacturing systeay include a controller
operably coupled to a vision system and an addmigaufacturing machine. The
controller may include one or more computer reaslai¢dium and one or more
processors. The one or more computer readableumeday include computer-
executable instructions, which, when executed byotiie or more processors, cause
the additive manufacturing system to perform abeation. In an exemplary
embodiment, the computer-executable instructiong caase the additive
manufacturing system to compare a digital repredgemt of one or more calibration
marks to a calibration-CAD model that includes onenore model calibration marks,
and apply a calibration adjustment to one or mak® @odels based at least in part
on the comparison. The digital representatiorhefdne or more calibration marks
may have been obtained using a vision system,randrte or more calibration marks
may have been printed on a calibration surfacerdougpto the calibration-CAD
model using an additive manufacturing machine. @didration adjustment may be
configured to align the one or more CAD models waitie or more coordinates of the
additive manufacturing system.

[0014] In yet another aspect, the present disclosure exabi@mputer readable
medium configured to cause an additive manufaajusistem to perform a
calibration. Exemplary computer readable mediung melude computer-executable
instructions configured to cause the additive maaciufring system to compare a
digital representation of one or more calibraticarks to a calibration-CAD model
that includes one or more model calibration maaks] apply a calibration adjustment
to one or more CAD models based at least in pathertomparison. The digital



representation of the one or more calibration markg have been obtained using a
vision system, and the one or more calibration sanky have been printed on a
calibration surface according to the calibrationBC/odel using an additive
manufacturing machine. The calibration adjustnrmeay be configured to align the
one or more CAD models with one or more coordinafdke additive manufacturing
system.

[0015] These and other features, aspects and advantatjbssame better
understood with reference to the following desaoiptand appended claims. The
accompanying drawings, which are incorporated th@mstitute a part of this
specification, illustrate exemplary embodiments,dadether with the description,

serve to explain certain principles of the presedisclosed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] A full and enabling disclosure, including the beside thereof, directed to
one of ordinary skill in the art, is set forth letspecification, which makes reference
to the appended Figures, in which:
[0017] FIGs. 1A and 1B schematically depict exemplary tndelimanufacturing
systems;
[0018] FIG. 2A schematically depicts an exemplary workptassembly that
includes a plurality of workpieces secured to ddopiate;
[0019] FIG. 2B schematically depicts the exemplary workpiassembly of FIG.
2A, with a plurality of components by additivelyimting extension segments the
plurality of workpieces secured to the build plate;
[0020] FIGs. 3A and 3B respectively depict a pluralityairkpieces misaligned
with a build plane, and a recoater consequentlynépto successfully apply a uniform
layer of powder across the build plane;
[0021] FIGs. 3C and 3D respectively depict a pluralitymairkpieces aligned with
a build plane, and a recoater successfully applgingiform layer of powder across
the build plane;
[0022] FIG. 4 shows a flowchart depicting an exemplaryhodtof additively
printing an extension segment on a workpiece-iaterfof a workpiece;



[0023] FIGs. 5A and 5B schematically depicts an exemphastkpiece before
and after subjecting the workpiece to a subtractieglification, respectively;

[0024] FIG. 5C schematically depicts an exemplary compbfegmed by
additively printing an extension segment on thekptace depicted in FIG. 5B,;
[0025] FIG. 6A schematically depicts an exemplary digiggdresentation of a
field of view that includes a workpiece, capturaihg a vision system;

[0026] FIG. 6B schematically depicts an exemplary digiggiresentation of one
or more fields of view that includes a pluralitywbrkpieces, captured using the
vision system;

[0027] FIG. 7A shows a flowchart depicting an exemplarthod of determining
a workpiece, a workpiece-interface, and/or a wa&eiinterface perimeter;

[0028] FIG. 7B shows a flowchart depicting an exemplaryhod of generating a
print command,

[0029] FIG. 8A schematically depicts an exemplary exteamsiegment-CAD
model that include a model of a plurality of extenssegments;

[0030] FIG. 8B schematically depicts an exemplary libr&#b model that
includes a nominal model of a plurality of nomimadrkpieces;

[0031] FIGs. 9A and 9B show a flowchart depicting an exiamypmethod of
generating an extension segment-CAD model,

[0032] FIGs. 10A-10D schematically depict exemplary transiing operations
which may be performed so as to conform a nomiradetinterface to a digital
representation of a workpiece-interface, such d@lsarexemplary method depicted in
FIGs. 9A and 9B;

[0033] FIG. 11A schematically depicts an exemplary nommadtlel, such as
from a library-CAD model;

[0034] FIG. 11B schematically depicts an exemplary modl@noextension
segment, such as in an extension segment-CAD model,

[0035] FIGs. 12A-12D show flowcharts depicting exemplamgthods of
extending a model-interface which may be perforseds to define a model of an
extension segment extending in the z-direction feomodel-interface to a nominal

extended-plane, such as in the exemplary methodtddpn FIGs. 9A and 9B;



[0036] FIG. 13 schematically depicts an exemplary primho@nd for additively
printing a slice of a plurality of extension segrsen

[0037] FIG. 14 schematically depicts an exemplary an examgalibration-
CAD model;

[0038] FIG. 15 schematically depicts an exemplary calibrasurface that
includes a plurality of printed calibration markst were printed using an additive
manufacturing machine;

[0039] FIG. 16 schematically depicts an exemplary digigpresentation of a
field of view that includes a plurality of calibran marks having been obtained using
a vision system;

[0040] FIG. 17 schematically depicts an exemplary compartable illustrating
an exemplary comparison of respective ones of il of digitally represented
calibration marks to corresponding respective ariesplurality of model calibration
marks;

[0041] FIG. 18A schematically depicts an exemplary digitgdresentation of a
workpiece-interface obtained from a vision systesfole calibration and after
calibration, such as for a calibration adjustmeli@d to the vision system;

[0042] FIG. 18B schematically depicts an exemplary locatiban extension
segment additively printed using an additive mactufiagng machine before
calibration and after calibration, such as for kébcation adjustment applied to the
additive manufacturing machine;

[0043] FIG. 18C schematically depicts an exemplary locatiba model of an
extension segment in an extension-segment CAD nimlete calibration and after
calibration, such as for a calibration adjustmegli@d to the extension-segment
CAD model;

[0044]  FIG. 19 shows a flowchart depicting an exemplaryhoe of calibrating
an additive manufacturing system; and

[0045]  FIG. 20 shows a block diagram depicting an exemptantrol system of
an additive manufacturing system;

[0046] Repeat use of reference characters in the pregedifisation and
drawings is intended to represent the same or goatofeatures or elements of the
present disclosure.



DETAILED DESCRIPTION
[0047] Reference now will be made in detail to exemplanpediments of the
presently disclosed subject matter, one or morenples of which are illustrated in
the drawings. Each example is provided by wayxpfanation and should not be
interpreted as limiting the present disclosurefalrt, it will be apparent to those
skilled in the art that various modifications aratigtions can be made in the present
disclosure without departing from the scope orispfrthe present disclosure. For
instance, features illustrated or described asgfame embodiment can be used with
another embodiment to yield a still further emboelima Thus, it is intended that the
present disclosure covers such modifications andt@ns as come within the scope
of the appended claims and their equivalents.
[0048] Itis understood that terms such as “top”, “bottphwutward”, “inward”,
and the like are words of convenience and arembétconstrued as limiting terms.
As used herein, the terms “first”, “second”, ankifti” may be used interchangeably
to distinguish one component from another and atentended to signify location or
importance of the individual components. The tefaisand “an” do not denote a
limitation of quantity, but rather denote the preseof at least one of the referenced
item.
[0049] Here and throughout the specification and claigsge limitations are
combined and interchanged, and such ranges artfielémnd include all the sub-
ranges contained therein unless context or langimaljeates otherwise. For example,
all ranges disclosed herein are inclusive of thgpemts, and the endpoints are
independently combinable with each other.
[0050] Approximating language, as used herein throughwuspecification and
claims, is applied to modify any quantitative reggetation that could permissibly
vary without resulting in a change in the basicction to which it is related.
Accordingly, a value modified by a term or terms;ls as “about”, “approximately”,
and “substantially”, are not to be limited to thegse value specified. In at least
some instances, the approximating language magsgmond to the precision of an
instrument for measuring the value, or the prenisibthe methods or machines for

constructing or manufacturing the components arsl/stems.



[0051] As described in detail below, exemplary embodimennthe present
subject matter involve the use of additive manuwfiasty machines or methods. As
used herein, the terms “additively manufactured*aaiditive manufacturing
techniques or processes” refer generally to matwurfiag processes wherein
successive layers of material(s) are provided ch e¢her to “build-up,” layer-by-
layer, a three-dimensional component. The successyers generally fuse together
to form a monolithic component which may have aetgirof integral sub-
components.

[0052] As used herein, the term “near net shape” refeastadditively printed
feature that has an as-printed shape that is Vesg ¢o the final “net” shape. A near
net shape component may undergo surface finishuolg as polishing, buffing, and
the like, but does not require heaving machiningsto achieve a final “net” shape.
By way of example, a near net shape may differ feofimal net shape by about 1,500
microns or less, such as about 1,000 pm or lesh,asiabout 500 pum or less, such as
about 250 um or less, such as about 150 pum ordesk,as about 100 um or less,
such as about 50 um or less, or such as about 24 |l&ss.

[0053] Although additive manufacturing technology is désea herein as
enabling fabrication of complex objects by buildimigiects point-by-point, layer-by-
layer, typically in a vertical direction, other rhetls of fabrication are possible and
within the scope of the present subject matter.example, although the discussion
herein refers to the addition of material to fonmecessive layers, one skilled in the
art will appreciate that the methods and structdreslosed herein may be practiced
with any additive manufacturing technique or manotifeing technology. For
example, embodiments of the present invention nsaylayer-additive processes,
layer-subtractive processes, or hybrid processes.

[0054] Suitable additive manufacturing techniques in edaonce with the present
disclosure include, for example, Fused Depositimd®ling (FDM), Selective Laser
Sintering (SLS), 3D printing such as by inkjets #merjets, Sterolithography (SLA),
Direct Selective Laser Sintering (DSLS), ElectrazaBh Sintering (EBS), Electron
Beam Melting (EBM), Laser Engineered Net ShapingNIS), Laser Net Shape
Manufacturing (LNSM), Direct Metal Deposition (DMPDigital Light Processing



(DLP), Direct Selective Laser Melting (DSLM), Seliee Laser Melting (SLM),

Direct Metal Laser Melting (DMLM), and other knovpnocesses.

[0055] In addition to using a direct metal laser sinteiByILS) or direct metal
laser melting (DMLM) process where an energy soigesed to selectively sinter or
melt portions of a layer of powder, it should b@geiated that according to
alternative embodiments, the additive manufactupiregess may be a “binder
jetting” process. In this regard, binder jettingalves successively depositing layers
of additive powder in a similar manner as descridieave. However, instead of using
an energy source to generate an energy beam tdigelg melt or fuse the additive
powders, binder jetting involves selectively depngia liquid binding agent onto
each layer of powder. The liquid binding agent rhayfor example, a photo-curable
polymer or another liquid bonding agent. Otherahlé additive manufacturing
methods and variants are intended to be withirstiope of the present subject matter.
[0056] The additive manufacturing processes describedrheray be used for
forming components using any suitable material.és@mple, the material may be
plastic, metal, concrete, ceramic, polymer, epgkygtopolymer resin, or any other
suitable material that may be in solid, liquid, gy, sheet material, wire, or any
other suitable form. More specifically, accordimgeixemplary embodiments of the
present subject matter, the additively manufactaemedponents described herein may
be formed in part, in whole, or in some combinatidmaterials including but not
limited to pure metals, nickel alloys, chrome afipgtanium, titanium alloys,
magnesium, magnesium alloys, aluminum, aluminuoyalliron, iron alloys,
stainless steel, and nickel or cobalt based supgsale.g., those available under the
name Inconel® available from Special Metals Corporg. These materials are
examples of materials suitable for use in the addihanufacturing processes
described herein and may be generally referred tadditive materials.”

[0057] In addition, one skilled in the art will apprecidkat a variety of materials
and methods for bonding those materials may be aisécre contemplated as within
the scope of the present disclosure. As used heedarences to “fusing” may refer to
any suitable process for creating a bonded layangfof the above materials. For
example, if an object is made from polymer, fugimay refer to creating a thermoset
bond between polymer materials. If the object exgpthe bond may be formed by a
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crosslinking process. If the material is cerantie, bond may be formed by a sintering
process. If the material is powdered metal, thedboay be formed by a melting or
sintering process. One skilled in the art will sgapate that other methods of fusing
materials to make a component by additive manufexgjuare possible, and the
presently disclosed subject matter may be praciaddthose methods.

[0058] In addition, the additive manufacturing proces€losed herein allows a
single component to be formed from multiple materi@dhus, the components
described herein may be formed from any suitabldures of the above materials.
For example, a component may include multiple lsysegments, or parts that are
formed using different materials, processes, amufiatifferent additive
manufacturing machines. In this manner, componiatg be constructed which have
different materials and material properties for timgethe demands of any particular
application. In addition, although the componemsatibed herein are constructed
entirely by additive manufacturing processes, st be appreciated that in alternate
embodiments, all or a portion of these componeratyg lbe formed via casting,
machining, and/or any other suitable manufactupirogess. Indeed, any suitable
combination of materials and manufacturing methuody be used to form these
components.

[0059] An exemplary additive manufacturing process wilvime described.
Additive manufacturing processes fabricate comptmesing three-dimensional (3D)
information, for example a three-dimensional corepatodel, of the component.
Accordingly, a three-dimensional design model ef tomponent may be defined
prior to manufacturing. In this regard, a modepastotype of the component may be
scanned to determine the three-dimensional infoamaif the component. As another
example, a model of the component may be consttwding a suitable computer
aided design (CAD) program to define the three-disi@nal design model of the
component.

[0060] The design model may include 3D numeric coordinatdéke entire
configuration of the component including both ertdrand internal surfaces of the
component. For example, the design model may dé#fiméody, the surface, and/or
internal passageways such as openings, suppatwsts, etc. In one exemplary
embodiment, the three-dimensional design modadnserted into a plurality of slices
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or segments, e.g., along a central (e.g., vertaoad) of the component or any other
suitable axis. Each slice may define a thin crestien of the component for a
predetermined height of the slice. The pluralityso€cessive cross-sectional slices
together form the 3D component. The componentes thuilt-up” slice-by-slice, or
layer-by-layer, until finished.

[0061] In this manner, the components described hereinbedgbricated using
the additive process, or more specifically eackeiay successively formed, e.g., by
fusing or polymerizing a plastic using laser enesgfeat or by sintering or melting
metal powder. For example, a particular type ofitaddmanufacturing process may
use an energy beam, for example, an electron beahearomagnetic radiation such
as a laser beam, to sinter or melt a powder matémg suitable laser and laser
parameters may be used, including consideratiotisr@spect to power, laser beam
spot size, and scanning velocity. The build maktenay be formed by any suitable
powder or material selected for enhanced strenlgitability, and useful life,
particularly at high temperatures.

[0062] Each successive layer may be, for example, betakeut 10um and 200
um, although the thickness may be selected basadynumber of parameters and
may be any suitable size according to alternatmbadiments. Therefore, utilizing
the additive formation methods described abovectmeponents described herein
may have cross sections as thin as one thicknesms agsociated powder layer, e.g.,
10 um, utilized during the additive formation process.

[0063] In addition, utilizing an additive process, thefaae finish and features of
the components may vary as need depending on ghieatpon. For example, the
surface finish may be adjusted (e.g., made smoeotheugher) by selecting
appropriate laser scan parameters (e.g., laserrpsean speed, laser focal spot size,
etc.) during the additive process, especially enghriphery of a cross-sectional layer
which corresponds to the part surface. For exanapleugher finish may be achieved
by increasing laser scan speed or decreasingzbetthe melt pool formed, and a
smoother finish may be achieved by decreasing kser speed or increasing the size
of the melt pool formed. The scanning pattern ankd&er power can also be changed

to change the surface finish in a selected area.
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[0064]  After fabrication of the component is complete,ioas post-processing
procedures may be applied to the component. Fanpbea post processing
procedures may include removal of excess powdefobgxample, blowing or
vacuuming. Other post processing procedures mayda@ stress relief process.
Additionally, thermal, mechanical, and/or chemigaét processing procedures can be
used to finish the part to achieve a desired sthersgirface finish, and other
component properties or features.

[0065] Notably, in exemplary embodiments, several aspeudsfeatures of the
present subject matter were previously not possibéeto manufacturing restraints.
However, the present inventors have advantageotied current advances in
additive manufacturing techniques to improve vasioamponents and the method of
additively manufacturing such components. Whileghesent disclosure is not
limited to the use of additive manufacturing tonfiothese components generally,
additive manufacturing does provide a variety ohofacturing advantages, including
ease of manufacturing, reduced cost, greater aoget.

[0066]  Also, the additive manufacturing methods descrif@olve enable much
more complex and intricate shapes and contoutseof@mponents described herein
to be formed with a very high level of precisiorExample, such components may
include thin additively manufactured layers, cresstional features, and component
contours. In addition, the additive manufacturinggess enables the manufacture of a
single component having different materials suett thfferent portions of the
component may exhibit different performance chanastics. The successive,
additive nature of the manufacturing process esdble construction of these novel
features. As a result, components formed usingriiods described herein may
exhibit improved performance and reliability.

[0067] The present disclosure generally provides additiaaufacturing
machines, systems, and methods configured to adlifprint on pre-existing
workpieces. The pre-existing workpieces may inelndw workpieces as well as
workpieces being repaired, rebuilt, or upgradetle presently disclosed additive
manufacturing systems and methods utilize a visy@tem to capture digital
representations of one or more workpieces situatedield of view, which may be in
the form of digital images or the like. The shape location of each workpiece may
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be determined using the vision system and printroands may be generated based at
least in part on the digital representation ofaghe or more workpieces. The print
commands may be configured to cause an additiveifaeturing machine to
additively print an extension segment directly anteof the one or more workpieces.
[0068] The workpieces may include a workpiece-interfadaictvrefers to a
surface upon which an additive manufacturing maehiay additively print an
extension segment. For some workpieces, the weckpnterface may include a
surface that has undergone pre-processing in @eparfor additively printing. For
example, a surface may be machined, ground, bruskated, polished, or otherwise
substantively modified so as to provide a workpigterface. Such subtractive
modification may remove at least a portion of daee that has been worn or
damaged, and/or may improve bonding between thkpsare and the additively
printed material. In the case of previously usachgonents, such as compressor
blades or turbine blades, the surface may be dainageorn to some degree,
including artifacts such as microcracks, pits, silmas, defects, foreign material,
depositions, imperfections, and the like. The aditve modification process may
remove such damage or wear to provide a workpietteawvorkpiece-interface that
is ready for additive printing.

