SYSTEMSAND METHODS OF SERVICING EQUIPMENT
FIELD
[0001] The present subject matter relates generally tiesysand methods of servicing
equipment, and systems and methods of servicingugaisie engines in particular.
BACKGROUND
[0002] At least certain gas turbine engines include, mas#8ow arrangement, a
compressor section including a low pressure comspreand a high-pressure compressor for
compressing air flowing through the engine, a costdaufor mixing fuel with the compressed air
such that the mixture may be ignited, and a turbawtion including a high pressure turbine and
a low pressure turbine for providing power to tbenpressor section.
[0003] Throughout the life of the gas turbine engine emerally becomes necessary to
inspect and/or repair one or more components oféiseurbine engine. Traditionally, the gas
turbine engine must be uninstalled from a wingrofacraft with which it is utilized and/or
disassembled to expose the part needing inspeatidfor repair. However, such processes may
be relatively costly and time consuming.
[0004] Accordingly, improved systems and methods of sergiequipment would be
useful.
BRIEF DESCRIPTION

[0005] Aspects and advantages of the invention will bdaéh in part in the following
description, or may be obvious from the descriptammay be learned through practice of the
invention.

[0006] In one exemplary aspect of the present disclosurebotic assembly for

servicing equipment comprises an area configureddeive components associated with a
workscope of the equipment; an environmental capdevice configured to capture information
associated with an environment in which the robasisembly is disposed; and one or more
computing devices configured to: locate the equipmethe environment; autonomously
navigate the robotic assembly through the enviraninteethe equipment; and autonomously
adjust a position of the robotic assembly in resgaio the workscope.

[0007] In another exemplary aspect of the present dissgsumethod of servicing
equipment comprises receiving a workscope assacveith the equipment; selecting one or

more kitted components associated with the workscthie one or more kitted components being



disposed in one or more storage areas of a kigtiaiipn; loading the kitted components onto a
robotic assembly; navigating the robotic assembitiy the kitted components to the equipment;
and performing servicing operations on the equigmath the robotic assembly using the kitted
components.
[0008] In another exemplary aspect of the present dismgsurobotic assembly for
autonomously servicing equipment comprises a kitirea configured to receive kitted
components associated with a workscope of the eggnf an environmental capture device
configured to capture information of an environmienthich the robotic assembly is disposed; a
robotic arm configured to operate on the equipmeialive system configured to reposition the
robotic assembly relative to the environment; &ftlispenser, a cooling system, or both
configured to operate on the equipment; one or roongputing devices configured to locate the
equipment, navigate the robotic assembly to thépagent, and perform a service of the
equipment.
[0009] These and other features, aspects and advantatfesesent invention will
become better understood with reference to theviatig description and appended claims. The
accompanying drawings, which are incorporated sh@mstitute part of this specification,
illustrate embodiments of the invention and, togethith the description, serve to explain the
principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] A full and enabling disclosure of the present iri@m including the best mode
thereof, directed to one of ordinary skill in the & set forth in the specification, which makes
reference to the appended Figs., in which:
[0011] Fig. 1 is a cross-sectional schematic view of &fligpass turbofan jet engine in
accordance with an exemplary embodiment of thegptedisclosure.
[0012] Fig. 2 is a flow chart of a method of servicing gauoent in accordance with an
exemplary embodiment of the present disclosure.
[0013] Fig. 3 is a schematic, cross-sectional view oftetic assembly in accordance
with an exemplary embodiment of the present disckas
[0014] Fig. 4 is a schematic side view of a robotic asdgmmiterfacing with a kitting
station in accordance with an exemplary embodimétite present disclosure.



[0015] Fig. 5 is a flow chart of an exemplary method dfikg as part of a servicing
operation of equipment in accordance with an examp@mbodiment of the present disclosure.
[0016] Fig. 6 is a flow chart of another exemplary metbb#itting as part of a servicing
operation of equipment in accordance with an examp@mbodiment of the present disclosure.
[0017] Fig. 7 is a schematic top view of an environmerthimiwhich the robotic
assembly can be configured to operate in accordaitbean exemplary embodiment of the
present disclosure.

[0018] Fig. 8 is a flow chart showing an exemplary metbbbtboking for unexpected
changes to equipment in accordance with an exeynplabodiment of the present disclosure.
[0019] Fig. 9 is a flow chart of an exemplary method @&fating a workscope for
servicing an engine in accordance with an exem@argodiment of the present disclosure.
[0020] Fig. 10 is a flow chart of an exemplary methodripecting for damage to
equipment in accordance with an exemplary embodimiethe present disclosure.

[0021] Fig. 11 is a flow chart of an exemplary method efgrating alerts when an
updated condition associated with a servicing dperaleviates from an original condition, as
determined prior to the servicing operation, by enthilan a preset threshold in accordance with
an exemplary embodiment of the present disclosure.

[0022] Fig. 12 is a flow chart of an exemplary method effprming a service with an
operator in accordance with an exemplary embodirmoktiite present disclosure.

[0023] Fig. 13 is a close up, perspective view of an ingpa and repair tool in
accordance with an exemplary embodiment of theeptedisclosure.

[0024] Fig. 14 is a close ugchematic view of an inspection and repair tool in
accordance with an exemplary embodiment of thegptedisclosure.

[0025] Fig. 15 is a schematic view of a path taken bytetic arm during servicing
operations in accordance with an exemplary embadtimiethe present disclosure.

[0026] Fig. 16 is a flow chart of an exemplary method @frking a stopping point
identifying a current location of operation in amtance with an exemplary embodiment of the
present disclosure.

[0027] Fig. 17 is a perspective view of an augmentedtsedévice to be used in
performing a servicing operation on equipment icoagance with an exemplary embodiment of

the present disclosure.



[0028] Fig. 18 is a flow chart of an exemplary method sihg an augmented reality

device as part of servicing equipment in accordavitean exemplary embodiment of the

present disclosure.