[0069] One exemplary type of workpiece includes airfodsd turbomachine,
such as compressor blades and/or turbine bladdgpiéal turbomachine includes
one or more compressor sections, each of whichinthyde multiple compressor
stages, and one or more turbine sections, eachichwnay include multiple turbine
stages. The compressor sections and turbine ssd@tre typically oriented along an
axis of rotation and respectively include a seoiesirfoils disposed circumferentially
around the respective stage and circumferentialisosnded by a shroud.

[0070] Typically, the nature and extent of damage or viear set of blades
removed from a turbomachine for repair or rebuddes from blade to blade. As a
result, the amount of material that may need toeb®oved during a subtractive
modification process so as to prepare a workpistazface may vary from one blade
to the next. Additionally, some of the blades rbaydeformed from their original net

shape through exposure to high stresses and tetupgsrand/or through damage
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from rubbing on shrouds and so forth. As a resalth individual blade may differ
from its original net shape in varying degrees frame blade to the next.

[0071]  Additionally, the size and shape of the airfoilsynd#fer from one stage to
the next, and the tips of the airfoils provideglatively small workpiece-interface.
As an example, exemplary high-pressure compredade$® may be about 1 to 2
inches tall and may have a blade tip with a cressi@nal width of about 0.5 mm to
about 5 mm, which provides for a particularly snvedrkpiece-interface, which
provides for a particularly small workpiece-intexéa Other exemplary high-pressure
compressor blades, as well as low-pressure congrbEsles and blades from a
turbine section (e.g., high-pressure turbine blaaeslow-pressure turbine blades)
may be somewhat larger, such as up to about 1@snteitl, but nevertheless provide
for a small workpiece-interface.

[0072]  This variability from one workpiece to the nextgluding variability as to
differences from original net shape, differing amisuof subtractive modification,
and/or differences in size and shape, presentsadwy challenges in additively
printing on the workpiece-interface of such workeig, which are addressed by the
present disclosure. In particular, the preserdiasire provides for additively
printing extension segments on the workpiece-iatarfof respective workpieces with
sufficient precision and accuracy so as to prowieia net shape components even
though the respective workpieces may differ frora another because of one or more
of such sources of variability.

[0073] In some embodiments, the present disclosure preagetems and
methods of securing workpieces to a build platd@ndithin a build chamber so that
an additive manufacturing machine or system majytiadty print onto the
workpiece-interfaces of the respective workpiecepat of a common build even
when the workpieces have different sizes or shapes.example, the present
disclosure provides build plates that include onmore biasing members configured
to align the workpiece-interfaces with one anothed one or more clamping
mechanisms which operate to secure the workpiecttbuild plate. The
workpieces may be secured to the build plate atioes which may be identified by
registration points mapped to a coordinate systehrhay be utilized by the additive
manufacturing system to locate the workpieces artér workpiece-interfaces.
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[0074] In some embodiments, the present disclosure preagetems and
methods of determining or generating a CAD modai ihcludes a model of one or
more extension segments, such as an extension se@A® model, that conform to
the location and shape of one or more corresponslargpieces upon which the
extension segments are to be additively printaath&n extension segment-CAD
model may be utilized to generate print commandsufioadditive manufacturing
machine, allowing the additive manufacturing maehmadditively print extension
segments onto workpiece-interfaces with sufficjgmetcision or accuracy to provide
near net shape components.

[0075]  The present disclosure provides for determining@ngknerating an
extension segment CAD model, for example, fronbeahy-CAD model that includes
a nominal model of one or more nominal workpiecespponents, or extension
segments. The library-CAD model may be selectexhfa library of CAD models
based at least in part on a digital representati@field of view of one or more
workpiece-interfaces obtained from the vision systéA nominal model-interface
traversing a nominal model may be determined ibrary-CAD model, and a model
of an extension segment may be selected and/orgjedébased at least in part on a
comparison of the nominal model-interface to atdlgepresentation of a workpiece-
interface. A model of one or more extension sedgmeray be output to an extension
segment-CAD model and print commands for the agglitianufacturing machine
may be generated using the extension segment-CAd2Imo

[0076] In some embodiments, generating the model of agnsidn segment may
include extracting the nominal model-interface fritta nominal model, transforming
the nominal model-interface based at least in gathe comparison to the digital
representation of the workpiece-interface, andtereding the transformed model-
interface so as to provide the model of the extansegment. Additionally, or in the
alternative, a model of an extension segment mayeberated from a three-
dimensional portion of a nominal model, which maglude transforming such three-
dimensional portion so as to provide a model ofxtension segment conforming to
the digital representation of the workpiece-inteefa

[0077]  The present disclosure also provides for systerdsvathods of
performing calibration adjustments so as to preeemitigate discrepancies, biases,
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misalignments, calibration errors, or the like whinay otherwise arise from time to
time as between one or more aspects of the addtareufacturing system. Such
calibration adjustments may be configured to addpedential discrepancies, biases,
misalignments, calibration errors, or the like betw a vision system and an additive
manufacturing machine, between a vision systemoaedor more CAD models
generated, or between one or more CAD models amd@ditive manufacturing
machine, as well as combinations of these.

[0078] When additively printing an extension segment evogpiece-interface,
misalignment between the workpiece and the extarsegment may result in a failed
build or a defective component. Previous addithanufacturing system may exhibit
systematic bias in the mapping between the toolpadindinates and the coordinates
of a CAD model. Such systematic bias may causéiaelgt printed components to
be shifted globally, which may have been of littmsequence for previous additive
manufacturing systems. However, the present disokoprovides for near net shape
components, such that the extension segment cosfiartme location and shape of
the workpiece-interface of the workpiece. To pdavsuch near net shape
components, not only is the precision of the adéeithanufacturing tool of
importance, but it is also of importance that theation and shape of the workpieces
and corresponding extension segments be accueatdlprecisely aligned with one
another.

[0079] In some embodiments, the additive material useth®extension
segments may differ from the material of the woekeis. Differences in material
may provide for different properties or performacbaracteristics of the extension
segments relative to the workpieces, including anbd wear resistance, improved
hardness, strength, and/or ductility. New or @gusomponents may be additively
manufactured or upgraded in accordance with thegpitedisclosure so as to provide
an extension segment with a material that diffesenfthat of the workpiece. For
example, airfoils such as compressor blades ometlades may be upgraded with
blade tips formed of a superior performing materiakewise, damaged or worn
components may be repaired or rebuild using a mahtbat differs from that of the

workpiece, for example, using a superior perfornmragerial.
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[0080] Exemplary embodiments of the present disclosureneiv be described in
further detail. Exemplary embodiments of an agdithanufacturing system 100 are
shown in FIGs. 1A and 1B. An exemplary additivenofacturing system 100
includes a vision system 102, an additive manufagjumachine 104, and a control
system 106 operably configured to control the visgstem 102 and/or the additive
manufacturing machine 104. The vision system I@Pthe additive manufacturing
machine 104 may be provided as a single, integratécr as separate stand-alone
units. The vision system 102 and the additive ufecturing machine 104 may be
operably coupled with one another via a commurocaiiterface utilizing wired or
wireless communication lines, which may provideraat connection between the
vision system 102 and the additive manufacturinghime 104. The control system
106 may include one or more control systems 1Qa§.ekample, a single control
system 106 may be operably configured to contrefajons of the vision system 102
and the additive manufacturing machine 104, orsgpaontrol systems 106 may be
operably configured to respectively control thaomssystem 102 and the additive
manufacturing machine 104. A control system 10§ bwrealized as part of the
vision system 102, as part of the additive manufang machine 104, and/or as a
stand-alone unit provided separately from the wisigstem 102 and/or the additive
manufacturing machine 104. A control system 10§ beoperably coupled with the
vision system 102 and/or the additive manufactunvaghine 104 via a
communication interface utilizing wired or wirelessmmunication lines, which may
provide a direct connection between the contralesysl06 and the vision system 102
and/or between the control system 106 and theiaddrtanufacturing machine 104.
An exemplary additive manufacturing system 100 wyatyonally include a user
interface 108 and/or a management system 110.

[0081] In some embodiments, a first control system 106 degrmine an
extension segment-CAD model, generate one or ntovteg@mmands based at least
in part on the extension segment-CAD model, andémsmit the one or more print
commands to a second control system 106, and doedeontrol system 106 may
cause the additive manufacturing machine 104 tatigdly print the extension
segments based at least in part on the print comsnanhe first control system 106
may be realized as part of a vision system 102/ocarlkde second control system 106
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may be realized as part of the additive manufaagumachine 104. Alternatively, or
in addition, the first control system 106 and/a¥ #econd control system 106 may be
realized stand-alone units separate from the visystem 102 and/or the additive
manufacturing machine 104.

[0082] In some embodiments, a first control system 106 deagrmine and
transmit an extension segment-CAD model to a seconttol system 106, the
second control system 106 may slice the extengigment-CAD model so as to
generate one or more print commands and concwrenfubsequently transmit the
one or more print commands to a third control sysi®6, and the third control
system may cause the additive manufacturing madiddo additively print the
extension segments based at least in part on #heramore print commands. The
first control system 106 may be realized as pa#d wkion system 102, the second
control system 106 may be realized as a stand-alomeand the third control system
106 may be realized as part of the additive maruifexg machine 104.

Alternatively, or in addition, the first control sgm 106 and/or the second control
system 106 may be realized as stand-alone unigsaegrom the vision system 102
and/or the additive manufacturing machine 104.

[0083]  The vision system 102 may include any suitable caroecameras 112 or
other machine vision device that may be operabhfigared to obtain image data
that includes a digital representation of one oreri®lds of view 114. Such a digital
representation may sometimes be referred to agitaldmage or an image; however,
it will be appreciated that the present disclosney be practiced without rendering
such a digital representation in human-visible foidevertheless, in some
embodiments, a human-visible image correspondiragfteld of view 114 may be
displayed on the user interface 108 based atileg@strt on such a digital
representation of one or more fields of view 114.

[0084]  The vision system 102 allows the additive manufaatusystem 100 to
obtain information pertaining to one or more wodgqas 116 onto which one or more
extension segments may be respectively additivehtqd. In particular, the vision
system 102 allows the one or more workpieces 11@tocated and defined so that
the additive manufacturing machine 104 may beuiestd to print one or more
extension segments on a corresponding one or mankgeces 116 with suitably
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high accuracy and precision. The one or more wedgs 116 may be secured to a
build plate 118 with a workpiece-interface (e.gop surface) 120 of the respective
workpieces 116 aligned to a build plane 122.

[0085] The one or more cameras 112 of the vision syste2nmidy be configured
to obtain two-dimensional or three-dimensional imdgta, including a two-
dimensional digital representation of a field acdwi114 and/or a three-dimensional
digital representation of a field of view 114. dgdiment of the workpiece-interfaces
120 with the build plane 122 allows the one or neameras 112 to obtain higher
guality images. For example, the one or more cam&i2 may have a focal length
adjusted or adjustable to the build plane 122.hwie workpiece-interface 120 of
one or more workpieces 116 aligned to the build@ld22, the one or more cameras
may readily obtain digital images of the workpiecterfaces 120. The one or more
cameras 112 may include a field of view 114 that #énhcompasses all or a portion of
the one or more workpieces 116 secured to the blakeé 118. For example, a single
field of view 114 may be wide enough to encompagkiality of workpieces 116,
such as each of a plurality of workpieces secuseailiuild plate 118. Alternatively, a
field of view 114 may more narrowly focus on aniuidual workpiece 116 such that
digital representations of respective workpiece® drk obtained separately. It will
be appreciated that separately obtained digitafjgsanay be stitched together to
obtain a digital representation of a plurality adnkpieces 116. In some
embodiments, the camera 112 may include a collidniates configured to provide a
flat focal plane, such that workpieces or portitvereof located towards the
periphery of the field of view 114 are not distokteAdditionally, or in the alternative,
the vision system 102 may utilize a distortion eotion algorithm to address any
such distortion.

[0086] Image data obtained by the vision system 102, distya digital
representation of one or more workpieces 116 mayanmsmitted to the control
system 106. The control system 106 may be corddjto determine a workpiece-
interface 120 of each of a plurality of workpiedd$ from one or more digital
representations of one or more fields of view 1aJimg been captured by the vision
system 102, and then determine one or more codedirwd the workpiece-interface
120 of respective ones of the plurality of workged 16. Based on the one or more
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digital representations, the control system 106 gexerate one or more print
commands, which may be transmitted to an additimaufacturing machine 104 such
that the additive manufacturing machine 104 mayteedly print a plurality of
extension segments on respective ones of the pljuohlvorkpieces 116. The one or
more print commands may be configured to additiyeigt a plurality of extension
segments with each respective one of the plurafigxtension segments being
located on the workpiece-interface 120 of a cowagdmg workpiece 116.

[0087] The additive manufacturing machine 104 may utiéing desired additive
manufacturing technology. In an exemplary embodindbe additive manufacturing
machine may utilize a powder bed fusion (PBF) tetbgy, such as direct metal laser
melting (DMLM), electron beam melting (EBM), seleet laser melting (SLM),
directed metal laser sintering (DMLS), or selectager sintering (SLS). The
additive manufacturing machine 104 may include sugh additive manufacturing
technology, or any other suitable additive manufiacg technology may also be
used. By way of example, using a powder bed fusohnology, respective ones of a
plurality of extension segments may be additivelpted on corresponding respective
ones of a plurality of workpieces 116 in a layerlayer manner by melting or fusing
a layer of powder material to the workpiece-inteef420. In some embodiments, a
component may be additively printed by meltingusihg a single layer of powered
material to the workpiece-interface 120. Additibypeor in the alternative,
subsequent layers of powder material may be segllgmhelted or fused to one
another.

[0088]  Still referring to FIGs. 1A and 1B, an exemplarylgide manufacturing
machine 104 includes a powder supply chamber 1&4ctimtains a supply of powder
126, and a build chamber 128. A build plate 121drone or more workpieces 116
secured thereto may be positioned in the build dearh28, where the workpieces
116 may be additively printed in a layer-by-layearmer. The powder supply
chamber 124 includes a powder piston 130 whichag¢ésva powder floor 132 during
operation of the system 100. As the powder fl@&# élevates, a portion of the
powder 126 is forced out of the powder supply chamil24.

[0089]  Arecoater 134, such as a roller or a blade, pustve® of the powder 126
across a work surface 136 and onto a build platfb@g The build plate 118 may be
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secured to the build platform 138 with a chuck eysii40 in a manner configured to
position the build plate 118 on the build platfoi®88 and/or within the build chamber
128 with sufficiently high accuracy and precisiorhe workpieces 116 may be
secured to the build plate 118 prior to securirgylibild plate 118 to the build
platform 138. The recoater 134 fills the build eter 128 with powder 126 and then
sequentially distributes thin layers of powder h26oss a build plane 122 near the
top of the workpieces 116 to additively print sempisd layers of the workpieces 116.
For example, the thin layers of powder 126 maylmia10 to 100 microns thick,
such as about 20 to 8@n thick, such as about 40 to @t thick, or such as about 20
to 50um thick, or such as about 10 to 3@ thick. The build plane 122 represents a
plane corresponding to a next layer of the worlkgsetl6 to be formed from the
powder 126.

[0090] To form a layer of an extension segment on the piede 116 (e.g., an
interface layer or a subsequent layer), an energsce 142 directs an energy beam
144 such as a laser or an electron beam onto ithétler of powder 126 along the
build plane 122 to melt or fuse the powder 12wtbp of the workpieces 116 (e.g.,
to melt or fuse a layer to the workpiece-interfat28 and/or melt or fuse subsequent
layers thereto). A scanner 146 controls the patheobeam so as to melt or fuse only
the portions of the powder 126 layer that are wohee melted or fused to the
workpieces 116. Typically, with a DMLM, EBM, or $8Lsystem, the powder 126 is
fully melted, with respective layers being meltedemelted with respective passes
of the energy beam 144. Conversely, with DMLSSbE systems, layers of powder
126 are sintered, fusing particles of powder 12 whe another generally without
reaching the melting point of the powder 126. A#dayer of powder 126 is melted
or fused to the workpieces 116, a build piston getiually lowers the build platform
138 by an increment, defining a next build plan2 it a next layer of powder 126
and the recoater 134 to distributes the next laf/powder 126 across the build plane
122. Sequential layers of powder 126 may be meltddsed to the workpieces 116
in this manner until the additive printing proce&ssomplete.

[0091] Referring to FIGs. 2A and 2B, an exemplary workpiassembly 200 that
includes a plurality of workpieces 116 secured buid plate 118 is shown. The
build plate 118 may be configured to align the vpoekes 116 to respective
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registration points 202. The registration poird@ Znay be mapped to a coordinate
system. FIG. 2A shows a workpiece-assembly 200itlkcbudes a plurality of
workpieces 116 secured to a build plate 118. Trengement depicted in FIG. 2A
reflects a point in time prior to additively pring extension segments onto the
workpiece-interfaces 120. FIG. 2B shows the warkptassembly 200 of FIG. 2A
but reflecting a point in time after an additivénping process. As shown in FIG. 2B,
a plurality of components 204 are secured to thiel Iplate 118, which were formed
during the additive printing process by additivehnting respective ones of a
plurality of extension segments 206 onto respedaiives of the plurality of
workpieces 116.