[0029] Fig. 19 is a flow chart of an exemplary methoderv&ing an engine using

analytical profiles re-anchored in view of priongeing operations in accordance with an

exemplary embodiment of the present disclosure.

[0030] Fig. 20 is an example implementation of a mache@axed model in accordance

with an exemplary embodiment of the present disckas

[0031] Fig. 21 is an isometric side view of a combustatise of a gas turbine engine as

viewed in a captured image to illustrate a damaged of the combustor section in accordance

with an exemplary embodiment of the present disclas

[0032] Fig. 22 is a schematic view of a dispenser headrobotic assembly configured

to dispense lubrication in accordance with an exarg@mbodiment of the present disclosure.

[0033] Fig. 23 is a graphical view of a re-anchoring pecolassociated with a parameter

of a gas turbine engine in accordance with an el@ypmbodiment of the present disclosure.
DETAILED DESCRIPTION

[0034] Reference will now be made in detail to presentafithents of the invention,

one or more examples of which are illustrated enahcompanying drawings. The detailed

description uses numerical and letter designatiomsfer to features in the drawings. Like or

similar designations in the drawings and descnipliave been used to refer to like or similar

parts of the invention.

[0035] As used herein, the terms “first”, “second”, ankifti” may be used

interchangeably to distinguish one component frowtlzer and are not intended to signify

location or importance of the individual components

[0036] The terms “forward” and “aft” refer to relative posns within a gas turbine

engine or vehicle, and refer to the normal openatiattitude of the gas turbine engine or

vehicle. For example, with regard to a gas turleingine, forward refers to a position closer to

an engine inlet and aft refers to a position clésem engine nozzle or exhaust.

[0037] The terms “upstream” and “downstream” refer tordative direction with

respect to fluid flow in a fluid pathway. For exal®, “upstream” refers to the direction from

which the fluid flows, and “downstream” refers t@tdirection to which the fluid flows.



[0038] The terms “coupled,” “fixed,” “attached to,” ancethke refer to both direct
coupling, affixing, or attaching, as well as indireoupling, affixing, or attaching through one or
more intermediate components or features, unléeswise specified herein.

[0039] The singular forms “a”, “an”, and “the” include p&i references unless the
context clearly dictates otherwise.

[0040] Approximating language, as used herein throughwaspecification and claims,
is applied to modify any quantitative representativat could permissibly vary without resulting
in a change in the basic function to which it iated. Accordingly, a value modified by a term
or terms, such as “about”, “approximately”, andifstantially”, are not to be limited to the
precise value specified. In at least some instalbesapproximating language may correspond
to the precision of an instrument for measuringufi@e, or the precision of the methods or
machines for constructing or manufacturing the comemts and/or systems. For example, the
approximating language may refer to being withitDgpercent margin.

[0041] Here and throughout the specification and claimsge limitations are combined
and interchanged, such ranges are identified aslidda all the sub-ranges contained therein
unless context or language indicates otherwiseekample, all ranges disclosed herein are
inclusive of the endpoints, and the endpoints rrdependently combinable with each other.
[0042] In accordance with one or more embodiments destheeein, robotic
assemblies are configured to provide autonomousgmi-autonomous, servicing operations
(including inspection and/or repair) to equipmesnich as gas turbine engines. The robotic
assemblies can include, for example, a robotic armsual capture device, and other systems
and components which allow the robotic assembjetéorm servicing operations to the
equipment. Robotic assemblies may be able to aperathe equipment with minimal human
involvement while the equipment is at temperatesazeding safety thresholds for human
interaction. The robotic assemblies may be conéiguo perform the servicing operations in
view of workscopes derived for each particular s@ng operation.

[0043] Systems and methods are described herein thatdelzégond the robotic
assemblies claimed. It will be appreciated thaséhgystems and methods are provided by way
of example only, and the robotic assemblies andhoast claimed are not limited to applications
using or otherwise incorporated with these othetesys and operations. The disclosure is not

intended to be limiting. For example, it shouldumelerstood that one or more embodiments



described herein may be configured to operate imaggntly or in combination with other
embodiments described herein.

[0044] Referring now to the drawings, Fig. 1 illustratdsigh-bypass turbofan jet
engine, referred to herein as a “gas turbine erigine@ccordance with an embodiment. As
shown in FIG. 1, the turbofan engine 10 definesvaal direction A (extending parallel to a
longitudinal centerline 12 provided for referenaafl a radial direction R. In general, the
turbofan engine 10 includes a fan section 14 atdlemachine 16 disposed downstream from
the fan section 14.

[0045] The exemplary turbomachine 16 depicted generatlijdes an outer

casing 18 that defines an annular inlet 20. Withenouter casing 18 may be considered an
interior 19 of the turbomachine 16, and more speally, of the turbofan engine 10. The outer
casing 18 encases, in serial flow relationshimramressor section including a booster or low
pressure (LP) compressor 22 and a high pressured@tfpressor 24; a combustion section 26;
a turbine section including a high pressure (HR)ite 28 and a low pressure (LP) turbine 30;
and a jet exhaust nozzle section 32. The compresstion, combustion section 26, turbine
section, and exhaust nozzle section 32 togeth@ralaf least in part a core air

flowpath 37 through the turbomachine 16. A highsptee (HP) shaft or spool 34 (or rather a
high-pressure spool assembly, as described belovgly connects the HP turbine 28 to the
HP compressor 24. A low pressure (LP) shaft or spéalrivingly connects the LP turbine 30 to
the LP compressor 22.

[0046] For the embodiment depicted, the fan section 1lides a variable pitch

fan 38 having a plurality of fan blades 40 couplead disk 42 in a spaced apart manner. As
depicted, the fan blades 40 extend outwardly frask 42 generally along the radial direction R.
Each fan blade 40 is rotatable relative to the dBlabout a pitch axis P by virtue of the fan
blades 40 being operatively coupled to a suitabieasion member 44 configured to collectively
vary the pitch of the fan blades 40 in unison. Tdreblades 40, disk 42, and actuation

member 44 are together rotatable about the longalidenterline 12 by LP shaft 36 across a
power gear box 46. The power gear box 46 includasarality of gears for stepping down the
rotational speed of the LP shaft 36 to a more iefficrotational fan speed.

[0047] Referring still to the exemplary embodiment of FIGthe disk 42 is covered by

rotatable front hub 48 aerodynamically contouregrtamote an airflow through the plurality of



fan blades 40. Additionally, the exemplary fan seti4 includes an annular fan casing or outer
nacelle 50 that circumferentially surrounds the38rand/or at least a portion of the
turbomachine 16. The nacelle 50 is supported weldt the turbomachine 16 by a plurality of
circumferentially spaced outlet guide vanes 52.ddger, the nacelle 50 extends over an outer
portion of the turbomachine 16 so as to define@aby airflow passage 56 therebetween.
[0048] During operation of the turbofan engine 10, a vauwhair 58 enters the

turbofan engine 10 through an associated inletf@@eonacelle 50 and/or fan section 14. As the
volume of air 58 passes across the fan blades #8t @ortion of the air 58 as indicated by
arrows 62 is directed or routed into the bypadtoairpassage 56 and a second portion of the
air 58 as indicated by arrow 64 is directed oredunto the LP compressor 22, and out the aft 54
of the turbofan engine 10. The ratio between tts fiortion of air 62 and the second portion of
air 64 is commonly known as a bypass ratio. Thegunee of the second portion of air 64 is then
increased as it is routed through the high preg$di®@ compressor 24 and into the combustion
section 26, where it is mixed with fuel and burtegrovide combustion gases 66.
Subsequently, the combustion gases 66 are routedgth the HP turbine 28 and the LP

turbine 30, where a portion of thermal and/or kimehergy from the combustion gases 66 is
extracted.

[0049] The combustion gases 66 are then routed througettleehaust nozzle

section 32 of the turbomachine 16 to provide prepelthrust. Simultaneously, the pressure of
the first portion of air 62 is substantially incsea as the first portion of air 62 is routed thitoug
the bypass airflow passage 56 before it is exhdudsben a fan nozzle exhaust section 68 of the
turbofan engine 10, also providing propulsive thrus

[0050] Moreover, it will be appreciated, that the exemplarbofan engine 10 defines a
plurality of openings. For example, the exemplampofan engine 10, and more specifically,
turbomachine 16, defines a plurality of borescopenings 70 arranged along the axial direction
A, the inlet 20, the exhaust nozzle 32, etc. Additilly, although not depicted, the turbofan
engine 10, or more specifically, the turbomachi@erfiay define one or more igniter openings,
fuel air mixer openings, fuel nozzle openings, etc.

[0051] It will be appreciated, however, that the exemptarpofan engine 10 depicted

in FIG. 1 is provided by way of example only. Imet exemplary embodiments the present

disclosure, the turbofan engine 10 may have angrahitable configuration, such as any other



suitable number of compressors or turbines, orgeayed or direct drive system, variable pitch
or fixed pitch fan, etc. Further, although depicésda turbofan engine in FIG. 1, in other
embodiments, any other suitable turbine engine Ineagrovided. For example, in other
embodiments, the turbine engine may be a turbogine, a turboprop engine, etc. Further, in
still other exemplary embodiments of the presestidsure, the turbine engine may not be an
aeronautical gas turbine engine, such as the edgipieted in FIG. 1, and instead may be, e.g., a
land-based turbine engine used, e.g., for poweergéion, or a nautical turbine engine. Further,
still, in other embodiments, any other suitablestgh engine may be provided, such as a rotary
engine, such as an internal combustion engineetiother embodiments, the engine may be any
plant or machinery which, due to wear or environtakfactors, experiences changes in
condition and is periodically subject to servicmgerations such as maintenance and/or repair.
[0052] Equipment, such as gas turbine engines, typicatiyire service on a routine or
semi-routine basis. Fig. 2 is a flow chart illugtrg an exemplary method 200 of servicing
equipment in accordance with one or more embodisngesgcribed herein. Exemplary servicing
operations can include inspection and repair oktiigpment. With respect to aircraft gas
turbine engines, servicing operations can be paddron-wing, near-wing, or at a separate
location, such as at one or more dedicated or aipgcepair shop(s). On-wing servicing may
include servicing operations performed while the gabine engine is mounted on the wing of
the aircraft. Near-wing servicing may include seimy operations performed with the gas
turbine engine removed from the aircraft but &ditlated nearby, e.g., on a lift or cart disposed
within a servicing location at or near the aircr&®rvicing operations at separate locations may
include operations at one or more service shogs,\ehere the gas turbine engine is transported
from the aircraft to a separate location for sengc

[0053] Servicing operations may be derived from workscajedsing the steps, also
referred to as tasks, associated with the servigpggation. Workscopes may include, for
example, information relating to the individualkés to be performed, orders of performing the
tasks, tools required to complete the tasks, compisirequired to complete the tasks, safety
factors associated with the tasks, metrics forssssg the success or failure to correctly
complete the task (e.g., after performing a semgidperation like application of a thermal
barrier coating, validating whether the operatiaswuccessful within a prescribed operational

tolerance), and the like. In an embodiment, attlsase workscopes can be created and/or



maintained by a human operator. In another embatinaeé least some workscopes can be
created and/or maintained by one or more compukavices, as described hereinafter. By way
of example, the one or more computing devices tidimeumachine learning to create, maintain,
modify, or otherwise manage the workscopes. Eaatksgope may be specific to a particular
type of equipment, a particular model of equipmargarticular manufacturing date or age of the
equipment, a particular usage of the equipmerangrcombination thereof.