[0092] The build plate 118 and/or workpiece-assembly 2@ in FIGs. 2A
and 2B may be used to facilitate additively prigtam extension segment 206 on a
workpiece 116, including additively printing respiee ones of a plurality of
extension segments 206 on respective ones of alipjusf workpieces 116 as part of
a single build. In some embodiments, a build pldi® may be configured to align
the workpieces 116 to respective registration ga@2 so as to facilitate image
capture by the vision system 102, so as to famlisdignment of CAD models with
the workpieces 116 (e.g., so that extension segn®f@ as defined by a CAD model
may be properly additively printed on the workp®dd.6), and/or so as to facilitate
operability of the additive manufacturing machir@z 1

[0093] The workpiece-assembly 200 shown in FIGs. 2A anan2i hold any
number of workpieces 116. As one example, the piede-assembly 200 shown
may hold up to 20 workpieces 116. As another exapgWorkpiece-assembly 200
may be configured to hold from 2 to 100 workpiet&6, or more, such as from 2 to
20 workpieces 116, such as from 10 to 20 workpiéd&s such as from 20 to 60
workpieces 116, such as from 25 to 75 workpiec&s 4dch as from 40 to 50
workpieces 116, such as from 50 to 100 workpied®s duch as from 5 to 75
workpieces 116, such as from 75 to 100 workpied#&s 4uch as at least 2 workpieces
116, such as at least 10 workpieces 116, suchleastt20 workpieces 116, such as at
least 40 workpieces 116, such as at least 60 weeckpill6, or such as at least 80

workpieces 116.
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[0094] In some embodiments, for example, when the worlgsidd 6 are airfoils
such as compressor blades or turbine blades esbarhachine, the workpiece-
assembly 200 may be configured to hold a numbétaafes that corresponds to the
number of blades in one or more stages of the cesspr and/or turbine, as
applicable. In this way, all of the blades of wegi one or more stages of a turbine
and/or compressor may be kept together and extessgments 206 may be
additively printed thereon in one single build.witl be appreciated that the
workpiece-assembly 200 and build plate 118 retbeet exemplary embodiment,
which is provided by way of example and not toibeting. Various other
embodiments of a workpiece-assembly 200 and/od lpléte 118 are contemplated
which may also allow for the workpieces 116 to éeused with suitable positioning
and alignment, all of which are within the spintdescope of the present disclosure.
[0095] The exemplary workpiece-assembly 200 shown in FA8sand 2B
includes a build plate 118 with one or more workpibays 208 disposed therein.
Each of the one or more workpiece bays 208 mawdgcbne or more workpiece
docks 210. The one or more workpiece bays 208additionally include one or
more clamping mechanisms 212 which operate to semg or more workpieces 116
to the build plate 118. The one or more workpidoeks 210 may be configured to
receive one or more workpiece shoes 214, and ta@omore workpiece shoes 214
may be respectively configured to receive a work@iel6. The one or more
clamping mechanisms 212 may be configured to cldmapvorkpiece shoes 214 in
position within the corresponding workpiece dock§.2

[0096] A workpiece dock 210 and/or a workpiece shoe 214 imaude one or
more biasing members (not shown) configured totexerasing force (e.g., an
upward or vertical biasing force) between the wagkp shoe 214 and the build plate
118 such as the bottom of the workpiece dock 2tk biasing members may
include one or more springs, one or more magnes faig. permanent magnets or
electromagnets), one or more piezoelectric actuatdhe like operable to exert such
a biasing force. The biasing force exerted bybilasing members biases the
workpiece shoe 214 so as to allow the workpieceriates 120 (e.g., the top surfaces
of the workpieces 116) to be aligned with one aeotBy way of example, an

alignment plate (not shown) may be placed on tah@fvorkpieces 116 so as to
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partially compress the biasing members and briegitbrkpiece-interfaces 120 (e.g.,
the top surfaces of the workpieces 116) into aligntwith one another. In some
embodiments, elevating blocks (not shown) may beqa between the build plate
118 and the alignment plate (not shown) to assipbsitioning the alignment plate on
top of the workpieces 116 at a desired height.h\Wie workpiece-interfaces 120
aligned with one another, the clamping mechaniséhriay be tightened so as to
secure the workpieces 116 to the build plate 118.

[0097] As shown in FIGs. 3A and 3B, a misalignment of vwoekes 116 from the
build plane 122 may introduce printing failuredGF3A shows a plurality of
workpieces 116, including a first workpiece 30@aied in alignment with the build
plane 122, a second workpiece 302 situated belevbdiid plane 122, and a third
workpiece 304 situated above the build plane 2&&en the recoater 134 distributes
powder 126 across the build plane 122, the firgkpiece 300 would generally be
expected to receive an appropriately thick layguaider 126 across the top portion
thereof. By contrast, the second workpiece 302taedhird workpiece 304 illustrate
misalignments from the build plane 122 which méglly cause printing failures. For
example, the second workpiece 302 may exhibit ijpgrfailures attributable to an
overly thick layer 306 of powder 126, such as ifisi#nt bonding of the powder 126
layer to the second workpiece 302. Such insufiiicbnding may be caused by
incomplete melting of the powder 126 or the topelafe.g., the workpiece-interface
120) of the second workpiece 302, as well as vimdeed from gasses trapped within
the layer that with adequate melting generally widé eliminated. As another
example, the third workpiece 304 may exhibit prigtfailures attributable to the
surface 308 of the third workpiece 304 protrudibg\ee the build plane 122, such
that the recoater 134 may skip over the protrudungace 308 of the third workpiece
304 and/or such that the recoater 134 may becosteucbed by the third workpiece,
damaging the recoater 134 or preventing the rec@8%from moving past the
protruding surface 308.

[0098] In some embodiments, even if a mis-aligned worlgiE6 does not cause
a total printing failure such as obstructing theoager 134, the misalignment may
cause variations in melting, dimensional inaccuraggrohardness, tensile

properties, and/or material density. These vanatimay propagate as sequential
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layers are added to the workpieces 116. Additlgnabmponents 204 with such
variations may fail during operation, potentialgusing damage to other equipment
including catastrophic failures. For example, doapressor blade or turbine blade
fails, the failure may damage other portions oftthhbomachine potentially rendering
the turbomachine immediately inoperable.

[0099] However, as shown in FIGs. 3C and 3D, the pressnlagure provides a
build plate 118 and/or workpiece-assembly 200 guméd to align the top portions of
a plurality of workpieces 116 with a build plane21th an exemplary embodiment,
the top portion of a workpiece 116 provides a wakp-interface 120, which
workpiece-interface 120 may be prepared at legsaihby performing a subtractive
modification to the workpiece 116. Such workpieterfaces 120 may include a
surface, a plane, a tip, or the like generally €gponding to the highest or tallest
portion of the workpiece 116 when loaded into thadoplate 118. With the top
portions aligned, a plurality of extension segme@8 may be additively printed on a
corresponding plurality of workpieces 116 togetinem common build using a
powder bed fusion process while assuring thateheater 134 may apply uniform
layers of powder 126 across each of the workpi@déés In some embodiments, the
build plate 118 may be capable of aligning a pityalf workpieces 116 to a build
plane 122 within a tolerance of 100 microns or,lessh as 8Qm or less, such as 60
um or less, such as 46n or less, such as 20n or less, or such as L or less.
[0100] The alignment provided by the workpiece-assembyr®@y compensate
for differences in the size of respective workpget&6. Such differences in size may
be attributable to workpieces 116 having variationsize arising from any source,
including the workpieces 116 having a differengoral configuration, and/or the
workpieces 116 having variations in size arisimggrfra subtractive modification
performed to prepare a workpiece-interface 12thenatorkpieces 116. In some
embodiments, for example, when the workpieces té @iafoils of a turbomachine,
such as compressor blades and/or turbine blades asdioils from different stages of
the turbomachine may secured within a workpiecerabsy 200 with the respective
workpiece-interfaces 120 (e.g., the top surfacab®ivorkpieces 116) aligned with
one another even though the respective workpietésrihy have different sizes

relative to one another.
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[0101] Now referring to FIG. 4, an exemplary method 40@aditively printing

an extension segment 206 on a workpiece-interfabeol a workpiece 116 will be
described. The exemplary method may be perfoimyezth additive manufacturing
system 100 as described herein, such as usingt@ksystem 106 communicatively
coupled to a vision system 102 and an additive rf@@twring machine 104. An
exemplary method 400 includes, at step 402, deténgnia workpiece-interface 120
from a digital representation of a field of view4lhaving been captured by a vision
system 102. Determining the workpiece 116 mayuheldetermining a workpiece-
interface 120. For example, the exemplary methag imclude determining a
workpiece-interface 120 of each of a plurality afriapieces 116 from one or more
digital representations of one or more fields @wil14 having been captured by a
vision system 102. Determining the workpiece-ifatee 120 may include
determining one or more coordinates of the workgieterface 120, for example, of
respective ones of the plurality of workpieces 1Tée one or more fields of view
114 may include one or more workpieces situatatirge-dimensional space, such as
a two-dimensional field of view 114 or a three-dma®nal field of view 114. For
example, the one or more fields of view 114 mayude a two-dimensional or three-
dimensional top view of one or more workpieces thtfividually and/or of a

plurality of workpieces 116 collectively, such aswv-dimensional or three-
dimensional top view of the workpiece-interface b2@ne or more workpieces 116
individually and/or of a plurality of workpieces @ tollectively.

[0102] In some embodiments, an exemplary method 400 nthydae, at step 404,
obtaining a digital representation of a field odwi 114 using a vision system 102,
where the field of view 114 includes a workpiecteiface 120. This may include
obtaining one or more digital representations efdhe or more fields 114 of view
using the vision system 102. Alternatively, anraptary method 400 may commence
with one or more digital representations alreadyiritabeen obtained from the vision
system 102.

[0103] An exemplary method 400 additionally includes,tapst06, transmitting
to an additive manufacturing machine 104, a pramhimand configured to additively
print an extension segment 206 on a workpiecefater120, with the print command

having been generated based at least in part atfidhal representation of the field of
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view 114. The print command may be configureddditavely print the extension
segment 206 on a workpiece-interface 120. Onease print commands may be
transmitted to the additive manufacturing machi@4, and the one or more print
commands may be configured to additively printwraity of extension segments
206 with each respective one of the plurality deesion segments 206 being located
on the workpiece-interface 120 of a correspondespective one of the plurality of
workpieces 116.

[0104] The one or more print commands may be generatesllzdeast in part

on the one or more digital representations of thea more fields of view 114. The
exemplary method 400 may optionally include, ap €k@8, generating a print
command based at least in part on a digital reptaten of a field of view 114
captured by the vision system 102. This may inelgenerating one or more print
commands based at least in part on one or mor@aldigpresentations of the one or
more fields of view 114 that include one or morekpieces 116 and/or one or more
workpiece-interfaces 120 thereof. Alternatively,exemplary method 400 may be
performed with one or more print commands alreayrig been generated or having
been generated separately, such as by the copstehs 106 or otherwise.

[0105] An exemplary method 400 may additionally includestap 410,

additively printing an extension segment 206 ornoakpiece-interface 120 based at
least in part on the print command. This may ideladditively printing respective
ones of a plurality of extension segments 206 aresponding respective ones of a
plurality of workpieces 116, such as on correspogadespective ones of a plurality of
workpiece-interfaces 120 thereof. For exampleotie or more print commands may
be configured to position respective ones of theghity of extension segments 206
on the workpiece-interface 120 of correspondingeesve ones of the plurality of
workpieces 116 based at least in part on one oe wwordinates of the respective
workpiece-interface 120.

[0106] The exemplary method 400 may be performed so potade a
component 204 by additively printing one or moreeasion segments 206 onto one
or more workpieces 116. In some embodiments, iality of workpieces 116 may
include a plurality of blades for a turbomachinglsas compressor blades and/or
turbine blades, and the corresponding pluralitgxdénsion segments 206 may
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include a plurality blade tips. The components @4 be additively printed in a
layer-by-layer manner using an additive manufantumachine 104. For example,
the exemplary method 400 may include additivelntong a first layer of a plurality

of extension segments 206 on the workpiece-interi&® of respective ones of the
plurality of workpieces 116, followed by additivgbyinting a second layer of the
plurality of extension segments 206 on the firgeteof the plurality of extension
segments 206. The first layer may be an interfa@per between the workpiece-
interface 120 and the extension segment 206 talt\eely printed thereon. The
second layer may be a subsequent layer of the sgtesegment 206. In some
embodiments, a component 204 may be additivelytgaiby melting or fusing a
single interface layer of powered material to therkpiece-interface 120.

[0107] Now referring to FIGs. 5A-5C, an exemplary work@dd 6 (FIGs. 5A

and 5B) and an exemplary component 204 (FIG. 5€¥shown. The exemplary
workpiece 116 and component 204 may be an airficth s a compressor blade or a
turbine blade, or any other workpiece 116 or congpd204. As shown, the
workpiece 116 and component 204 represent a higéspre compressor blade (HPC-
blade) of a turbomachine. The workpiece 116 magrberiginally fabricated
workpiece, as well as a workpiece 116 being redanebuilt, and so forth.

[0108] An exemplary method 400 may include subjecting \wm&es 116 to a
subtractive modification so as to provide a workpinterface 120 thereon. This may
include cutting, grinding, machining, electricatdnarge machining, brushing,
etching, polishing, or otherwise substantively nfigidg a workpiece 116 so as to
provide a workpiece-interface 120 thereon. Theragbve modification may include
removing a subtraction portion 500 (FIG. 5A), sd@provide a workpiece-interface
120 (FIG. 5B). The subtractive modification maglutde removing at least a portion
of a surface of the workpiece 116 that has beemwodamaged. For example, as
shown in FIG. 5A, the workpiece 116 may includé&acts 502, such as microcracks,
pits, abrasions, defects, foreign material, defysst imperfections, and the like.
Such artifacts 502 may commonly appear on the tojace of a compressor or
turbine blade as a result of the extreme conditiorvghich such blades are subjected.
The subtractive modification may additionally oteahatively be performed so as to
improve bonding between the workpiece 116 and xtension segment 206.
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[0109] When the workpieces 116 include airfoils for a tumtachine, such as
compressor blades and/or turbine blades, as showlGis. 5A and 5B, the
subtractive modification may include removing aggrtion of the airfoils, for
example, to remove a worn or damaged area. Aligahg in some embodiments, a
component 204 may initially appear as shown in BEB,. without requiring a
subtractive modification, or without requiring astantial portion of the component
204 to be removed during the subtractive modifaratiFor example, the workpiece
116 may be an intermediate workpiece 116 in anraidabrication process.

[0110] The amount of material removed during the subtvaatiodification may
vary depending on the nature of the workpiece $li6h as how much material needs
to be subtracted so as to provide a workpiecefaxterl20 and/or to remove worn or
damaged material. The amount of material removay Ioe limited to only a very
thin surface layer when the subtractive modificai®intended to prepare a
workpiece-interface 120 without removing layersyadre substantial thickness, or
when wear or damage to a workpiece 116 is limited thin surface layer.
Alternatively, the amount of material removed frammorkpiece 116 may include a
majority of the workpiece 116, such as when thekgi@ce 116 has larger cracks,
breaks, or other damage penetrating deeper intaohliepiece 116.

[0111] In some embodiments, the amount of material remavayl be from about
1 micron to 1 centimeter, such as from about 1 guabbut 1,000 pm, such as from
about 1 um to about 500 um, such as from about 1opabhout 100 um, such as from
about 1 um to about 25 um, such as from about h@@about 500 um, such as
from about 500 um to about 1,000 pum, such as frieout100 um to about 5 mm,
such as from about 1 mm to about 5 mm, such asdtwrat 5 mm to about 1 cm. In
still further embodiments, the amount of mater@hoved may be from about 1
centimeter to about 10 centimeters, such as framatabcm to about 5 cm, such as
from about 2 cm to about 7 cm, such as from abaum %o about 10 cm.

[0112] Regardless of the nature of the workpiece 116haws in FIG. 5C, a near
net shape component 204 may be formed by additprgying an extension segment
206 on the workpiece 116. The near net shape coemp@04 may include an
extension segment 206 that is substantially comgnwéh the workpiece 116 (and/or
the workpiece-interface perimeter 504), such thatextension segment 206 aligns
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with the workpiece 116 (and/or the workpiece-irded perimeter 504) with sufficient
congruency that a near net shape component 20benpsovided without requiring a
subsequent subtractive modification apart fromasgffinishing such as polishing,
buffing, and the like. The extension segmentsr?@§ be additively printed on the
respective workpiece-interfaces 120 such that xtension segments 206 are
substantially congruent with the workpieces 116/anthe work-piece interfaces 120.
For example, the workpiece-interface 120 may hawerkpiece-interface perimeter
504 (FIG. 5B), and the extension segments 206 readulitively printed on the
respective workpiece-interfaces 120 such that xtension segment 206 is
substantially congruent with the workpiece-inteef@erimeter 504. The extension
segments 206 may include an interface layer thaubstantially congruent with the
workpiece-interface 120, including an interfaceslagerimeter that is substantially
congruent with the workpiece-interface perimetet.5h an exemplary embodiment,
an extension segment 206 additively printed on &kpiece-interface 120 may be
regarded as substantially congruent with the wedgil16 (and/or the workpiece-
interface perimeter 504) when the workpiece 1l#hisirfoil (e.g., a compressor
blade or a turbine blade) having a workpiece-iaie#f120 in the form of a crescent
shape and the extension segment 206 also hascamrebape determined at least in
part based on a digital representation of the wiedginterface 120 of the workpiece
116.

[0113] In some embodiments, as shown in Fig. 5C, the coemia204 may
include an overhang 506, such that the extensigmeet 206 overhangs the
workpiece-interface 120 (e.g., the workpiece-irgteef perimeter 504).
Notwithstanding the presence of the overhang 3@6component 204 may be
regarded as a near net shape component 204, &énel/@xtension segment 206 may
be regarded as being substantially congruent wahwiorkpiece 116 (and/or the
workpiece-interface perimeter 504), such as wherotrerhang 506 does not require a
subsequent subtractive modification apart fromasgffinishing such as polishing,
buffing, and the like. The purpose of the overn&@§ may be, for example, to leave
a small portion of material available for such agd finishing, including polishing,

buffing, and the like. The size of the overhan§ &tay be selected based on the

31



nature of the finishing processes. After suchsfimg processes, the overhang 506
may be substantially removed.