[0054] The workscope may include a preliminary workscopednined at least in part
based on one or more last-known conditions of thepeent. These last known conditions may
include, for example, one or more operator sndg éissociated with the equipment, likely
diagnosis analysis based on historical data araaakysis, previous equipment servicing data
including information associated with previous seng operations, fleetwide-derived data, and
the like. The preliminary workscope may be furtetermined in view of standard equipment
workscopes (e.g., routine maintenance schedules).

[0055] The preliminary workscope may further be determimedew of the servicing
context, e.g., on-wing, near-wing, and at a sepdaaiation. By way of example, while on-wing
servicing may facilitate quicker turnaround timssaaresult of fewer operational steps, access to
one or more components of the on-wing gas turbnggne may be limited or require special
tooling to reach. The need for such special toatiray be considered as part of forming the
preliminary workscope.

[0056] Upon receiving the preliminary workscope at step @0dthe method 200,

servicing operations can include a kitting operat step 204. In an embodiment, the
preliminary workscope can describe parts and/dirtgaoequired to perform the service. The
kitting operation 204, as described in greateritle&einafter, may include compiling kitted
components, e.g., any parts and/or tooling destiilbéhe preliminary workscope. After kitting
operations are completed, the method 200 can fuirtblide a step 206 where the kitted
components are navigated to the equipment to lv&cedr Upon arrival at the equipment, the
method 200 can further include inspection of theigment at step 208. Preliminary servicing
operations, such as steps involved in preparingduservicing operations, can also be
performed at such time. In response to the inspegerformed at step 208, the method 200 can
either include a step of performing a repair 21@uather inspection 212 based on the results

from the inspection 208. Repair operations mayudelroutine maintenance, repairing damage



to the equipment, updating one or more compondrtteecequipment, and the like. As described
in greater detail hereinafter, repair 210 may lopmed where the inspection reveals no
unexpected issues whereas further inspection 22maequired where unexpected issues arise
or other considerations requiring further analgsesrevealed. In instances where further
inspection 212 is required, a step 214 of perfogtire repair can be completed after the further
inspection at step 212. In certain instances, téye 214 of performing the repair may be different
than a repair that was to be performed at step 2d€h differences may be the result of an
updated workscope formed at least partially inoesp to the further inspection 212. After
completion of the repair at one of steps 210 ard e method 200 can include a step 216 of
re-inspecting the equipment. Where the equipmesggsare-inspection and repair is complete,
the equipment may be ready to return to regular @Q®erwise, one or more additional steps of
inspection and/or repair may be warranted. Addéilyn and as described in greater detail
below, information associated with one or more st&the method 200, e.g., inspection results,
repair data, testing information, and the like, rbaysaved to create or modify condition profiles
of the equipment and/or inform future workscopeflemtwide analysis.

[0057] Fig. 3 is a schematic view of an exemplary robaisembly 300 for use in
servicing equipment, such as the aforementionedugbme engine. The robotic assembly 300
can generally include a support assembly 302, atiombrm 304, and a utility member 306. The
support assembly 302 generally includes one or maters 308 and a controller 310. The
controller 310 is operably coupled to the one oremaotors 308 for controlling operation of the
robotic assembly 300. Additionally, the controlB0 may be operably coupled to the utility
member 306 and/or one or more sensors (not shavachad to or embedded in the robotic arm
304 and/or utility member 306. Further, the robatim 304 extends generally between a root
end 312 and a distal end 314. The robotic arm 8@éupled to the support assembly 302 at the
root end 312 and includes the utility member 30atdistal end 314.

[0058] It will be appreciated that the robotic arm 304 ndayine certain parameters to
further enable it to reach the relatively remotsipons within, e.g., an interior of a gas turbine
engine or other remote locations of an environmdote specifically, for the embodiment
shown, the robotic arm 304 defines a length betwleemoot end 312 and the distal end 314 of
least about twelve (12) inches, such as at ldamitahirty-six (36) inches, such as at least about

forty-eight (48) inches, such as at least abouy £60) inches, such as up to about 500 inches.
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Similarly, the robotic arm 304 defines a maximurandéeter between the root end 312 and the
distal end 314, which for the embodiment depicted maximum diameter of each of the
individual segments 318 of the robotic arm 304s ksn about five (5) inches. For example, the
maximum diameter of the robotic arm 304 may be tleas about three (3) inches, such as less
than about 2.5 inches, such as less than aboytlpnech. Such may further allow the robotic
arm 304 to reach the relatively remote locatiorsirdd. In an embodiment, the robotic assembly
300 can include a system (not illustrated) thabisfigured to monitor the robotic arm 304, or
one or more locations thereof, e.g., the distalZh#l of the robotic arm 304 or an assembly held
or contained by or at the distal end 314. The systan further compensate for relative motion
between the robotic arm 304, or the one or moratiocs thereof, and the equipment.

[0059] Robotic assemblies 300 described in accordanceomighor more embodiments
may operate autonomously, i.e., without human aufgon. Autonomous operation may occur
through programming robotic instructions which niiyexecuted by the robotic assembly.
Autonomous operation may involve decision making,,ehoices on sensor inputs, internal
parameters, and the like, at least in part witliodher support by a human operator. The actions
performed and outcomes are at least in part depéodethose autonomous made decisions by
the robotic assembly 300. Robotic assemblies 386ried in accordance with other
embodiments may operate at least partially-autonsigoi.e., with minimum human operation.
For example, initial instructions may be executéith further human input and decision making
in addition to local, autonomous decision makinghmy/robotic assembly. Robotic assemblies
300 described in accordance with yet other embaalis@ay operate under human control. For
example, the robotic assembly 300 can be operatechiman operator located within a
common environment or at a remote environment,(atdeast 0.25 miles away, at least 1 mile
away, at least 5 miles away, at least 10 miles aafagast 25 miles away, at least 100 miles
away, at least 1000 miles away). Reference maderherth respect to autonomous, semi-
autonomous, and human operated robotic assembéigbenused interchangeably. In particular
embodiments, however, the robotic assembly 300lesaat partially-autonomous, such as fully
autonomous.