[0114] By way of example, in some embodiments, the ovegltl® may be from
about 1 micron to 1,000 microns, such as from akhqumn to 500 pm, such as from
about 1 um to 100 um, such as from about 1 pm ford0such as from about 1 um
to 25 um, such as from about 10 pm to 50 um, ssi¢toen about 25 pm to 50 pum,
such as from about 50 pm to 100 pum, such as frauatd® pm to 250 um, such as
from about 250 um to 500 pum, such as from abou&6Q@o 1,000 um, such as about
1,000 pum or less, such as about 500 um or less,asuabout 250 um or less, such as
about 100 um or less, such as about, such as &bqun or less, or such as about 25
pm or less. In an exemplary embodiment, the resqgegnes of a plurality of
extension segments 206 may overhang the corresppndirkpiece-interface 120 of
respective ones of the plurality of workpieces @dh the overhang 506 having a
maximum overhang distance of about 1,500 microress, such as about 1,000 um
or less, such as about 500 pum or less, or sucbaag 400 um or less or such as about
50 um or less or such as about 25 pm or lessone €mbodiments, an extension
segment 206 may be regarded as being substartialyruent with the workpiece

116 and/or the workpiece-interface perimeter 50émitine extension segment 206
includes an overhang 506 having a maximum overkigtignce of about 1,500
microns or less, such as about 1,000 um or lesh,asiabout 500 um or less, or such
as about 100 um or less or such as about 50 pes®ot such as about 25 um or less.
[0115] While a workpiece-interface 120 may be relativehad, the additive
manufacturing machine 104 may nevertheless adbjitprent an extension segment
206 thereon so as to provide a near net shape canp04. For example, as shown
in FIG. 5B, a workpiece 116 may have a workpiederiace 120 with a cross-
sectional width, w, and a heighty,tsuch that a ratio of the height of the workpiece
116 to the cross-sectional width may be from aldolito 1,000:1, such as from about
1:1 to 500:1, such as from about 1:1 to 250:1, sischiom about 1:1 to about 100:1,
such as from about 1:1 to about 75:1, such as &bout 1:1 to about 65:1, such as
from about 1:1 to about 35:1, such as from abalit@about 100:1, such as from
about 5:1 to about 100:1, such as from about 2babbut 100:1, such as from about
50:1 to about 100:1, such as from 75:1 to aboutll&uch as at least 5:1, such as at
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least 10:1, such as at least 25:1, such as atdédstsuch as at least 75:1 such as at
least 100:1, such as at least 250:1, such assit368:1, such as at least 750:1.
[0116] As shown in FIG. 5C, an extension segment 206 naag la height, &

such that a ratio of the cross-sectional widthofithe workpiece 116 to the height,
he, of the extension segment 206 may be from abdy®Q0 to about 1,000:1, such as
about 1:1,000 to about 1:500, such as about 1®@0dut 1:100, such as about 1:100
to about 1:1, such as about 1:10 to about 1:1, as@bout 1:10 to about 10:1, such as
about 1:1 to about 1:1,000, such as about 1:1datsehi10, such as about 1:1 to
100:1, such as about 1:1 to about 500:1, or sueth@ast 500:1 to about 1,000:1.
[0117] A rratio of the height, [ of the workpiece 116 to the heighg, bf an
extension segment 206 to may be from about 2:baaital0,000:1, such as from
about 10:1 to about 1,000:1, such as from aboutl1i@0about 10,000:1, such as from
about 100:1 to about 500:1, such as from aboutl5@0about 1,000:1, such as from
about 1,000:1 to about 10,000:1, such as from ab@@tl to about 5,000:1, such as
from about 2,500:1 to about 7,500:1, such as at &4, such as at least 100:1, such
as at least 500:1, such as at least 1,000:1, suahleast 5,000:1, or such as at least
7,000:1.

[0118] In some embodiments, a workpiece 116 may havessectional width

of from about 0.1 millimeters to about 10 centimgtsuch as about 0.1 mm to about
5 cm, such as 0.2 mm to about 5 cm, such as abeuti® to about 5 cm, such as
about 0.5 mm to about 1 cm, such as about 0.1 mabdat 0. 5mm, such as about
0.1 mm to about 5 mm, such as about 0.5 mm to albutm, such as about 0.5 mm
to about 5 mm, such as about 0.5 mm to about 3suoh as about 1 mm to about 5
mm, such as about 3 mm to about 10 mm, such ag &lwwn to about 10 cm, such as
about 10 cm or less, such as about 5 cm or lesk,asiabout 3 cm or less, such as
about 1 cm or less, such as about 5 mm or lesk,as1about 3 mm or less, such as
about 1 mm or less, such as about 0.5 mm or lessther embodiments, a workpiece
116 may have a relatively larger cross-sectiondthyisuch as from about 1 cm to
about 25 cm, such as from about 5 cm to about 15uooh as from about 5 cm to
about 10 cm, such as at least about 1 cm, sudhl@gshabout 5 cm, such as at least

about 10 cm, such as at least about 15 cm, oraual least about 20 cm.
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[0119] In some embodiments, a workpiece 116 may haveghtdsi,, of from

about 0.5 centimes to about 25 centimeters, suab@st 0.5 cm to about 5 cm, such
as about 0.5 cm to about 3 cm, such as about b @bdut 3 cm, such as about 1 cm
to about 10 cm, such as about 10 cm to about 15eahm as about 15 cm to about 25,
such as at least about 0.5 cm, such as at leasf 4uch as at least 3 cm, such as at
least 5 cm, such as at least 1 about 0 cm, suahleast about 20 cm, such as about
25 cm or less, such as about 20 cm or less, suabag 15 cm or less, such as about
10 cm or less, such as about 5 cm or less, suahag 3 cm or less, or such as about
1 cm orless. In other embodiments, a workpiederay have a relatively larger
cross-sectional width, such as from about 1 cnbtua25 cm, such as from about 5
cm to about 15 cm, such as from about 5 cm to ab@eim, such as at least 1 cm,
such as at least 5 cm, such as at least 10 cm asuahleast 15 cm, or such as at least
20 cm.

[0120] In some embodiments, an extension segment 206 maydheight,  of
from about 10 microns to about 20 centimeters, siscabout 10 pm to about 1,000
pim, such as about 20 um to about 1,000 um, suabhcag 50 pm to about 500 um,
such as about 100 um to about 500 um, such as 400ytm to about 1,000 pm,
such as about 100 um to about 500 um, such as ab0Oytm to about 750 um, such
as about 500 um to about 1,000 um, such as about fo about 1 cm, such as about
1 mm to about 5 mm, such as about 1 cm to aboat2&uch as about 1 cm to about
5 cm, such as about 5 cm to about 10 cm, suchasg &b cm to about 20 cm, such as
about 20 cm or less, such as about 10 cm or lesk,as about 5 cm or less, such as
about 1 cm or less, such as about 5 mm or lesk,as1about 3 mm or less, such as
about 1 mm or less, such as about 500 pum or lesls,as about 250 um or less.
[0121] In exemplary embodiment, a workpiece 116 may haveight, , of

from about 1 cm to 5 cm, and a cross-sectionalhwidt of from about 0.1 mm to
about 5 mm, and an extension segment 206 additpreiyed thereon may have a
height, k, of from about 10 um to about 5 mm, such as frooua 100 um to about 1
mm, or such as from about 1 mm to about 5 mm. emgplary workpiece 116 may
have a ratio of the height, hof the workpiece 116 to the height, bf an extension
segment 206 of from about 2:1 to about 10,000:dh st about 2:1 to about 10:1,
such as about 10:1 to about 50:1, such as aboLt&@bout 100:1, such as about
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100:1 to about 1,000:1, such as about 1,000:10@051, such as about 10:1 to about
10,000:1, such as about 2:1 to about 100:1, suaeb@st 50:1 to about 5,000:1, such
as about 100:1 to about 1,000:1, such as aboud1,®0 about 5,000:1, such as about
1,000:1 to about 10,000:1, such as about 5,000t1ataout 0,000:1, such as at least
2:1, such as at least 10:1, such as at least &iich,as at least 100:1, such as at least
500:1, such as at least 1,000:1, such as at |gx¥@:5.

[0122]  An exemplary workpiece 116 may have a ratio ofdfuss-sectional

width, w, of the workpiece 116 to the height, ¢f the extension segment 206 of from
about 1:50 to about 1,000:1, such as about 1:a@dot 1:1, such as about 1:5 to
about 1:1, such as about 1:1 to about 5:1, suebast 5:1 to about 10:1, such as
about 10:1 to about 50:1, such as about 50:1 tateli0:1, such as about 100:1 to
about 500:1, such as about 500:1 to about 1,080ch as about 2:1 to about 1,000:1,
such as about 1:2 to about 1:1, such as aboub I:,000:1, such as about 2:1 to about
10:1, such as about 5:1 to about 500:1, such as 400l to about 100:1, such as
about 100:1 to 500:1, such as about 100:1 to 11080ch as about 500:1 to 1,000:1,
such as at least 2:1, such as at least 10:1, sughl@ast 50:1, such as at least 100:1,
such as at least 500:1.

[0123] Referring again to FIGs. 1A and 1B, exemplary méshof obtaining a
digital representation of a field of view 114 usigision system 102 will be
discussed. When the vision system 102 is intednatth the additive manufacturing
machine 104, the vision system 102 may captureadignages of the workpieces 116
with the workpieces 116 secured to the build pldt®, and the build plate 118
secured to the build platform 138. The chuck systd0 may position and align the
build plate 118 within the build chamber 128 andtwa build platform 138 with a

high level of precision and accuracy, which alseréiy aligns and positions the
workpieces 116 within the build chamber 128. Tiyital images may also be
captured prior to the build plate 118 having bekegxd in the build chamber 128 and
secured to the build platform 138; however, geherawill be preferable to take
advantage of the positioning and alignment provioiethe chuck system 140. When
the vision system 102 is not integrated with théitace manufacturing machine 104,
digital images may be captured before the builteld 8 has been placed in the build
chamber 128 and secured to the build platform 4388h as in the case of a vision
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system 102 that is provided as a separate unit frenadditive manufacturing
machine 104.

[0124]  The digital images of the workpieces 116 may béwap during or after
powder 126 has been added to the build chamber H28&ever, the digital images
are typically captured before distributing powd26 &ll the way up to the build plane
122 and/or across the workpiece-interfaces 12Goime embodiments, a layer of
powder 126 surrounding the workpieces 116 but oeegng the workpiece-
interfaces 120 may help the vision system 102 tainlbetter digital images of the
workpiece-interfaces 120. For example, the povi@érmay provide an improved
background (e.g., better contrast, less reflectimore uniformity, etc.) that allows the
one or more cameras 112 to better focus on thepiex&-interfaces 120. However,
powder 126 covering a portion of a workpiece-irdeef 120 may reduce the quality of
the digital images and may affect the reliabilitytlee control system 106 in
determining the respective workpiece-interfaces 12Gsome embodiments, a layer
of powder 126 may be added to the build chambertii&8comes to just below the
build plane 122 and/or just below the workpieceiifatces 120 prior to the digital
images of the workpieces 116 being captured. Tdieatimages may be captured
with such a layer of powder 126 in place. Anygpawder 126 may be brushed
away from the workpiece-interfaces 120 prior totaapg the digital images.

[0125] Exemplary digital representations of one or moe&d8 of view 114
captured using the vison system 102 are schemgtasgpicted in FIGs. 6A and 6B.
FIG. 6A depicts a digital representation of a fiefdsiew 114 that includes one
workpiece 116, and FIG. 6B depicts a digital repn¢gtion of one or more fields of
view 114 that includes a plurality of workpiece$11T'he digital representation
depicted in FIG. 6B may be captured from a singllel fof view 114, or a plurality of
fields of view 114 maybe stitched together to pdeva digital representation of one
or more fields of view 114 that includes a plusabf workpieces 116.

[0126] As shown in FIGs. 6A and 6B, a field of view 114ymiaclude an area of
interest 600 corresponding to a workpiece-interf2@ and/or a workpiece 116 (FIG.
6A) or a plurality of areas of interest 600 resp&ty corresponding to a plurality of
workpiece-interfaces 120 and/or workpieces 116 (Bl&. Regardless of whether
the field of view 114 includes one or more areamt#rest 600, an area of interest
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600 may correspond to an expected location of &pwece-interface 120 and/or a
workpiece 116 within the field of view 114. Thepexted location may be
determined, for example, based on registrationtpdf2 (FIG. 2A and 2B) mapped
to a coordinate system. The control system 106 Imagonfigured to process only
one or more areas of interest 600 within a fieldiefv 114 so as to reduce processing
time. As shown, the area of interest 600 inclualdgyital representation of a
workpiece 116 situated therein. The field of viei¥l shown may reflect a top view
of the workpiece 116, such that the digital repnéstson of the workpiece 116
includes a digital representation of a workpiedeyiface 120, which may include a
digital representation of the workpiece-interfaeeimeter 504.

[0127]  Now referring to FIG. 7A, exemplary methods of detming a workpiece
116, a workpiece-interface 120, and/or a workpieterface perimeter 504 of a
workpiece 116 will be discussed. An exemplary radti00 includes, at step 702,
determining an area of interest 600 within thedfiel view 114. The area of interest
600 may correspond to an expected location of trdxpvece 116, the workpiece-
interface 120, and/or the workpiece-interface peten504 within the field of view
114. An area of interest may be identified bagddast in part on a mapping of
coordinates of the field of view 114 to a registmatpoint 202 for a workpiece 116.
[0128]  An exemplary method 700 may further include, gb 51@4, determining a
workpiece-interface perimeter 504 within the aremterest 600. The workpiece-
interface perimeter 504 may be determined usingdge detection algorithm. An
exemplary edge detection algorithm may identifywitoekpiece-interface perimeter
504 by identifying pixels within the digital repesgtation of the field of view 114 that
have discontinuities, such as changes in brightoesentrast. The workpiece-
interface 120 and/or the workpiece 116 may be detexd based on the workpiece-
interface perimeter 504 determined using the e@gection algorithm. Any suitable
edge detection algorithm may be utilized, includingt or second order operations.
Exemplary edge detection algorithms include a Caiggrithm, a Sobel algorithm, a
Prewitt algorithm, a Roberts algorithm, a threshajcalgorithm, a differential
algorithm, a fuzzy logic algorithm, and so fortRhe digital images may also be

filtered using edge thinning, a Gaussian filtertle like. Exemplary edge detection
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algorithms may determine a workpiece-interfacemeter 504 with sub-pixel
accuracy.

[0129] Good contrast between the workpiece-interface 120tlae surrounding
portions of the area of interest 600 (and/or betwtbe workpiece-interface perimeter
504 and the surrounding portions of the area efradt 600) may improve the
performance of the edge detection algorithm. meembodiments, image capture
may be improved by introducing a layer of powdes 1@ the build chamber 128 that
comes to just below the build plane 122 and/orlpaeddw the workpiece-interfaces
120, which is sometimes referred to as a “scrateltieg.” Additionally, or in the
alternative, in some embodiments, a skirt (not styaway be utilized that include
slits for the workpiece-interfaces 120 to slip tigh. The skirt may be placed over
the workpieces 116 when secured to the build dla& leaving the workpiece-
interfaces 120 exposed for purposes of obtainiggadiimages, and then the skirt
may be removed prior to additive printing.

[0130] An exemplary method 700 may include, at step 786¢eating a point
cloud 602 corresponding to a workpiece-interfaaenpeter 504, a workpiece-
interface 120, and/or a workpiece 116. The pdmud may include any desired
number of points corresponding to the workpieceriace perimeter 504, the
workpiece-interface 120, and/or the workpiece 1TBe number of points may be
selected based on the desired level of resolufidimeopoint cloud 602. An
exemplary point cloud 602 is shown in FIGs. 6A &B8d In some embodiments, as
shown in FIG. 6A, a point cloud 602 may be offsgtah offset amount 604
corresponding to an intended overhang distancedsetthe workpiece-interface
perimeter 504 and an extension segment 206 todiewetly printed thereon. When
providing such an offset in the point cloud 602 shep 706 of generating the point
cloud 602 may include determining an offset am@@2 and offsetting the series of
points of the point cloud 602 by the offset amad®®4. In some embodiments, the
offset amount may vary as between a first poim@lie perimeter 504 and a second
point along the perimeter 504. For example, tfigebfamount may be configured to
vary according to curvature and/or toolpath ofdldditive manufacturing tool.

[0131] As discussed with reference to FIG. 4, in an exanyghethod 400 of
additively printing an extension segment 206, atttermining a workpiece-interface
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120 from the digital representation of the fieldvadw 114, the exemplary method
400 may include, at step 406, transmitting to aditad manufacturing machine 104,
a print command configured to additively print th@¢ension segment 206 on the
workpiece-interface 120, and optionally, the exeanpmethod 400 may include, at
step 408, generating the print command based sttilegart on the field of view 114.
[0132] In some embodiments, the print command may be katdedst in part on
a CAD model, such as an extension segment-CAD ntbeelncludes a model of one
or more extension segments 206 configured to biiaelgt printed on one or more
workpieces 116, such as on the respective workpregeefaces 120. The exemplary
method 400 may include determining an extensiomsattCAD model and/or
generating an extension segment-CAD model. Adully, or in the alternative, the
step 408 of generating a print command based sit ile@art on the field of view 114
captured by the vision system 102 may include d@teng an extension segment-
CAD model and/or generating an extension segmeri>-@wdel.

[0133] FIG. 7B shows an exemplary method 750 of generaipgnt command,
such as at step 408 in the exemplary method otiadlyi printing an extension
segment 206 shown in FIG. 4. An exemplary methsfaliicludes determining
and/or generating an extension segment-CAD modglSikeing the extension
segment-CAD model 754, and determining a toolpathan additive printing area
for each slice of the extension segment-CAD mo86l 7After determining a
toolpath and an additive printing area for a stitéhe extension segment-CAD model
756, the exemplary method 750 determines whetleee iils another slice 758, and if
so, the exemplary method 750 may proceed to stéppréviding for determining a
toolpath and an additive printing area for a néigesf the extension segment-CAD
model 800. The exemplary method 750 may end winere tare no additional slices
for which a toolpath and additive printing area nbaydetermined. The number of
slices may depend on the size (e.g., height, tleisg&nof the extension segment(s) in
the extension segment-CAD model, as well as theadethickness of the layers of
powder 126 or other material that may be used datiadly print the extension
segment(s).

[0134] FIG. 8A shows an exemplary extension segment-CAQeh800. The
exemplary extension segment-CAD model 800 may delimodel of one or more
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extension segments 206. As shown, the extensgmesg-CAD model 800 includes
a plurality of models of extension segments 80Be ihodels of the extension
segments 802 respectively conform to the locatimhshape of a plurality of
corresponding workpieces 116 upon which the pliyrali extension segments 206
are to be respectively additively printed. Forrap&, the respective models of an
extension segment 802 may be aligned with cooreléniiat respectively correspond
to the registration points 202 of a plurality ofnkpieces 116 secured to a build plate
118, and/or the models of the extension segmer$1&y include a model-interface
804 that is substantially congruent with the woekg-interface 120 of the
corresponding workpiece 116. The model-interfa@€ ®ay be defined by a model-
interface perimeter 806, and the model-interfagenter 806 may be substantially
congruent with the workpiece-interface perimetet 60the respective workpiece
116. A model of the extension segment 802 may deh height, hextending from a
model-interface 804 to a top surface 808.