[0060] The robotic assembly 300 can further include anrennental capture device

320. It will be appreciated that the environmegtglture device 320 may provide one or more

functions to the robotic assembly 300. By way dadreple, the environmental capture device 320
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may be configured to capture information, e.g.isaal feed, of the gas turbine engine while
being serviced. The environmental capture devi€er8ay further be configured to capture
information of the environment in which the gastoe engine is disposed. For example, the
environmental capture device 320 may be configtwezhpture information associated with
movement of the robotic assembly 300 between twaare points within the environment, such
as between a kitting station and the gas turbiggnenIn an embodiment, the information can be
processed by one or more computing devices 32&a880 (described hereinafter) for the
purpose of performing the servicing operation (service and/or repair) and/or for navigating
the robotic assembly 300 through the environmegt, ® the gas turbine engine from a remote
location or relative to the gas turbine engine miyithe servicing operation.

[0061] In an embodiment, the environmental capture de¥&@ecan include one or more
cameras 322 and a mount 324. The camera(s) 32&amat 324 may be dynamically coupled
together, such as rotatably coupled, pivotably tligelescopically coupled, retractably
coupled, or the like. In an embodiment, the cans@?2 and mount 324 may be repositionable
through activation of one or more motors (not iitated). The one or more motors may be
configured to operate autonomously, or semi-autangty, so as to maintain the information in
a desired direction relative to the robotic assgmabld/or to the environment and/or gas turbine
engine. In an embodiment, the information can aapauwide-angle view of the environment, a
narrow field of view, or be adjustable between waae narrow fields of view. In one exemplary
embodiment, the information can be configured fatwee all, or substantially all, 360 degrees in
at least a lateral plane of the robotic assemb0y 30

[0062] In an embodiment, the environmental capture de¥&fecan include a thermal
imaging device. In another embodiment, the enviremia capture device 320 can include one
or more passive and/or active scanners, digitalecas) charge-coupled devices (CCD), infrared
sensors, complementary metal oxide semiconduattirasound imaging devices, photoacoustic
devices, magnetic resonance imaging devices, saavidation ranging (sonar), radio detection
ranging (radar), light detection ranging (lidanductive and/or capacitive proximity sensing,
touch sensors (e.g., microswitches, sensorizedketsor bumpers, physical displacement
sensors (e.g., potentiometers), linear variablkedhtial transformer (LVDT, or the like. In
certain instances, the environmental capture de82€ecan include a plurality of devices, each

having same, similar, or different functionalityspatial alignment. The environmental capture
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device 320 may be in electronic communication i one or more computing devices 328
and/or 330 and may be configured to transmit infdram, or one or more output signals having
information associated with the servicing operattorthe one or more computing devices 328
and/or 330.

[0063] In many embodiments, the robotic assembly 300 éurithcludes means of
locomotion, a drive assembly 326 configured to mibnerobotic assembly 300 relative to the
environment. The drive assembly 326 can includeasmaore of omniwheels, mecanum wheels,
wheels, castors, tracks, treads, skids, moveabis,anovable legs and the like coupled with one
or more power generators, such as motors, engindghe like. The drive assembly 326 may be
in electronic communication with the one or morenpating devices 328 and/or 330. By way of
exemplary embodiment, the one or more computingcde\328 and/or 330 may be configured
to send information to the drive assembly 326 apoading to repositioning instructions or a
coordinate gridwork to navigate the robotic assg300. In another exemplary embodiment,
the one or more computing devices 328 and/or 33Ppravide repositioning task descriptions
rather than linear, programmatic instructions. iRstance, the one or more computing devices
328 and/or 330 may instruct the drive assemblytd2@position the robotic assembly 300 to a
specific location without description of the enviroent. By way of example, the one or more
computing devices 328 and/or 330 may instruct tfetic assembly 300 to position itself at a
prescribed distance from a specific part of a paldir piece of equipment being serviced (e.g.
“position 1.5 meters aft of engine number two awraift with tail number N123AB”). The drive
assembly 326 can be configured to move the rolasembly 300 in view of the received
information. As described in greater detail belospositioning instructions can include initial
positioning instructions, i.e., for moving the rdiscassembly 300 initially to the gas turbine
engine, and/or repositioning instructions, i.et,riEpositioning the robotic assembly 300 relative
to the gas turbine engine during a servicing opmrat

[0064] In some embodiments, the one or more computingcdevncludes one or more
local computing device 328. The local computingidefs) 328 may be disposed locally on the
robotic assembly 300 or contained within an envinent of the equipment. In other
embodiments, the one or more computing devicesidiesl one or more remote devices 330. For
example, the remote device(s) 330 can include omeooe nodes (e.g., virtual nodes), servers,

or other off-site computing devices configured éonenunicate with the robotic assembly 300 or
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other node(s) in the service environment. The reasheinclude, for example, an information
linkage point such as along a wireless transmissath, a wired transmission path, or the like.
Exemplary nodes include user device interfacesesanterfaces, equipment interfaces, and the
like. The remote computing devices 330 can comnateiwith the robotic assembly 300
through one or more wireless protocol standardgetrother embodiments, the one or more
computing devices can be split between one or meoe computing device(s) 328 and one or
more remote computing devices 330. That is, theanmaore computing devices can include a
combination of local and remote computing devidd® local and remote computing devices
can work in concert or perform different processmpgrations described herein, such as
autonomous, or semi-autonomous, processing.

[0065] The one or more computing devices 328 and/or 380redude instructions

stored on computer-readable storage devices 332inBkructions can be read and executed by
at least one processing element 334. The proceskngent 334 can be any suitable processing
device (e.g., a processor core, a microprocesskSdC, a FPGA, a controller, a
microcontroller, etc.) and can be one processarmurality of processors that are operatively
connected. By way of example, the computer-readstblage devices 332 can include one or
more non-transitory computer-readable storage medeh as RAM, ROM, EEPROM,

EPROM, one or more memory devices, flash memoryjcdsyetc., and combinations thereof.
The computer-readable storage devices 332 canigforenation that can be accessed by the
processing element 334. The instructions can levaod written in any suitable programming
language or can be implemented in hardware. Aduitlg, or alternatively, the instructions can
be executed in logically and/or virtually separthieads on the processing element 334.
According to an aspect of the present disclostieephe or more computing devices 328 and/or
330 can store or include one or more models 2004. (D). As examples, the models 2004 can
include various machine-learned models such agxample, models utilizing boosted random
forest techniques, support vector machines, neataorks (e.g., deep neural networks), or
other multi-layer non-linear models. Example nenetworks include feed-forward neural
networks, recurrent neural networks (e.g., longtstesm memory recurrent neural networks),
convolutional neural networks, or other forms ofira networks. In an embodiment, the models
2004 can implement multiple parallel instances single model (e.g., to perform parallel action

determinations across multiple instances for alsidgtermination).
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[0066] In an embodiment, the robotic assembly 300 caméuaiinclude one or more
wireless communication elements 336. The wirelessncunication elements 336 can include
circuitry and one or more transceivers for transngtand receiving signals. The wireless
communication elements 336 can further includerardés), processing circuitry and memory to
perform the wireless communication operations desdrherein.

[0067] In an embodiment, the robotic assembly 300 can aamcate peer-to-peer with
other robotic assemblies 300, for example, withghared environment, between two or more
remote locations, or between one shared assembbirigpa plurality of independent robotic
assemblies 300. In such a manner, the robotic dd&=n300 can operate in view of one another.
By way of example, through peer-to-peer commurocatmultiple robotic assemblies 300 may
be able to communicate and co-navigate pathways @ndugh for only one robotic assembly to
pass at a time. Peer-to-peer communication malydugllow simultaneous servicing with real-
time information sharing and/or delayed serviceiimfation communicated between the robotic
assemblies 300 performing the services. Using fmepeer communication can further facilitate
easier kitting operations, inter-assembly schedudihmovement, and the like. By way of
another example, the robotic assembly 300 can conuaie with a secondary robot coupled
with, e.g., mounted to, the robotic assembly 3A@@drtain instances, the secondary robot can
operate independent of the robotic assembly 308t least partially-independent of the robotic
assembly 300.

[0068] In certain scenarios, the robotic assembly 300 beagonfigured to operate

within human-populated environments. By way of eglanairplane hangars typically include
human operators working to service airplanes aanl tomponents. Use of robotic assemblies
300 within such environments may create a hazardwouks environment. Accordingly, in an
embodiment, the robotic assembly 300 can be cordthto safely operate within the
environment by using the environmental capture@=8P0 or another element of the robotic
assembly 300 to detect the presence and/or prgxohliumans, e.g., within a prescribed
proximity to the robotic assembly 300. When theatabassembly 300 detects humans within a
prescribed proximity, one or more operations ofrtitetic assembly 300 may be autonomously
adjusted to create a safer environment. For examlen navigating through the environment
within a prescribed proximity to humans, e.g., witten feet of a human worker, the drive

assembly 326 may operate at a slower (safe) sfdagdical operational speed through the
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environment is 1 meter/second, the safe speed {eghgn within the prescribed proximity of
humans) may be less than 0.1 meter/second. In Bodment, the safe speed can be less than
90% typical speed, such as less than 80% typieEdspsuch as less than 70% typical speed,
such as less than 60% typical speed, such ahl@s$H0% typical speed, such as less than 40%
typical speed. Similarly, the speed of the robatim 304 may be different when operating
within a prescribed proximity of humans. Upon toeurrence of a condition, e.g., the human is
no longer within the prescribed proximity of thdodic assembly 300, the robotic assembly 300
can return to normal operating conditions, e.grmad (typical) speed.

[0069] With the preliminary workscope formed, the roba@ssembly 300 can be
equipped with kitted components, including partd/antooling, as described in the preliminary
workscope so as to perform a servicing operatisn@ated with the preliminary workscope.
Parts may include items other than tools configuodoe used in the servicing operation, e.g.,
lubricants, fasteners, clips, belts, seals, andikbeParts may include replacement components
for the equipment 706. Additionally, or alternatiyeparts may include sprayable coating
materials, cleaners, conditioners, welding matebiedzing material, and the like. Tooling may
include one or more single-use and/or reusable twhich can be used to perform the servicing
operation. Exemplary tooling includes wrenched|gjilowers, lights, scanners, blades, saws,
brushes, dryers, measurement devices, pumps, sapdéshers, ablating devices, welders,
applicators and dispensers, robotic sensors, hmtis, and the like.

[0070] Fig. 4 is a schematic view of a robotic assembly B@erfacing with a kitting
station 400. The kitting station 400 includes aage area 402 configured to temporarily store
kitted components including one or more parts anmaling 404 that may be utilized by the
robotic assembly 300 in servicing the equipmenthsas the previously described gas turbine
engine. As illustrated, the storage area 402 celnde any number of racks, bins, trays, shelves,
stations, or the like configured to store tools/andomponents 404. The storage areas 402 can
be autonomously maintained and organized or maydiatained and/or organized with the
assistance of human interfacing.