[0135] In some embodiments, a plurality of workpieces @at which extension
segments 206 are to be printed may differ fromamaher, and yet the extension
segment-CAD model 800 may nevertheless include dehud the plurality of
extension segments 802 conforming to the locatimhsdape of respective ones of
the plurality of workpieces 116. The model maylude one or more model-
interfaces 804 that are substantially congruertt watrresponding workpiece-
interfaces 120 and/or one or more model-interfareneter 806 that are substantially
congruent with corresponding workpiece-interfacerpeters 504. An extension
segment-CAD model 800 may be determined and/orrgi@atebased at least in part
on a CAD model, such as a library-CAD model seldkétem a database or CAD
model library. The database or CAD model libragynmclude a plurality of library-
CAD models from which an extension segment-CAD nh806 may be determined
and/or generated.

[0136] An exemplary library-CAD model is shown in FIG. 8B. library-CAD
model 850 may include a nominal model of one oramaminal workpieces 116,
components 204, or extension segments 206. Fonm@gaas shown in FIG. 8B, the
library-CAD model 850 may include a nominal mod&2&f one or more

components 204 intended to be repaired, rebuitt/crupgraded. As shown, the
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library-CAD model 850 may include a nominal modg2&f a plurality of nominal
components 204. The library-CAD model 850 mayra#avely include a single
nominal component 204. Additionally, or in theeattative, the library-CAD model
850 may include one or more nominal models 852radrainal extension segment
206, and/or one or more nominal models 852 of ainamvorkpiece 116. In some
embodiments, the CAD model library may include onenore extension segment-
CAD models 800, which may include one or more presity determined and/or
previously generated extension segment-CAD mod#si®m which subsequent
extension segment-CAD models 800 may be detern@ndtbr generated.

[0137] As shown in FIG. 8B, a nominal model-interface &3y be determined
from a nominal model 852. A nominal model-inted&854 may correspond to an
expected location of a workpiece-interface 120 nbminal workpiece 116
associated with the library-CAD model 850. The mahmodel-interface 854 may
be defined by a nominal model-interface perimef&, &nd the nominal model-
interface perimeter 856 may or may not be substiyntongruent with the
workpiece-interface perimeter 504 of the respectioekpiece 116. The nominal
model-interface 854 may be located at any z-diveeti position of the nominal
model, including up to a nominal top surface 85&efnominal model 852.

[0138] In some embodiments, a library-CAD model 850 oextension segment-
CAD model 800 may be an actual CAD model from wlode or more components
204 were originally fabricated, or the library-CAodel may be a copy or a
modified version of a CAD model from which one oona components 204 were
originally fabricated. While a library-CAD modeb@ may generally correspond to
one or more workpieces 116 onto which an extensagment 206 is to be additively
printed, the one or more workpieces 116 may diff@n their original net shape in
varying degrees from one workpiece 116 to the néxdifference from such original
net shape may exits, for example, when a workpldéehas been deformed or
damaged such as from exposure to extreme tempegterating conditions and/or
from rubbing or impacts from foreign objects. Afelience in original net shape may
also exist because of variations in a subtractiedifitation performed to prepare a
workpiece-interface 120 on the workpieces 116. &lmv, the present disclosure
provides for generating extension-segment CAD nw#@e0 that include a plurality
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of models of extension segments 802 respectivatjocming to the location and
shape of a plurality of workpieces 116 upon whiwh plurality of extension segments
206 are to be respectively additively printed base@n extension-segment CAD
model 800 and/or the models of the extension setm@8?2 therein.

[0139] An exemplary method of generating an extension settf@AD model

800 is shown in FIGs. 9A and 9B. As shown in F9@, an exemplary method 900
of generating an extension segment-CAD model 80pmegerformed for each of a
plurality of workpieces 116. An exemplary methdi9nay include, at step 902,
determining in a library-CAD model, a nominal mod#kerface 854 traversing a
nominal model corresponding to a respective orteeplurality of workpieces 116.
The nominal model may include a model of a nomaoahponent 204, such as a
model of a component 204 from which the workpietE8 may have originated. The
workpieces 116 may, however, differ from a compa284 having been additively
manufactured according to the nominal model, f@aneple, because of damage or
wear incurred by the workpieces 116 as a resuli@tnvironment with which the
component 204 was used, and/or from a subtractoaifioation performed to
prepare the workpiece 116 for an extension seg@hto be additively printed
thereon. The nominal model may additionally oemiatively include a model of a
nominal workpiece, such as a nominal model of ekpiece 116 produced by
subjecting a nominal component 204 to a subtractwgdification process to provide
a workpiece-interface 120. The nominal model ndditeonally or alternatively
include a model of a nominal extension segment 80&h as a nominal model of an
extension segment 802 corresponding to a nominedpiece 116.

[0140] Determining a nominal model-interface 854 may idelaletermining a
plane traversing the library-CAD model at a deteedi height. The determined
height may correspond to a height of an expecteatilon of a workpiece-interface
120 for a nominal workpiece 116. By way of exampléprary-CAD model may
include a model of a nominal component 204 corredjg to the workpiece, and the
workpiece 116 may have been subjected to a suiveaobdification, such as to
provide a workpiece-interface 120. An expectea@iion of a workpiece-interface

120 may be determined based at least in part onatwge of the subtractive
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modification, such as based on an expected amdunaierial removed or a resulting
change in height of the workpiece 116 as a regutieosubtractive modification.
[0141]  Additionally, or in the alternative, the determineeight may correspond
to a height of a workpiece-interface 120 as deteechirom a digital representation of
the workpiece 116. The height of a workpiece-iisieg 120 may be measured based
at least in part on one or more dimensions of thekpiece 116 obtained from the
digital representation of the workpiece, and a mainmodel-interface 854 may be
determined based at least in part on the measeigth Additionally, or in the
alternative, the height of the workpiece-interfa@® may be measured based at least
in part one or more dimensions of a workpiece atignt system 200 captured in a
field of view 114. For example, a height of therlymece-interface 120 may be
determined based at least in part on the heigatvadrkpiece shoe 214, or based at
least in part on a difference between the heiglth®fvorkpiece-interface 120 and the
height of a workpiece shoe 214, or based at legsait on a difference between the
height of the workpiece-interface 120 and the hecghhe build plate 118.

[0142] In some embodiments, a nominal model-interfacer8&y be determined
using a best-fit algorithm. Determining the nonhimedel-interface 854 traversing
the library-CAD model 850 may include determininglane traversing the library-
CAD model that meets a metric associated with &fitesigorithm applied with
respect to the digital representation of the waekptinterface 120. The best-fit
algorithm may compare one or more planes travetsiadibrary-CAD model to the
digital representation of the workpiece-interfa@® 1intil a compared plane satisfies
the best-fit metric. The nominal model-interfa&el8nay be determined based at
least in part on a plane that satisfies the bestdtric. For example, a plane that
satisfies the best-fit metric may be determinelddgdhe nominal model-interface 854.
[0143]  Still referring to FIG. 9A, an exemplary method SffGdetermining and/or
generating an extension segment-CAD model 800 nalyde, at step 904,
comparing the nominal model-interface 854 of tbeality-CAD model to a digital
representation of the workpiece-interface 120 efrdspective ones of the plurality of
workpieces 116. The digital representation mayehaaen previously or concurrently
obtained using a vision system 102 that has a &ieldew 114 including the
workpiece-interface 120 of the respective one efghurality of workpieces 116. The
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comparison may be performed using imaging matchiggrithm. In some
embodiments, comparing the nominal model-inter&®& to the digital
representation of the workpiece-interface 120 majude, at step 906, determining
whether the nominal model-interface 854 and théaaligepresentation of the
workpiece-interface 120 sufficiently match one &eot However, in some
embodiments a matching step 906 need not be intlude

[0144]  When include, a matching step 906 may include comgane or more
coordinates of the nominal model-interface 854 \witle or more coordinates of the
digital representation of the workpiece-interfa@® And determining one or more
differences therebetween. The comparing step %4additionally or alternatively
include comparing one or more coordinates of three@mmore registration points 202
with a corresponding one or more coordinates ohtirainal model-interface 854 of
the library-CAD model and determining one or maifeecences therebetween. The
registration points 202 may correspond to locatmitespective ones of a plurality of
workpieces 116 onto which respective ones of agfityrof extension segments 206
are to be additively printed using the additive ofanturing machine 104. The
comparing step 904 and the matching step 906 ma@gtiermed separately or
together as part of the same step. In some emleodésnthe matching step 906 may
determine whether there is a partial match, a atesteh, or no match between the
nominal model-interface 854 and the workpiece-mats 120. Alternatively, the
matching step 906 may determine whether thereyisratich (e.g., at least a partial
match), or no match between the nominal modeldfater854 and the workpiece-
interface 120.

[0145]  When the matching step 906 determines that thexeleast a partial
match between the nominal model-interface 854 hadvorkpiece-interface 120, the
exemplary method 900 may proceed to step 908, girayfor generating a model of
an extension segment 802 based at least in paineamominal model-interface 854.
Step 908 provides a model of an extension segnEht@8nforming to the digital
representation of the workpiece-interface 120 efrédspective one of the plurality of
workpieces 116 such that the model of the extensegment 802 is configured to be
additively printed on the workpiece-interface 12@h respective one of the plurality
of workpieces 116.
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[0146] When the matching step 906 determines that theretiat least a partial
match between the nominal model-interface 854 hadvorkpiece-interface 120, the
exemplary method 900 may return to step 902 so dstermine a different nominal
model-interface 854 and to compare the differembinal model-interface 854 to the
digital representation of the workpiece-interfa@®.1 The different nominal model-
interface 854 may be selected form the same libCakip model or a different
library-CAD model.

[0147] In some embodiments, the matching step 906 maydeafletermining
whether there is more than a partial match, suehasse match between the nominal
model-interface 854 and the workpiece-interface. 12Men the matching step 906
determines that there is a close match betweendmenal model-interface 854 and
the workpiece-interface 120, the exemplary metHa@r@ay include, at step 910,
selecting the nominal model-interface 854 and/deadt a three-dimensional portion
of the nominal model from the library-CAD model bdsat least in part on the
comparison. For example, the comparison may daterthat the selected nominal
model-interface 854 and/or the nominal model fromnltbrary-CAD model conforms
to the digital representation of the workpiece+ifstee 120 of the respective one of
the plurality of workpieces 116, such that the cielé nominal model-interface 854
may be aligned with coordinates that corresportieéaligital representation of the
workpiece-interface 120, and/or the selected nohmzalel-interface 854 may be
substantially congruent with the digital represgataof the workpiece-interface 120.
In various exemplary embodiments, step 910 maydekelecting the entire nominal
model for a respective workpiece, selecting a taieeensional portion of the
nominal model for a respective workpiece 116 (whrehy include the nominal
model-interface 854), and/or selecting only the matnrmodel-interface 854 for the
respective workpiece 116.

[0148] When a nominal model or a three-dimensional portin@neof is selected
at step 908, the exemplary method 900 may incledierchining an extension-
segment-CAD model from the library-CAD model. eaxample, a library-CAD
model that includes a nominal extension segmenin2@&pbe determined to
sufficiently match a workpiece-interface 120 suaéittan extension segment 206 may
be additively printed on the workpiece-interface #@thout requiring transforming or
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extending the nominal model-interface 854 at st} 912. On the other hand,
when the library-CAD model includes a model of aniveal component 204 or a
model of a nominal workpiece 116, rather than a@hofla nominal extension
segment 206, the exemplary method 900 may procdébdyenerating a model of an
extension segment 802 at step 908, for examplas $0 provide a model of an
extension segment 802 rather than a model of a coemt 204 or workpiece 116.
The model of the extension segment 802 generatsteé@©08 may be configured to
be additively printed on the workpiece-interfac® b2 the respective one of the
plurality of workpieces 116, whereas a model obmponent 204 or workpiece 116
would not be so configured even if the nominal maxeerface 854 closely matched
the workpiece-interface 120.

[0149] In exemplary methods 900 that do not include a miagcstep 906, an
exemplary method may proceed to generating a najagel extension segment 802
based at least in part on the nominal model-inter64 at step 908 after having
compared the nominal model-interface 854 to thealigepresentation of the
workpiece-interface 120 at step 904. In some embeuats, steps 904 and 908 may
be combined into a single step, such that compahnieaghominal model-interface 854
to the digital representation of the workpiece+iftee 120 may be part of the process
of generating a model of an extension segment 882cdat least in part on the
nominal model-interface 854.

[0150]  After having generated and/or selected a modeh@&xdension segment
802 at steps 908, 910, an exemplary method 900as@srtain, at step 912, whether
the plurality of workpieces 116 includes anotherkpiece 116. When there is
another workpiece, the exemplary method 900 maydecrepeating the determining
step 902 and subsequent steps through to step\Wh2n step 912 indicates that there
are no additional workpieces 116, the exemplanhoe®00 may proceed with step
914, which provides for outputting a model of arplity of extension segments 802
respectively configured to be additively printedtba corresponding workpiece-
interface 120 of the respective ones of the plyrali workpieces 116. The model
may be an extension segment-CAD model 800, anthtidel may be based at least
in part on the selecting and/or transforming ofribeninal model-interface 854 and/or
the nominal model from the library-CAD model.
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[0151] The model of the plurality of extension segment® 8ty be output at
step 914 concurrently as, or subsequently afteh) additional workpiece 116 is
generated and/or selected at steps 908, 910.nma smbodiments, outputting the
model may include stitching together a pluralitynoddels, such as models having
been respectively selected and/or transformed andrgted for respective ones of the
plurality of workpieces 116. While an exemplarythoa 900 of determining and/or
generating an extension segment-CAD model 800 éas Bescribed with respect to
a plurality of extension segments 206, it will igeeciated that an extension
segment-CAD model 800 may also be determined aggétoerated for a single
extension segment 206. For example, the exempiatiiod 900 may be performed
for a single extension segment 206.

[0152] Referring now to FIG. 9B, one or more steps wildescribed that may be
included in the step 908 of generating a modehoéxtension segment 802 (FIG.
9A). The steps shown in FIG. 9B may be includetiviilually or together with one
or more other steps. When generating a model ektansion segment 802, one or
more steps shown in FIG. 9B may be performed, hagharticular steps performed
may depend at least in part on whether the nomiaalel-interface 854 provides a
partial match or a close match at step 906 (FI&%,. &d/or whether the nominal
model-interface 854 or at least a three-dimensipagion of the nominal model are
selected at step 910 (FIG. 9A).

[0153] As shown in FIG. 9B, generating a model of an esttamsegment 802 at
step 908 may include an extracting step 916, duahan extension segment 206 may
be generated based at least in part on a nomind¢lrnaterface 854 and/or a three-
dimensional portion of a nominal model correspogdmthe nominal model-
interface 854. Alternatively, the extracting s86 may be omitted, for example,
such that a nominal model may itself be configurede additively printed on a
workpiece-interface 120. The step 908 of generaingpdel of an extension segment
802 may additionally or alternatively include ansforming step 918, such that a
nominal model-interface 854 may be conformed tadilyegal representation of the
workpiece-interface 120. Alternatively, the trasrshing step 918 may be omitted,
for example, when a nominal model-interface 85éaaly conforms to the digital

representation of the workpiece-interface 120. Jtee 908 of generating a model of
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an extension segment 802 may further additionalllternatively include an
extending step 920, such that a nominal modelfexter854 or a transformed model-
interface 804 may be extended so as to providesa-timensional model of an
extension segment 802. Alternatively, the extegditep 920 may be omitted, for
example, when generating a model of an extensigmeet 802 from a three-
dimensional portion of the nominal model.

[0154] In some embodiments, at step 916, generating almbda extension
segment 802 may optionally include extracting framominal model based at least in
part on the comparison at step 904, 906, a nomioalel-interface 854 and/or a
three-dimensional portion of the nominal model esponding to the nominal model-
interface 854. The extracting step may be perfdrfobowing the comparing step
904, following the matching step 906, or followiting selecting step 910.

[0155] In some embodiments, generating a model of an sikxtersegment 802
may optionally include, at step 918, transformingpaninal model-interface 854
based at least in part on the comparison at stép%®B, so as to provide a
transformed model-interface 804 conforming to tiggtal representation of the
workpiece-interface 120 of the respective one efghurality of workpieces 116. The
transforming step may include one more transfornojpgrations, including aligning,
altering, modifying, contorting, distorting, defoimy, correcting, adjusting, revising,
straightening, tilting, rotating, bending, twistirg editing, as well as combinations
of these. The patrticular transforming operationfay be selected based at least in
part on the comparison such that the transformpegation(s) conforms the nominal
model-interface 854 to the digital representatibthe workpiece-interface 120.
[0156] The transforming step 918 may be performed follgatme comparing
step 904 and/or following the matching step 90@ldifionally, or in the alternative,
the transforming step 918 may be performed follgutie extracting step 916. An
exemplary method 900 may include extracting theinahmodel-interface 854 from
the nominal model and then proceeding to step pi®;iding for transforming the
nominal model-interface 854 based at least in@athe comparison at step 904, 906,
so as to provide a transformed model-interfaced@@4orming to the digital
representation of the workpiece-interface 120 efréspective one of the plurality of
workpieces 116.

48



[0157] In some embodiments, generating a model of an sixtersegment 802
may optionally include, at step 920, extendingtthasformed model-interface 804,
such that the extension segment 206 is configurde tadditively printed on the
workpiece-interface 120 of the respective one efghurality of workpieces 116.
Step 920 may be performed after having transforthechominal model-interface 854
at step 918. Alternatively, in some embodimerhts,extending step 920 may be
combined with the transforming step 918.

[0158] Further additionally, or in the alternative, st&89nay follow step 910
(FIG. 9A), providing for extending a nominal modelerface 854 that has been
selected at step 910. For example, when a nomiodkl-interface 854 closely
matches a digital representation of a workpiecerfate 120, such as may be
determined at step 906, the transforming step Sd@lme omitted from the step of
generating a model of an extension segment 802@t998. Regardless of whether
the nominal model-interface 854 is transformedey 918 or selected at step 910
with the transforming step 918 being omitted, tkieesion segment 206 resulting
from the extending step 912 may be configured tadubtively printed on the
workpiece-interface 120 of the respective one efghurality of workpieces 116.
[0159] In an exemplary embodiment, generating a modeha@dension segment
802 at step 908 may include, at step 916, extrgétom the nominal model based at
least in part on the comparison of the nominal roderface 854 to a digital
representation of workpiece-interface 120; at StHp, transforming the nominal
model-interface 854 based at least in part on dneparison so as to provide a
transformed model-interface 804 conforming to tlggtal representation of the
workpiece-interface 120; and at step 920, extentfiagransformed model-interface
804 so as to provide an extension segment 206groefi to be additively printed on
the workpiece-interface 120.