[0071] In an embodiment, the robotic assembly 300 anthgigtation 400 can be in
communication with one another. For example, t®tic assembly 300 and kitting station 400
may wirelessly communicate with one another (diyeat indirectly) so as to cause the kitting

station 400 to supply (kit) the robotic assembl® 86th one or more parts and/or tooling 404.
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Such kitting operations may correspond with onenore preliminary or non-preliminary
(updated) workscopes associated with the servigagation of the gas turbine engine. For
instance, by way of non-limiting example, servicangalve of the gas turbine engine may
require special tooling for accessing and inspgdtne valve and special components, and parts,
such as consumables, e.g., fluids, wipes, sprésaning materials, and the like, and/or
replacement parts to repair the valve. A workscagsociated with the valve servicing operation
can include a description of the required partd@mdoling 404 to complete the servicing
operation. Accordingly, the kitting operation maglude a step of providing the robotic
assembly 300 with at least some of the parts atdéding 404 to complete the servicing
operation.

[0072] The workscope may be communicated from the rolassembly 300 to the

kitting station 400, from the one or more computiteyices 328 and/or 330 to the kitting station
400, another remote or local component or instrup@@rany combination thereof. In an
embodiment, the preliminary or updated workscopg melude loading instructions associated
with a loading configuration of the one or moretpand/or tooling 404 within a kitting area 406
of the robotic assembly 300. By way of example,|ltaling instructions may be determined
based on the order of operations to be performedglthe service, such that highly important
equipment is disposed nearest to the robotic adniBOiew of special handling instructions,
the like, or any combination thereof.

[0073] The kitting area 406 may include a receiving arfeth® robotic assembly 300
configured to receive one or more parts and/olirigat04, e.g., from the kitting station 400. In
an embodiment, the kitting area 406 can includieglesreceiving area. In another embodiment,
the kitting area 406 can include a plurality ofotlete receiving areas. For instance, the kitting
area 406 can include discrete first and seconohdfitireas each having a predetermined
functionality or storage capability. For examptlee first kitting area may be a general receiving
area for basic tools whereas the second kitting sreonfigured to hold one or more parts
and/or tooling at, or within, a prescribed conditisuch as at a prescribed temperature. In an
embodiment, at least one of the robotic assemblyaB@ kitting area 406 may include one or
more sensors, cameras, detectors, or the likallmstrated) for monitoring the kitting area 406
and/or the one or more parts and/or tooling 404ained therein.
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[0074] In certain instances, loading instructions assediatith the loading configuration
in the kitting area 406 can include a prescribetiaparrangement of the parts and/or tooling
404, order of loading, or both. By way of exampertain tooling may be oriented at prescribed
angles at predetermined locations within the lgttimea 406 such that the robotic assembly 300
can access and utilize the tooling.

[0075] In an embodiment, the robotic assembly 300 mayobégured to determine the
location of parts and/or tooling 404 relative te #itting area 406. For example, the robotic
assembly 300 may include a sensor or detectorgunaiil to locate desired parts and/or tooling
404 within the kitting area 406 and autonomouslyeas and remove the desired parts and/or
tooling 404 therefrom. In another embodiment, ghép may be performed at least in part with
the assistance of the environmental capture d&46e The determination of location may
further include the identification of angular oriations of the parts and/or tooling 404 within the
kitting area 406 or appropriate interfacing locas@long the parts and/or tooling 404 (e.g.,
identifying a tool handle or a grippable portioneofomponent).

[0076] Determining the location of parts and/or toolingt4fay further require use of
the environmental capture device 320. By captuinmages of the parts and/or tooling 404 as
they enter the kitting area 406 using the enviromaecapture device 320, it may be possible to
map the parts and/or tooling 404 relative to theng area 406. The mapped locations of parts
and/or tooling 404 can then be used to locate #énts @gnd/or tooling 404 when required during
the servicing operation.

[0077] In the embodiment shown in Fig. 4, the kitting ista400 includes a plurality of
storage areas each holding tooling and/or comperit associated with one or more
workscopes. The plurality of storage areas is shiovenstacked configuration. In other
embodiments, the kitting station 400 can inclugduaality of different stacked or non-stacked
configurations disposed at one or more locationgtizh the robotic assembly 300 can access.
[0078] The individual storage areas can be sorted, fomeie by object type, size,
shape, frequency of use, or the like. In an embedtnthe individual storage areas can each be
configured to store the exact parts and/or toaleguired for a particular workscope. In this
regard, the robotic assembly 300 can be fully #itig one individual storage area. In another
embodiment, the individual storage areas can hkitteel components in another prescribed

arrangement.
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[0079] In an embodiment, the kitting station 400 may spdsed within the same
environment as the equipment to be serviced, ia.the same hangar as the gas turbine engine
being serviced. Alternatively, at least part of kiting station 400, such as the entire kitting
station 400, can be disposed at a discrete locagparate from the environment housing the
equipment. For instance, the equipment can be skspm a first building and the kitting station
400 can be disposed in a second building diffetteart the first building. The robotic assembly
300 can be configured to navigate between thedirdtsecond buildings to access the kitting
station 400 and return to the equipment for theisieig operation.

[0080] In certain embodiments, the kitting station 400 rhayspread across two or more
different locations. In such instances, the robatisembly 300 may travel between multiple
kitting stations 400 to fully kit the kitting are®6 in preparation for the servicing operation.
Alternatively, one or more auxiliary equipment(aphde configured to partially kit parts and/or
tooling 404 associated with the workscope and revmles with the robotic assembly 300 at one
or more handoff locations where multiple parts anttdoling 404 from a plurality of kitting
stations 400 can be transferred simultaneousliydditting area 406. In an embodiment, the
operations of kitting the robotic assembly 300 rhayperformed autonomously, or semi-
autonomously.

[0081] In an embodiment, the robotic assembly 300 caizetihe environmental capture
device 320 during, or in response to, the kittipgration. For example, the robotic assembly
300 can track parts and/or tooling 404 as theyraresferred from the kitting station 400 (or one
or more intermediate equipment) to the kitting at@&. The robotic assembly 300 can map the
parts and/or tooling 404 from the tracked datalandte the parts and/or tooling 404 in response
to their mapped locations. The environmental capti@vice can further compare informations to
determine whether the parts and/or tooling 404 tshnféed, changed, been damaged, or
otherwise altered at any time prior to, duringaftier a servicing operation.