[0160] Referring still to FIG. 9B, in another embodimethe step 908 of
generating a model of an extension segment 206imeayde, at step 916, extracting
from the nominal model a three-dimensional porbbthe nominal model. The
three-dimensional portion may correspond to theinahmodel-interface 854. For
example, the three-dimensional portion may inclindeportion of the nominal model
above the nominal model-interface 854 and may deline nominal model-interface
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854. The portion of the nominal model below the#&idimensional interface may be
deleted from the nominal model and/or may remaextracted. The three-
dimensional portion may have a height correspontbripe height of an extension
segment 206 being generated at step 908.

[0161] In some embodiments, generating a model of an sixtersegment 802
may optionally include, at step 922, transformingrae-dimensional portion of a
nominal model corresponding to a nominal modelrfate 854 based at least in part
on the comparison at step 904, 906, so as to pavitodel of an extension segment
802 conforming to the digital representation of Wegkpiece-interface 120 of the
respective one of the plurality of workpieces 1Itie model of the extension
segment 802 so provided may be configured to béiaelg printed on the
workpiece-interface 120 of the respective one efghurality of workpieces 116. The
three-dimensional portion of the nominal model $fanmed at step 922 may include
a three-dimensional portion extracted at step 916 teast a three-dimensional
portion of a nominal model selected at step 91G(PIA). In some embodiments, the
at least a three-dimensional portion of a nominatieh selected at step 910 may
include the entire nominal model, such as whemtimreinal model is a model of a
nominal extension segment 206.

[0162] The step 922 of transforming a three-dimensiondgigomay include
transforming the nominal model-interface 854 of ttimee-dimensional portion, and
may include one more transforming operations, iiclg aligning, altering,

modifying, contorting, distorting, deforming, coctang, adjusting, revising,
straightening, tilting, rotating, bending, twistirg editing, as well as combinations
of these. The particular transforming operatioa{step 922 may be selected based
at least in part on the comparison such that #restorming operation(s) conforms the
nominal model-interface 854 to the digital repreéaton of the workpiece-interface
120. Additionally, or in the alternative, the s@22 of transforming a three-
dimensional portion may include extending the nahmodel-interface 854 so as to
provide an extension segment 206 conforming talibial representation of the
workpiece-interface of the respective one of theglity of workpieces 116.

[0163] Now referring to FIGs. 10A-10D, exemplary transfarghoperations 1000
will be described, which may be performed at st&p i the exemplary method 900
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of generating an extension segment-CAD model 808y one or more transforming
operations 1000 may be performed so as to confaromanal model-interface 854 to
a digital representation of a workpiece-interfa2@.1Such transforming operations
1000 may be performed when transforming the nonmmalel-interface 854, for
example, as part of a transforming step 910 inxamglary method 400 of additively
printing an extension segment 206 and/or in an @k method 900 of determining
and/or generating an extension segment-CAD modl| 80

[0164] The nominal model-interface 854 may differ fromigitdl representation
of a workpiece-interface 120, for example, becaisechange to the shape of a
workpiece 116 while in service, or any other diéfece between workpiece-interface
120 and the library-CAD model from which the nontimedel-interface 854 was
selected. Additionally, or in the alternative,@mnal model-interface 854 may be
selected at a height that differs from the heidghihe workpiece-interface 120 even
though the nominal model corresponds to the comuua2@4. Such a difference in
height may result in a corresponding differencevieen the nominal model-interface
854 and the workpiece-interface 120. The transfogroperation 1000 may be
performed so as to compensate for a differencedstthe nominal model-interface
854 and the workpiece-interface 120, regardlesseotinderlying source for such
difference.

[0165]  FIG. 10A shows an exemplary transforming operatio@0 that includes
shifting at least a portion of a nominal model-ifdee 854 so as to conform the
nominal model-interface 854 with a digital repreéséion of a workpiece-interface
120. As shown in FIG. 10A, the nominal model-ifdee 854 is shifted to the right.
However, it will be appreciated that a transformapgration 1000 may include
shifting a nominal model-interface 854 in any dir@g, including any direction along
a 360-degree axis.

[0166] FIG. 10B shows an exemplary transforming operati@@0 that includes
rotating at least a portion of a nominal model+ifstee 854 so as to conform the
nominal model-interface 854 with a digital repreéséion of a workpiece-interface
120. As shown in FIG. 10B, the nominal model-ifgee 854 is rotated
counterclockwise. However, it will be appreciatkdt a transforming operation 1000
may include rotating a nominal model-interface 8bdny direction.
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[0167] FIG. 10C shows an exemplary transforming operati@®0 that includes
bending at least a portion of a nominal model-iiaiz 854 so as to conform the
nominal model-interface 854 to a digital represtomeof a workpiece-interface 120.
As shown in FIG. 10C, by way of example nominal edeidterface 854 generally
aligns with the workpiece-interface 120 at a midaigion, while outward regions are
subjected to a bending transforming operation. &, it will be appreciated that a
transforming operation 1000 may include bendingiign of a nominal model-
interface 854 in any direction.

[0168] FIG. 10D shows an exemplary transforming operali@®0 that includes
scaling at least a portion of a nominal model-ifsiee 854 so as to conform the
nominal model-interface 854 with a digital represéion of a workpiece-interface
120. As shown in FIG. 10D, by way of example, tloeninal model-interface 854 is
scaled downward so as to conform to the workpietefiace 120. However, it will
be appreciated that a transforming operation 1089 adlditionally or alternatively
include scaling a nominal model-interface 854 umlvar

[0169]  Any one or more transforming operations may bei@dmut alone or in
combination with one another, and as to all or o of a nominal model-interface
854. In some embodiments, transforming a nomira@etiinterface 854, such as at
step 910 of the exemplary method 900, may incllideiag at least a portion of the
nominal model-interface 854 with a digital represéion of a workpiece-interface
120. Such aligning may include aligning one or encwordinates of the nominal
model-interface 854 with one or more coordinatethefdigital representation of the
workpiece-interface 120. By way of example, suldméng may be performed, at
least in part, using a shifting, rotating, bendiagg/or scaling transforming operation
as described with reference to FIGs. 10A-10D. Addally, or in the alternative,
transforming the nominal model-interface 854 mayude a first transforming
operation selected to align at least a first parobbthe nominal model-interface 854
with a digital representation of a workpiece-inded 120, such as using a shifting
and/or rotating transforming operation as describitk reference to FIGs. 10A and
10B, followed by a second transforming operatideced to align at least a second

portion of the nominal model-interface 854 with thgital representation of the
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workpiece-interface 120 such as using a bendingpasdaling transforming
operation as described with reference to FIGs. A&€C10D.

[0170]  The first transforming operation may be selectedlign a first one or
more coordinates of the nominal model-interface @i# a first one or more
coordinates of the digital representation of thekptece-interface 120, and the
second transforming operation may be selecteddn alsecond one or more
coordinates of the nominal model-interface 854 wigecond one or more
coordinates of the digital representation of thekp@ce-interface 120.

[0171]  The first one or more coordinates of the nominatietenterface 854 may
include coordinates for a center point of the nahmodel-interface 854 and/or one
or more coordinates along the nominal model-interfaerimeter 856 of the nominal
model-interface 854, such as a maximum or minimuno&rdinate or a maximum or
minimum Y coordinate along the nominal model-irded perimeter 856. The first
one or more coordinates of the workpiece-interfe2@ may include coordinates for a
center point of the workpiece-interface 120 andfoe or more coordinates along the
workpiece-interface perimeter 504 of the workpiederface 120, such as a
maximum or minimum X coordinate or a maximum or imam Y coordinate of the
workpiece-interface perimeter 504. The first tfansing operation may be
configured to align the center point of the nomimaldel-interface 854 with the
center point of the workpiece-interface 120, antidcalign a maximum or minimum
X coordinate or a maximum or minimum Y coordindteng the nominal model-
interface perimeter 856 with a corresponding maxmau minimum X or Y
coordinate along the workpiece-interface perimg@gt.

[0172] The second one or more coordinates of the nomiodefinterface 854
may include one or more coordinates along the nahmrodel-interface perimeter
856 of the nominal model-interface 854, and th@sdmne or more coordinates of
the workpiece-interface 120 may include one or nco@dinates along the
workpiece-interface perimeter 504. The secondavmaore coordinates of the
nominal model-interface 854 and/or the second omeare coordinates of the
workpiece-interface 120 may be selected basedommgarison of the workpiece-
interface 120. Such comparison may be perfornmdgXample, after the first

transforming operation.
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[0173] Coordinates may be selected for the second transigroperation based
on a difference between coordinates for a poimi@gtbe nominal model-interface
perimeter 856 as compared to coordinates of agporaling point along the
workpiece-interface perimeter 504. For examplerdmates for such a point may be
selected when the coordinates differ by a threshoidunt. The threshold amount
may be selected based at least in part on a defoemformance sufficient to provide
a near net shape component 204 when additivelyipgian extension segment 206
conformed to the workpiece-interface 120 basedatlin part on the one or more
transforming operations. In this way, once the mamrmodel-interface 854 has been
aligned with the workpiece-interface 120 accordimg¢he first transforming
operation, one or more second transforming opersimay be performed as
determined by such comparison relative to suchstioiel amount.

[0174]  The one or more second transforming operationsbegyerformed to the
extent needed to sufficiently conform the nominaldel-interface 854 to the
workpiece-interface 120 so as to obtain a neasimgbe component 204. In some
embodiments, a difference may exist between coaté#of one or more points along
the nominal model-interface perimeter 856 relatoreoordinates of corresponding
points along the workpiece-interface perimeter 5@ile still sufficiently

conforming the nominal model-interface 854 to trerkpiece-interface 120 so as to
provide a near net shape component 204. For deasyxh difference may be an
amount that is at least less than an overhangdistimr an overhang 506.

[0175] In some embodiments, a transforming operation nnayige for an
overhang 506 between the workpiece-interface 128Gl model-interface 804, such
that the model-interface 804 overhangs the worlgpirterface 120 by an overhang
distance. For example, a transforming operatioy imelude determining an offset
amount 604 and transforming at least a portionmmdrainal model-interface 854 by
the offset amount 604. The offset amount 604 noayespond to an overhang
distance for at least a portion of the extensigmsnt 206.

[0176] Now referring to FIGs. 11A and 11B, and FIGS. 1P2D, exemplary
methods of extending a model-interface 804 wiltlescribed. FIG. 11A shows a
nominal model, such as from a library-CAD model 852G. 11B shows a model of
an extension segment 802, such as in an extensgment-CAD model 800,
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generated based at least in part on the nominaéhmokrface 854, such as in steps
including extending the nominal model-interface 8545. 12 shows a flow chart
depicting exemplary methods of extending a modierace 804 so as to provide a
model of the extension segment 802 configured tadakitively printed on a
workpiece-interface 120 of a respective workpieté. 1

[0177] Exemplary methods of extending a model-interfaceé @@y be performed
starting from a nominal or transformed model-irded 804 and/or a three-
dimensional portion of a nominal model. As desedilwith reference to FIGs. 9A
and 9B, exemplary methods 900 of generating amsiie segment-CAD model 800
may include, at step 920, extending a selected maimiodel-interface 854 or a
transformed model-interface 804. Additionally, gtep 922 of transforming a three-
dimensional portion may include extending the nahmodel-interface 854. Such a
nominal model-interface 854 may have been extracted the nominal model or
may remain part of the nominal model when extentlegnominal model-interface
854. When a nominal model-interface 854 and/dw@et-dimensional portion of a
nominal model remains part of the nominal model miéetending, the resulting
extension segment 206 may be extracted from thenamodel, for example, by
extracting a three-dimensional portion of a nommablel corresponding to the
nominal model-interface 854 as described with efee to step 916.

[0178] As shown in FIG. 11B, a model of an extension segr862 may include
a height, b extending from a model-interface 804 to a topatef808. The height,
he for an extension segment 802 may be determined #mominal model 852. For
example, the height of an extension segment 20fdy correspond to the z-
directional distance from a nominal model-interf&&d to a nominal top surface 858
of the nominal model 852. Alternatively, the hgighan extension segment 206, h
may be specified independently from the nominal eh@$2. An exemplary model
of an extension segment 802 may be extended frermtidel-interface 804 to the
nominal top surface 858 of the nominal model 852.

[0179] In some embodiments, a model of an extension segdd@may include a
region extending from the model-interface 804 ®tthp surface 808 of the model.
Additionally, or in the alternative, as shown irGFI11B, a model of an extension
segment 802 may include a plurality of extensiagnsnt slices 1100 between the
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model-interface 804 to the top surface 808 of tlheleh The extension segment
slices 1100 may correspond to nominal model slidé® in the nominal model 852.
The nominal model slices 1102 and/or the extensemgment slices 1100 may have
any desired z-directional spacing. The nominal ehgtices 1102 may include a
nominal model-interface 854 and/or one or more maimextended-planes 1104. The
nominal model slices 1102 may correspond to theectional resolution of the
nominal model, and the extension segment slice® trify correspond to the z-
directional resolution of the model of the extenssegment 802. In some
embodiments, the z-directional resolution of thedel@f the extension segment 802
may differ from the z-directional resolution of theminal model 852. For example,
the z-directional resolution of the model of théegsion segment 802 may be
increased or decreased relative to the z-diredti@salution of the nominal model
852.

[0180] As shown in FIG. 12A, an exemplary method 1200xvéeding a model-
interface 804 may include, at step 1202, deterrgiaiheight of a workpiece 116
based at least in part on a digital representati@field of view 114 that includes at
least a portion of the workpiece, at step 1204 mening a height for an extension
segment 206 to be additively printed on a workpieterface 120 of the workpiece
116, and at step 1206, extending the model-inter&el in the z-direction by an
amount corresponding to the height for the extensegment 206. The model-
interface 804 may be extended in the z-directiathiwia nominal model and then a
resulting model of an extension segment 802 magxbacted therefrom.
Alternatively, the model-interface 804 may be ectied from the nominal model, and
then the model-interface 804 may be extended iz-theection by an amount
corresponding to the height for the extension sexr2@6 within a model of the
extension segment 802 being generated.

[0181] Exemplary methods of extending a model-interfact &0step 1206 are
shown in FIGs. 12B-12D. As shown in FIG. 12B, exlieg a model-interface 804 in
the z-direction may include, at step 1208, positigrihe model-interface 804 at an
elevation corresponding to a build plane 122 chdditive manufacturing machine
104; at step 1210, positioning a copy of the maxtielrface a distance in the z-
direction above the model-interface 804 that cwess to the height for the
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extension segment 206; and at step 1212, definmgdel of an extension segment
802 extending in the z-direction from the modekrfdce 804 to the copy of the
model-interface 804.

[0182] As shown in FIG. 12C, extending a model-interfa@é B the z-direction
may include, at step 1214, positioning the modtdrface 804 at an elevation
corresponding to a build plane 122 of an additiauaiacturing machine 104; at step
1216, determining a nominal extended-plane 110#r@dminal model corresponding
to a top surface of the nominal model, and positigthe nominal extended-plane
1104 of the nominal model a distance in the z-divacabove the model-interface 804
that corresponds to the height for the extensigmeat 206; and at step 1218,
defining a model of an extension segment 802 extgnd the z-direction from the
model-interface 804 to the nominal extended-plalti1

[0183] As shown in FIG. 12D, extending a model-interfa®d & the z-direction
may include, at step 1220, positioning the modtdrface 804 at an elevation
corresponding to a build plane 122; at step 128&rchining a slice elevation for an
extended-plane 1104 of a model of an extension eeg802; at step 1224,
determining a nominal extended-plane 1104 in a nahmodel, the nominal
extended-plane 1104 being at an elevation correbpgno the slice elevation for the
model of the extension segment 802; and at stef, I#&itioning the nominal
extended-plane 1104 a distance in the z-directmvathe model-interface 804 that
corresponds to the slice elevation.

[0184] In some embodiments, extending a model-interfadei®@he z-direction
may include, at step 1228, transforming a nomirtdreded-plane 1104, providing a
transformed extended-plane 1104. The transformirige nominal extended-plane
1104 may be based at least in part on a compawisthre nhominal extended-plane
1104 to the model-interface 804. Additionally,mthe alternative, the transforming
of the nominal extended-plane 1104 may be baskdsttin part on the position of
the nominal extended-plane 1104 above the modetfate 804 relative to the height
for the extension segment 206. The transformirggeqd 1228 may include one more
transforming operations, including those shownl@$: 10A-10D, or any other

transforming operation, such as aligning, altermggifying, contorting, distorting,
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deforming, correcting, adjusting, revising, straegting, tilting, rotating, bending,
twisting, or editing, as well as combinations cégh.

[0185]  The particular transforming operation(s) at step8léhay be selected
based at least in part on the comparison of themaraxtended-plane 1104 and/or
the position of the nominal-extended plane 110¥sdme embodiments, a
transforming operation may include a smoothingdgathich may be configured to
provide a graduated transition from a model-inte#f804 to a transformed extended-
plane 1104. For example, an extended-plane 11@4ize a perimeter that differs
from a model-interface perimeter 806, and the shingtfactor may be configured to
provide a gradual transition therebetween. Theashilog factor may temper the
transformation by a prorated amount depending erzttirectional location of the
extended-plane 1104.

[0186] An extended-plane 1104 at a z-direction positi@t torresponds to the
height of the extension segment 206 may not befoamed, such that the model of
the extension segment 802 may gradually trans#iong the z-direction from a
model-interface 804 conforming to a workpiece-ifstee 120 to an extended-plane
1104 conforming to the top surface 858 of the naimodel 852. Additionally, or in
the alternative, an extended-plane 1104 at a ziibre position between the model-
interface 804 and the top surface of the extensegment 808 may be transformed
with a smoothing factor applied to the transforimatiso as to provide a transformed
extended-plane 1104 conforming to a perimeterypbgtween that of the model-
interface 804 and that of the top surface of thminal model 852. Also, in some
embodiments, an extended-plane 1104 at a z-direptsition that corresponds to the
height of the extension segment 206 may be tram&fdy for example, to provide top
surface 808 of an extension segment 206 that diffem a top surface of the nominal
model.

[0187]  Still referring to FIG. 12D, the step of extendmgnodel-interface 804 in
the z-direction may be performed for any numbeslioks. As shown in FIG. 12D,

an exemplary method 1200 may include, at step 1&3@rmining whether the model
of the extension segment 802 may include anotie. sThe number of slices may be
predetermined, such as based on the intended tadigie¢ model of the extension
segment 802 and a z-directional slice intervalz-directional slice interval may
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depend on the desired z-directional resolutiornefrhodel of the extension segment
802. When there is another slice, the exemplamhotel200 may include repeating
steps 1222 through 1230. When step 1230 indith&tthere are no additional slices,
the exemplary method 1200 may proceed with ste@,22Bich provides for defining
a model of an extension segment 802 extendingairztlirection from the model-
interface 804 through each nominal or transformedreled-plane 1104, with the
model extending to the height for the extensiomesag 206. The model of the
extension segment 802 may be defined at step 1@32ioently as, or subsequently
after, each extension-plane is determined, positdpand/or transformed at steps
1224, 1226, and 1228.

[0188] Referring again to FIG. 9A, a model of a plurabiyextension segments
802 may be output at step 914, such as to an eatessgment-CAD model 800 as
shown in FIG. 8A. Each of the models of the extamsegments 802 may include a
model-interface 804 aligned in the z-direction naraterface plane in the extension
segment-CAD model 800. The interface plane iretttension segment-CAD model
800 may correspond to a build plane 122 of an addgrinting machine 104. In this
way, a plurality of extension segments 206 maydubtaely printed on workpiece-
interfaces 120 of respective workpieces 116 asgddhte same build with each
extension segment 206 properly aligning in therealion with the build plane 122.
Referring again to FIG. 4, an exemplary method @f0&dditively printing an
extension segment 206 includes, at step 408 gemgeaprint command based at
least in part on a digital representation of adfiel view 114 captured by the vision
system. FIG. 7B, shows an exemplary method 7%#®oérating a print command for
a plurality of slices of one or more extension segta 206. Now referring to FIG.
13, an exemplary print command 1300 for a slica plurality of extension segments
206 is graphically depicted. As shown in FIG. 48,exemplary print command 1300
for additively printing a slice of an extension semt 206 may include a plurality of
toolpaths 1302 respectively corresponding to tlee slin an exemplary embodiment,
the print command 1300 may be for a slice thatide$ a toolpath corresponding to
the model-interface 804 of the plurality of extemssegments 206. Additional print
commands 1300 may be generated for each respstitieeas described with
reference to FIG. 7B. The number of slices mayeddpon the size (e.g., height,
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thickness) of the extension segment(s) 206 in tiension segment-CAD model 800,
as well as the desired thickness of the layerwider 126 or other material that may
be used to additively print the extension segmgRa(s.

[0189] In exemplary embodiments, the extension segment-@&Del 800 may
include a model of a plurality of extension segmee3ti2, in which at least a first
model of a first extension segment 802 differs franeast a second model of a
second extension segment 802. The first moddieofitst extension segment 802
may conform to and may be substantially congruetit avfirst workpiece-interface
120 of a first workpiece 116, and the second motile second extension segment
802 may conform to and be substantially congruetit &second workpiece-interface
120 of a second workpiece 116. The print comm&td Inay include a first toolpath
corresponding to a first slice of the first extemssegment 206 and a second toolpath
corresponding to a second slice of the second sixteisegment 206, and the first
toolpath may differ from the second toolpath. Example, the first toolpath may
define a first extension segment perimeter andéeend toolpath may define a
second extension segment perimeter, in which teedktension segment perimeter
differs from the second extension segment perimsteh as in respect of curvature,
surface area, and/or geometry.

[0190] Now referring to FIGs. 14-19, in some embodimeatsexemplary
additive manufacturing system 100 may be configtogokrform a calibration
adjustment so as to prevent or mitigate discreganbiases, misalignments,
calibration errors, or the like which may otherw#ese from time to time as between
one or more aspects of the additive manufactuystes 100. For example, a
calibration adjustment may be configured to prewegmhitigate discrepancies, biases,
misalignments, calibration errors, or the like betw a vision system 102 and an
additive manufacturing machine 104, between a nisistem 102 and one or more
CAD models generated based at least in part omonere digital images obtained
using the vision system 102, or between one or r@é&#® models and an additive
manufacturing machine 104, as well as combinatufrisese.

[0191] A calibration-CAD model may be utilized to calibeatn additive
manufacturing system 100, such as by performingjiaration adjustment. FIG. 14
shows an exemplary calibration-CAD model 1400. G&lération-CAD model 1400
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includes one or more model calibration marks 140Re one or more model
calibration marks 1402 may respectively take thienfof or include a model of a
registration point 202. For example, a model c¢atibn mark 1402 may include a dot
or other mark that defines a model of a registrapioint 202. The one or more model
calibration marks 1402 may be respectively locate@AD-model coordinates
corresponding respective ones of a plurality ofstegtion points 202 (FIGs. 2A and
2B). The registration points 202 may correspondmigcations where respective
ones of a plurality of workpieces 116 are to beag#d when additively printing on
the respective workpiece-interfaces 120 thereof.

[0192] One or more workpiece docks 210 may be respectoaifigured to

secure a plurality of workpieces 116 to a buildelthl8, and the registration points
202 may provide an indication of where the workpget16 are expected to be
located when secured to the build plate 118 artdlled in the vision system 102
and/or the additive manufacturing machine 104.akkbcation-CAD model 1400 may
be utilized by an additive manufacturing machiné f@additively print model
calibration marks 1402 at locations correspondmthé registration points 202, such
as at locations where the workpieces 116 are eggeatbe located when secured to a
build plate 118. For example, registration poR@2 represented by model
calibration marks 1402 may correspond to locatmfiene or more workpiece docks
of a build plate 118.

[0193] In an exemplary embodiment, respective ones oplinality of model
calibration marks 1402 may have CAD model-coordiadhat correspond to
respective ones of the plurality of registratiomp® 202. The model calibration
marks 1402 may include a geometric shape or patehat least a portion of the
geometric shape or pattern may have CAD model-aoates that correspond to a
respective registration point 202. In yet anotisemplary embodiment, a model
calibration mark 1402 may include a contour coroesjing to a perimeter of a model
of an extension segment 802, such as a model-actgerimeter 806, and the
contour may have CAD model-coordinates correspanttira location of a workpiece
116 onto which an extension segment 206 may beiaglgtiprinted based on the

model of the extension segment 802.
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[0194]  FIG. 15 shows an exemplary calibration surface 15@0includes a
plurality of printed calibration marks 1502 thatre@rinted on the calibration surface
1500 using the additive manufacturing machine IDHe printed calibration marks
1502 may have been printed on the calibration sari%00 based at least in part on a
calibration-CAD model 1400, such as the calibratixD model 1400 shown in FIG.
14. The calibration surface 1500 may include édpiate 118, and/or a calibration
sheet applied to a build plate 118. An exemplatpcation sheet may include
transfer paper, carbon paper, or other materigdlisiai for the additive manufacturing
machine 104 to print the calibration marks 1502¢bme. In an exemplary
embodiment, the printed calibration marks 1502 tmayrinted using an additive
manufacturing tool such as a laser, but withouizutg powder 126 or other additive
material. For example, an additive manufacturireggihine 104 may include an
energy source 142 such as a laser configured fitaedyg print the plurality of
extension segments 206 by marking the calibrativfase 1500 using the energy
source 142.

[0195] FIG. 16 shows an exemplary digital representat@®0lof a field of view
114 that includes a plurality of digitally represesh calibration marks 1602 having
been obtained using a vision system 102. Thealigipresentation 1600 of the
digitally represented calibration marks 1602 infie& of view 114 may be identified
using an edge detection algorithm. An exemplageeatktection algorithm may
identify the digitally represented calibration mad602 by identifying pixels within
the digital representation 1600 of the field ofwigl4 that have discontinuities, such
as changes in brightness or contrast. As showhGn 16, the digital representation
1600 of the field of view 114 may be compared tibecation-CAD model 1400. For
example, respective ones of a plurality of digtaépresented calibration marks 1602
may be compared to respective ones of a correspgmpdlirality of model calibration
marks 1402.

[0196] FIG. 17 shows an exemplary comparison table 170€xiating an
exemplary comparison of respective ones of a ptyral digitally represented
calibration marks 1602 to corresponding respedaives of a plurality of model
calibration marks 1402. As shown in FIG. 17, saciomparison may include
determining nominal coordinates 1702 for the maaébration marks 1402 and
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determining measured coordinates 1704 for thealigitepresented calibrations
marks 1602. Such a comparison may additionallljpde determining a system offset
1706, such as a difference between respectiveatligrepresented calibrations mark
1602 and corresponding model calibration marks 14D@mparison data may be
obtained for each model calibration mark 1402, sagfor each corresponding
registration point 202.

[0197] A system offset 1706 may indicate a discrepan@g,bnisalignment,
calibration error, or the like. A calibration adiment may be performed responsive
to the comparison. The calibration adjustment bewpplied to any aspect of the
additive manufacturing system 100, including th&on system 102, the additive
manufacturing machine 104, or a control system 1&éditionally, or in the
alternative, a calibration adjustment may be appieone or more CAD models,
including a library-CAD model and/or an extensiegment-CAD model 800. For
example, a calibration adjustment applied to a GAd@el may be configured to align
coordinates of the CAD model with coordinates @f &ldlditive manufacturing system
100, such as vision system coordinates and/origddrtanufacturing machine
coordinates. The calibration adjustment may beieg@o as to any one or more of
the model calibration marks 1402 so as to aligri eacdel calibration mark 1402
with a corresponding registration point 202. Bxairaple, a calibration adjustment
may be applied as to a model calibration mark bén the system offset 1706
exceeds a threshold offset value.

[0198] Exemplary results of a calibration adjustment atematically illustrated
in FIGs. 18A-18C. FIG. 18A shows an exemplarytdigiepresentation 1800 of a
workpiece-interface 120 obtained from a vision egstL02 before calibration 1802
and after calibration 1804, such as for a calibratidjustment applied to the vision
system 102. FIG. 18B shows an exemplary locatfanaxtension segment 1810
additively printed using an additive manufacturmgchine 104 before calibration
1812 and after calibration 1814, such as for dcaiion adjustment applied to the
additive manufacturing machine 104. FIG. 18C shawgxemplary location of a
model of an extension segment 1820 in an extersegment CAD model before
calibration 1822 and after calibration 1824, suslioa a calibration adjustment
applied to the extension-segment CAD model.
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[0199] Now referring to FIG. 19, exemplary methods of lmating an additive
manufacturing system 100 will be described. Anmeplary method 1900 may
include, at step 1902, comparing a digital repreegeam of one or more digitally
represented calibration marks 1602 to a calibra@ié® model 1400. The
calibration-CAD model 1400 may include one or mmadel calibration marks 1402.
The digital representation of the one or more dlbyitrepresented calibration marks
1602 may have been obtained using a vision sys@&nahd the one or more printed
calibration marks 1502 may have been printed aalibration surface 1500 according
to the calibration-CAD model 1400 using an additivenufacturing machine 104. In
some embodiments, the exemplary method 1900 maydi@obtaining the digital
representation of the one or more digitally repnése calibration marks 1602 using
the vision system 102.

[0200] One or more calibration adjustments may be appésgonsive to step
1902. For example, in some embodiments, an exeynplathod 1900 may include,
at step 1904, applying a calibration adjustmerrte or more CAD models based at
least in part on the comparison. The calibratidjpstment may align the one or more
CAD models with one or more coordinates of the igelmanufacturing system 100,
such as vison system coordinates and/or additiveufaaturing machine coordinates.
For example, the calibration adjustment may allgndoordinates of one or more
model calibration marks 1402 with coordinates @f éladitive manufacturing machine
104. Additionally, or in the alternative, an exdarg method 1900 may include, at
step 1906, applying a calibration adjustment tceithditive manufacturing system 100
based at least in part on the comparison. Theratibn adjustment applied to the
additive manufacturing system 100 may be configtioeslign one or more
coordinates of the vision system 102 with one orexamordinates of the additive
manufacturing machine 104.

[0201] In an exemplary embodiment, a method 1900 of catiifg an additive
manufacturing system 100 may include printing onmiore model calibration marks
1402 on a calibration surface 1500 according taldmation-CAD model 1400 using
an additive manufacturing machine 104. The modi#bation marks 1402 may be
printed on the calibration surface 1500 at a pityralf registration points 202
according to the calibration-CAD model 1400. Tagistration points 202 may have
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CAD-model coordinates respectively correspondinigptations where respective
ones of a plurality of workpieces 116 are to beati#d when additively printing
respective ones of a plurality of extension segs&06 onto the respective ones of
the plurality of workpieces 116.

[0202]  The digital representation of the digitally repreteel calibration marks
1602 may be compared to the model calibration m&ke in the calibration CAD-
model 1400 based at least in part on coordinatés&adimensions of the model
calibration marks 1402 and digitally representdibcation marks 1602. For
example, comparing the digital representation efahe or more digitally represented
calibration marks 1602 to the model calibration ks&k402 in the calibration-CAD
model 1400 may include comparing one or more coatds of the one or more
digitally represented calibration marks 1602 indiggtal representation thereof with
a corresponding one or more coordinates of the huadibration marks 1402 in the
calibration-CAD model 1400, and determining onenare differences therebetween.
The one or more coordinates may include coordinatesspective ones of a plurality
of registration points 202 respectively correspagdo locations of respective ones of
a plurality of workpieces 116 onto which respectives of a plurality of extension
segments 206 are to be additively printed usingtithtive manufacturing machine
104. Additionally, or in the alternative, compayitine digital representation of the
one or more digitally represented calibration mdr&82 to the model calibration
marks 1402 in the calibration-CAD model 1400 maglude comparing one or more
dimensions of the one or more digitally represemgdibration marks 1602 in the
digital representation thereof with a corresponding or more dimensions of the one
or more model calibration marks 1402 in the catiora CAD model 1400, and
determining one or more differences therebetween.

[0203]  Sitill referring to FIG. 19, the step 1904 of applyia calibration
adjustment to one or more CAD models may includegforming at least a portion of
the one or more CAD models based at least in patth@® comparison at step 1902.
The transforming may include rotating, bendingstimg, shifting, scaling,
smoothing, aligning, offsetting, and/or morphindeatst a portion of the one or more
CAD models.
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[0204] In an exemplary embodiment, the one or more CADetwouhay include

an extension segment-CAD model 800 that has a noddeplurality of extension
segments 802 respectively located at CAD modeldinates corresponding to
respective ones of a plurality of registration p®iR02 respectively corresponding to
locations where respective ones of a plurality ofkpieces 116 are to be situated
when additively printing respective ones of a plityaf extension segments 206 onto
the respective ones of the plurality of workpiet&6. In some embodiments,
applying a calibration adjustment to one or moreDdAodels at step 1904 may
include transforming at least a portion of the egien segment-CAD model 800
based at least in part on the comparison so dgytoraspective ones of the plurality
of models of extension segments 802 of the extarsegment-CAD model 800 with
the respective ones of the plurality of registratimints 202 of the additive
manufacturing system100.

[0205] In still another exemplary embodiment, applyingaiilzation adjustment
to one or more CAD models at step 1904 may inchetesrating an extension
segment-CAD model 800. The generated extensianeagCAD model 800 may
include a model of a plurality of extension segreeé3fi2 configured to be additively
printed onto respective ones of a plurality of woeces 116, and the plurality of
models of extension segments 802 may be respectoedted at CAD model-
coordinates determined based at least in part@nahbration adjustment. The
plurality of models of extension segments 802 magligned with respective ones of
a plurality of registration points 202 of the additmanufacturing system 100. The
plurality of registration points 202 may correspaadocations where respective ones
of a plurality of workpieces 116 are to be situatdaen additively printing respective
ones of a plurality of extension segments 206 tdmaespective ones of the plurality
of workpieces 116.

[0206] Now referring to FIG. 20, further features of amiéite manufacturing
system 100 will be described. As shown in FIG.&0exemplary additive
manufacturing system 100 may include a controlesyst06. An exemplary control
system 106 includes a controller 2000 communichtieeupled with a vision system
102 and/or an additive manufacturing machine IDde controller 2000 may also be
communicatively coupled with a user interface 168/ar a management system 110.
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[0207]  The controller 2000 may include one or more conmuutievices 2002,
which may be located locally or remotely relatiodlie additive vision system 102
and/or the additive manufacturing machine 104. @i or more computing devices
2002 may include one or more processors 2004 aadomore memory devices
2006. The one or more processors 2004 may in@ogesuitable processing device,
such as a microprocessor, microcontroller, integtaircuit, logic device, and/or
other suitable processing device. The one or maory devices 2006 may include
one or more computer-readable media, includinghbutimited to non-transitory
computer-readable media, RAM, ROM, hard drivesHldrives, and/or other
memory devices.

[0208] The one or more memory devices 2006 may storerrdtion accessible
by the one or more processors 2004, including nm&@csbkecutable instructions 2008
that can be executed by the one or more proce280rs The instructions 2008 may
include any set of instructions which when execigthe one or more processors
2004 cause the one or more processors 2004 tarpeojoerations. In some
embodiments, the instructions 2008 may be confijtwecause the one or more
processors 2004 to perform operations for whichctivdroller 2000 and/or the one or
more computing devices 2002 are configured. Spehmations may include
controlling the vision system 102 and/or the agditnanufacturing machine 104,
including, for example, causing the vision systeédfi o capture a digital
representation of a field of view 114 that includesorkpiece-interface 120 of one or
more workpieces 116, generating one or more pantraands 1300 based at least in
part on the one or more digital representatiorth®fone or more fields of view 114,
and causing the additive manufacturing machinet@@dlditively print respective
ones of the plurality of extension segments 206anesponding respective ones of
the plurality of workpieces 116. For example, singtructions 2008 may include
one or more print commands 1300, which, when exechy an additive
manufacturing machine 104, cause an additive-matwiag tool to be oriented with
respect to a toolpath that includes a pluralityoofpath coordinates and to additively
print at certain portions of the toolpath so aadditively print a layer of the plurality
of extension segments 206. The layer of the ptyraf extension segments 206 may
correspond to the slice of the extension segmerd-@wdel 800. Such operations
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may additionally or alternatively include calibragian additive manufacturing system
100.

[0209]  Such operations may further additionally or altéxedy include receiving
inputs from the vision system 102, the additive ofacturing machine 104, the user
interface 108, and/or the management system 1u6h &erations may additionally
or alternatively include controlling the vision g 102 and/or the additive
manufacturing machine 104 based at least in pattt@mputs. Such operations may
be carried out according to control commands prexvidy a control model 2010. As
examples, exemplary control models 2010 may incugeor more control models
2010 configured to determine a workpiece-interfa2@ of each of a plurality of
workpieces 116 from one or more digital represematof one or more fields of view
114; one or more control models 2010 configuredei@rmine and/or generate an
extension segment-CAD model 800 based at leasirirop the one or more digital
representations of the one or more fields of viéw; land/or one or more control
models 2010 configured to slice an extension setH@&D model 800 into a

plurality of slices and/or to determine or genegrateolpath and an additive printing
area for each of the plurality of slices. The maekexecutable instructions 2008 can
be software written in any suitable programmingglzage or can be implemented in
hardware. Additionally, and/or alternatively, thetructions 2008 can be executed in
logically and/or virtually separate threads on pssors 2004.

[0210] The memory devices 2006 may store data 2012 abtessi the one or
more processors 2004. The data 2012 can includentwor real-time data, past data,
or a combination thereof. The data 2012 may beedtm a data library 2014. As
examples, the data 2012 may include data assoadidtiedr generated by additive
manufacturing system 100, including data 2012 aststwith or generated by a
controller 2000, the vision system 102, the additivanufacturing machine 104, the
user interface 108, the management system 110raadbmputing device 2002.

The data 2012 may also include other data setanpers, outputs, information,
associated with an additive manufacturing systefi) 40ch as those associated with
the vision system 102, the additive manufacturiraghime 104, the user interface

108, and/or the management system 110.
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[0211] The one or more computing devices 2002 may aldadeca
communication interface 2016, which may be useaddonmunications with a
communications network 2018 via wired or wirelesgxmunication lines 2020. The
communication interface 2016 may include any sletabmponents for interfacing
with one or more network(s), including for examptansmitters, receivers, ports,
controllers, antennas, and/or other suitable corapts The communication interface
2016 may allow the computing device 2002 to commaitei with the vision system
102, the additive manufacturing machine 104. Tdraraunication network 2018
may include, for example, a local area network ()AdNwide area network (WAN),
SATCOM network, VHF network, a HF network, a Wi+tétwork, a WiMAX
network, a gatelink network, and/or any other sal@aommunications network for
transmitting messages to and/or from the contr@@#)0 across the communication
lines 2020. The communication lines 2020 of comication network 2018 may
include a data bus or a combination of wired andfogless communication links.
[0212] The communication interface 2016 may additionafhalternatively allow
the computing device 2002 to communicate with a ugerface 108 and/or a
management system 110. The management systerwhit®, may include a server
2022 and/or a data warehouse 2024. As an exaatgbgst a portion of the data
2012 may be stored in the data warehouse 2024hargkrver 2022 may be
configured to transmit data 2012 from the data twawse 2024 to the computing
device 2002, and/or to receive data 2012 from gmepriting device 2002 and to store
the received data 2012 in the data warehouse 20Zdrther purposes. The server
2022 and/or the data warehouse 2024 may be implechas part of a control system
106.

[0213]  Further aspects of the invention are provided leysthibject matter of the
following clauses:

[0214] A method of calibrating an additive manufacturiygtem, the method
comprising: comparing a digital representation ¢ or more calibration marks to a
calibration-CAD model comprising one or more maockdibration marks, the digital
representation of the one or more calibration mheksng been obtained using a
vision system, and the one or more calibration madving been printed on a
calibration surface according to the calibrationEC/odel using an additive
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manufacturing machine; and applying a calibratidjustment to one or more CAD
models based at least in part on the comparisergatlibration adjustment configured
to align the one or more CAD models with one or enavordinates of the additive
manufacturing system.

[0215] The method of any preceding clause, comprisingtiog the one or more
calibration marks on the calibration surface acewdo the calibration-CAD model
using the additive manufacturing machine.

[0216] The method of any preceding clause, wherein thbradibn surface
comprises a calibration sheet applied to a buideplthe build plate configured to be
installed in the additive manufacturing machine aodfigured to secure a plurality of
workpieces when additively printing respective ooka plurality of extension
segments on respective ones of the plurality okpieces using the additive
manufacturing machine.

[0217] The method of any preceding clause, wherein thédiaednanufacturing
machine comprises an energy source configureddibivaely print the plurality of
extension segments, and wherein printing the omease calibration marks
comprises marking the calibration surface usingetiergy source.

[0218] The method of any preceding clause, comprisingtioig a plurality of
calibration marks on the calibration surface aluaghity of registration points
according to the calibration-CAD model, the pluxabf registration points having
CAD-model coordinates respectively correspondinigtations where respective
ones of a plurality of workpieces are to be sitdatden additively printing respective
ones of a plurality of extension segments ontadspective ones of the plurality of
workpieces.

[0219] The method of any preceding clause, comprisingainlrtg the digital
representation of the one or more calibration masisg the vision system.

[0220] The method of any preceding clause, comprisingrethehe calibration-
CAD model includes a model of a plurality of calibon marks respectively located
at CAD model-coordinates corresponding to respedaiives of a plurality of
registration points, the model of the pluralityregistration points respectively

corresponding to locations where respective on@spddirality of workpieces are to
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be situated when additively printing respectivesooka plurality of extension
segments onto the respective ones of the pluraiityorkpieces.

[0221] The method of any preceding clause, wherein theoongore calibration
marks comprises a plurality of dots, wherein repe®nes of the plurality of dots
have CAD model-coordinates that correspond to tsmeones of a plurality of
registration points, the plurality of registratipaints respectively corresponding to
locations of respective ones of a plurality of wmdces onto which respective ones of
a plurality of extension segments are to be adsliprinted.

[0222] The method of any preceding clause, wherein theooneore calibration
marks comprise a plurality of geometric shapesattepns, at least a portion of
respective ones of the plurality of geometric slsamrepatterns having CAD model-
coordinates that correspond to respective onegphbifrality of registration points, the
plurality of registration points respectively capending to locations of respective
ones of a plurality of workpieces onto which regpecones of a plurality of
extension segments are to be additively printed.

[0223] The method of any preceding clause, wherein theoongore calibration
marks comprises a plurality of contours respedgfizefresponding to a perimeter of a
model of an extension segment, wherein respecties of the plurality of contours
have CAD model-coordinates respectively correspanth locations of respective
ones of a plurality of workpieces onto which regjpecones of a plurality of
extension segments are to be additively printed.

[0224]  The method of any preceding clause, wherein comgahie digital
representation of the one or more calibration maykke calibration-CAD model
comprises: comparing one or more coordinates obtigeor more calibration marks
in the digital representation thereof with a copsding one or more coordinates of
the model calibration marks in the calibration-CAiddel and determining one or
more differences therebetween.

[0225]  The method of any preceding clause, wherein theoongore coordinates
comprise coordinates of respective ones of a ptyrail registration points, the
plurality of registration points respectively capending to locations of respective

ones of a plurality of workpieces onto which regjpecones of a plurality of
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extension segments are to be additively printedguie additive manufacturing
machine.

[0226] The method of any preceding clause, wherein comg@ahe digital
representation of the one or more calibration maykke calibration-CAD model
comprises: comparing one or more dimensions obiigeor more calibration marks
in the digital representation thereof with a cooesding one or more dimensions of
the model calibration marks in the calibration-CAiddel and determining one or
more differences therebetween.

[0227] The method of any preceding clause, wherein apglgioalibration
adjustment to one or more CAD models based at ilegstrt on the comparison
comprises: transforming at least a portion of the or more CAD models based at
least in part on the comparison, and wherein toanghg comprises rotating,
bending, twisting, shifting, scaling, smoothinggalng, offsetting, and/or morphing
at least a portion of the one or more CAD models.

[0228] The method of any preceding clause, wherein theoomgore CAD
models comprises an extension segment-CAD modekxtension segment-CAD
model comprising a model of a plurality of extemsgggments respectively located at
CAD model-coordinates corresponding to respectiesmf a plurality of registration
points, the plurality of registration points resipegly corresponding to locations
where respective ones of a plurality of workpieaesto be situated when additively
printing respective ones of a plurality of extemsgggments onto the respective ones
of the plurality of workpieces.

[0229] The method of any preceding clause, wherein apglginalibration
adjustment to one or more CAD models based at ilegstrt on the comparison
comprises: transforming at least a portion of tkieresion segment-CAD model based
at least in part on the comparison so as to abBgpective ones of the plurality of
models of extension segments of the extension seg@®D model with the
respective ones of the plurality of registratiomp® of the additive manufacturing
system.

[0230]  An additive manufacturing system, comprising: atcaller operably
coupled to a vision system and an additive manufexg machine, the controller

comprising one or more computer readable mediumoaedr more processors, the
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one or more computer readable medium comprisingpaben-executable instructions,
which, when executed by the one or more processause the additive
manufacturing system to: compare a digital repriegiem of one or more calibration
marks to a calibration-CAD model comprising onermmre model calibration marks,
the digital representation of the one or more catibn marks having been obtained
using a vision system, and the one or more caidraharks having been printed on a
calibration surface according to the calibrationEC/odel using an additive
manufacturing machine; and apply a calibration stipent to one or more CAD
models based at least in part on the comparisergatlibration adjustment configured
to align the one or more CAD models with one or enavordinates of the additive
manufacturing system.

[0231] The system of any preceding clause, comprisingsiarvsystem
configured to capture the digital representatiothefone or more calibration marks,
the vision system having one or more fields of veewd the one or more calibration
marks being within the one or more fields of view.

[0232] The system of any preceding clause, comprisingtdalitive

manufacturing machine configured to additively pthre one or more calibration
marks on the calibration surface.

[0233] A computer readable medium comprising computer-etedate

instructions, which, when executed by one or mooegssors of an additive
manufacturing system, cause the additive manufactglystem to: compare a digital
representation of one or more calibration marka ¢alibration-CAD model
comprising one or more model calibration marks,diggtal representation of the one
or more calibration marks having been obtainedgiaimision system, and the one or
more calibration marks having been printed on #oiation surface according to the
calibration-CAD model using an additive manufaaigrmachine; and apply a
calibration adjustment to one or more CAD modelseldaat least in part on the
comparison, the calibration adjustment configucedlign the one or more CAD
models with one or more coordinates of the addithaaufacturing system.

[0234]  This written description uses exemplary embodimentiescribe the
presently disclosed subject matter, including tbstlnode, and also to enable any

person skilled in the art to practice such sulyjeatter, including making and using
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any devices or systems and performing any incotpdnmethods. The patentable
scope of the presently disclosed subject matiefined by the claims, and may
include other examples that occur to those skiletthe art. Such other examples are
intended to be within the scope of the claims éytinclude structural elements that
do not differ from the literal language of the otai, or if they include equivalent
structural elements with insubstantial differenftem the literal languages of the

claims.
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CLAIMS

WHAT IS CLAIMED:

1. A method of calibrating an additive manufactgraystem (100), the
method comprising:

comparing a digital representation of one or malération marks (1602) to
a calibration-CAD model (1400) comprising one omrenmodel calibration marks
(1402), the digital representation of the one oravealibration marks (1602) having
been obtained using a vision system (102), andtiesor more calibration marks
(1602) having been printed on a calibration surfd&®0) according to the
calibration-CAD model (1400) using an additive mi@eturing machine (104); and

applying a calibration adjustment to one or moreDdAodels (800, 850)
based at least in part on the comparison, theradilim adjustment configured to align
the one or more CAD models (800, 850) with one orentoordinates of the additive

manufacturing system (100).

2. The method of claim 1, comprising:
printing the one or more calibration marks (1602 }lee calibration surface
(1500) according to the calibration-CAD model (1%08ing the additive

manufacturing machine (104).

3. The method of claim 1 or 2, wherein the caliorasurface (1500)
comprises a calibration sheet applied to a buidiep{118), the build plate (118)
configured to be installed in the additive manuiaciy machine (104) and configured
to secure a plurality of workpieces (116) when tdely printing respective ones of a
plurality of extension segments (206) on respedives of the plurality of

workpieces (116) using the additive manufacturiraghine (104).
4, The method of any preceding claim, wherein thditave

manufacturing machine (104) comprises an energgcedid42) configured to

additively print the plurality of extension segme(®06), and wherein printing the
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one or more calibration marks (1502) comprises mgrthe calibration surface

(1500) using the energy source (142).

5. The method of any preceding claim, comprising:

printing a plurality of calibration marks (1502) tre calibration surface
(1500) at a plurality of registration points (2@®)ording to the calibration-CAD
model (1400), the plurality of registration poi®92) having CAD-model
coordinates respectively corresponding to locatiwhere respective ones of a
plurality of workpieces (116) are to be situatecewladditively printing respective
ones of a plurality of extension segments (206 dimé¢ respective ones of the

plurality of workpieces (116).

6. The method of any preceding claim, comprising:
obtaining the digital representation of the onenare calibration marks

(1602) using the vision system (102).

7. The method of any preceding claim, comprising:

wherein the calibration-CAD model (1400) includewadel of a plurality of
calibration marks (1402) respectively located atDOAodel-coordinates
corresponding to respective ones of a pluralityegistration points (202), the model
of the plurality of registration points (202) respeely corresponding to locations
where respective ones of a plurality of workpiedes) are to be situated when
additively printing respective ones of a pluralifyextension segments (206) onto the
respective ones of the plurality of workpieces (116

8. The method of any preceding claim, wherein the @ more
calibration marks (1602) comprises:

a plurality of dots, wherein respective ones ofptheality of dots have CAD
model-coordinates that correspond to respective oha plurality of registration
points (202), the plurality of registration poiff®02) respectively corresponding to
locations of respective ones of a plurality of wmdces (116) onto which respective
ones of a plurality of extension segments (206)@aize additively printed; or
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a plurality of geometric shapes or patterns, atlagortion of respective ones
of the plurality of geometric shapes or patternag@ CAD model-coordinates that
correspond to respective ones of a plurality ofstegtion points (202), the plurality
of registration points (202) respectively corresgiag to locations of respective ones
of a plurality of workpieces (116) onto which resipee ones of a plurality of
extension segments (206) are to be additively gaindr

a plurality of contours respectively correspondin@ perimeter of a model of
an extension segment (802), wherein respective ainé® plurality of contours have
CAD model-coordinates respectively correspondinigtations of respective ones of
a plurality of workpieces (116) onto which respeetones of a plurality of extension

segments (206) are to be additively printed.

9. The method of any preceding claim, wherein campahe digital
representation of the one or more calibration métk§2) to the calibration-CAD
model (1400) comprises:

comparing one or more coordinates of the one oeralibration marks
(1602) in the digital representation thereof witboaresponding one or more
coordinates of the model calibration marks (1402he calibration-CAD model

(1400) and determining one or more differencesethetveen.

10.  The method of any preceding claim, whereinotie or more
coordinates comprise coordinates of respective ohaglurality of registration
points (202), the plurality of registration poiff02) respectively corresponding to
locations of respective ones of a plurality of wmdces (116) onto which respective
ones of a plurality of extension segments (206}aiee additively printed using the

additive manufacturing machine (104).

11. The method of any preceding claim, wherein caning the digital
representation of the one or more calibration métk§?2) to the calibration-CAD
model (1400) comprises:

comparing one or more dimensions of the one or roalibration marks

(1602) in the digital representation thereof witboaresponding one or more
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dimensions of the model calibration marks (1402hmcalibration-CAD model

(1400) and determining one or more differencesethetveen.

12. The method of any preceding claim, whereinyapgla calibration
adjustment to one or more CAD models (800, 850¢thas least in part on the
comparison comprises:

transforming at least a portion of the one or n@A® models (800, 850)
based at least in part on the comparison, and whgessforming comprises rotating,
bending, twisting, shifting, scaling, smoothinggalng, offsetting, and/or morphing

at least a portion of the one or more CAD model®(850).

13. The method of any preceding claim, whereinothe or more CAD
models (800, 850) comprises an extension segmeit-@adel (800), the extension
segment-CAD model (800) comprising a model of aglity of extension segments
(802) respectively located at CAD model-coordinai@sesponding to respective
ones of a plurality of registration points (202 tplurality of registration points (202)
respectively corresponding to locations where retspe ones of a plurality of
workpieces (116) are to be situated when additipelyting respective ones of a
plurality of extension segments (206) onto the eetipe ones of the plurality of
workpieces (116).

14.  An additive manufacturing system (100), compgs

a controller (2000) operably coupled to a visiosteyn (102) and an additive
manufacturing machine (104), the controller (20€@nprising one or more computer
readable medium and one or more processors (20@dne or more computer
readable medium comprising computer-executableucsbons (2008), which, when
executed by the one or more processors (2004)e¢hasadditive manufacturing
system (100) to:

compare a digital representation of one or moréicion marks (1602) to a
calibration-CAD model (1400) comprising one or moredel calibration marks
(1402), the digital representation of the one oravealibration marks (1602) having
been obtained using a vision system (102), andnleeor more calibration marks

78



(1602) having been printed on a calibration surfd&®0) according to the
calibration-CAD model (1400) using an additive mi@eturing machine (104); and

apply a calibration adjustment to one or more CAdueis (800, 850) based at
least in part on the comparison, the calibratigustchent configured to align the one
or more CAD models (800, 850) with one or more dowtes of the additive

manufacturing system (100).

15. A computer readable medium comprising compexecutable
instructions (2008), which, when executed by onmore processors (2004) of an
additive manufacturing system (100), cause thet@edinanufacturing system (100)
to:

compare a digital representation of one or moridiion marks (1602) to a
calibration-CAD model (1400) comprising one or moredel calibration marks
(1402), the digital representation of the one oravealibration marks (1602) having
been obtained using a vision system (102), andnleeor more calibration marks
(1602) having been printed on a calibration surfd&®0) according to the
calibration-CAD model (1400) using an additive mi@eturing machine (104); and

apply a calibration adjustment to one or more CA@eis (800, 850) based at
least in part on the comparison, the calibratigustchent configured to align the one
or more CAD models (800, 850) with one or more dowtes of the additive

manufacturing system (100).
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