[0082] Transfer of parts and/or tooling 404 between tlinkj stations 400 and the
robotic assembly 300 can be performed by the rolassembly 300, such as by the robotic arm
304. Alternatively, transfer of parts and/or togl#04 can be performed by the kitting station
400 itself. Alternatively, transfer of parts andfooling 404 can be performed by one or more

intermediate apparatuses or by one or more humeratmps.
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[0083] In certain instances, the kitting operation mayude a step of providing the
robotic assembly 300 with one or more redundarstoncomponents. Without wishing to be
bound by any particular theory, redundancy maydréqularly useful in instances where there
is high likelihood of servicing issues that migaguire additional parts in situ. In an
embodiment, the robotic assembly 300 may be corddjto remove unused redundant tools
and/or components from the kitting area 406 afterservice is complete. Removal of redundant
parts and/or tooling 404 can be performed by rétgrthe redundant parts to the original kitting
station 400 or another kitting station 400, such dsop-off kitting station. Removal of
redundant parts can also include discarding theneahnt parts. In an embodiment, certain
redundant parts can be recycled for reuse whetbas edundant parts may be discarded if not
used. One or more of the robotic assembly 300ngigtation 400, the one or more computing
devices 328 and/or 330, or the like can be conéiduo determine the disposition of redundant
parts after completion of the servicing operation.

[0084] Fig. 5 is a flow chart of a method 500 of kittingadootic assembly as part of a
servicing operation of equipment in accordance waitlfexemplary embodiment of the present
disclosure. As described above, the method 500ncdunde an initial step 502 of determining a
current workscope associated with the equipmerg.clinrent workscope can include a
preliminary workscope based on the anticipatedisiaky operation to be performed. The
method 500 can further include a step 504 of detengp parts and tooling associated with the
current workscope. The method 500 can additionadiude a step 506 of equipping a robotic
assembly with parts and tooling for performing sleevicing operation. The method 500 can also
include a step 508 of navigating the robotic asdgmtihin an environment having the
equipment and a step 510 of performing at leastodirespection and repair of the equipment
using the equipped parts and tooling.

[0085] Fig. 6 is a flow chart of another method 600 ofilkg including a step 602 of
determining, by one or more computing devices,reecti (e.g, preliminary) workscope
associated with the equipment, a step 604 of datérg) by the one or more computing devices,
parts and tooling associated with the current waoge, a step 606 of causing, by the one or
more computing devices, at least some of the padgooling to be equipped on a robotic
assembly, a step 608 of determining, by the omaaye computing devices, a path for

navigating the robotic assembly within an environtrteaving the equipment, and a step 610 of

20



causing, by the one or more computing devicesidhetic assembly to perform at least one of
inspection and repair of the equipment using thepgeed parts and tooling.

[0086] Fig. 7 illustrates a schematic map of an exempamironment 700 within which
the robotic assembly 300 can be configured to apefde environment 700 includes a building
702, such as an aircraft hangar or service locatutth one or more service areas 704 in which
the equipment 706 is serviced. The robotic asseB®lyis shown within a kitting room 708
including one or more kitting stations 400 configito kit the robotic assembly 300 for a
workscope associated with the equipment 706. Whéekitting room 708 is shown as a
contained volume within the building 702, in otleenbodiments the kitting room 708 can
include an open space within the building 702 (eslgaring a common volume with one or more
service areas 704). The kitting room 708 can a¢sdigposed within another building (not
illustrated) or an exterior environment relativehe building 702.

[0087] After receiving the kitted components from theikitstation 400, the robotic
assembly 300 can navigate through the environm@htMavigation can include, for example,
determining a path 710 within the environment,,drgm the kitting station 400 to the
appropriate service area 704. The path 710 caorbmufated so as to avoid obstacles 712 within
the environment 700. These obstacles 712 mightdiecbuilding supports, walls, doors, other
equipment and robotic assemblies, parts, humaratipsr animals, and the like. In an
embodiment, the path 710 can be formed in viewtleéiorobotic assemblies 300 and the like
also operating within the environment 700, e.gcpaating for the movement of other robotic
assemblies 300. In an embodiment, the path 71@edormulated by the one or more
computing devices 328 and/or 330 and communicatéaket robotic assembly 300.

[0088] The path 710 can be saved as a series of coorgjtiaies, or otherwise
recognizable data and used to navigate the robstiembly 300 through the environment 700.
Deviations within the path 710 may occur as a tesfulnknown obstacles 712, such as human
operators moving through the building 702, fallgmipment or parts, and the like. In an
embodiment, the environmental capture device 3a(heaused during navigation to detect
unknown obstacles 712 and assist in navigatingutiiraghe environment 700. In another
embodiment, a separate environmental capture dévatellustrated) may be used to detect

unknown obstacles 712. Detection of an unknownaastcan be communicated to the one or
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more computing devices 328 and/or 330 and the flHihmay be updated in view thereof.
Updating the path 710 may be performed autonomously

[0089] Once at the equipment 706, the robotic assemblyc@AMegin a servicing
operation on the equipment 706 in view of the assed workscope. In certain embodiments,
the workscope may not have fully downloaded tortimtic assembly 300 prior to the kitting
operation previously described. In such case, doachimay be completed during navigation
from the kitting room 708 to the service area e at the service area 704, or both. In other
embodiments, the workscope may be received on ggoimy basis during the servicing
operation. In yet other embodiments, the workscopeat least part of the workscope, may be
determined by the robotic assembly 300 itself. &@mple, the computing device 328 may be
part of the robotic assembly 300 and configuredutmnomously, or partially autonomously,
determine the workscope or a portion thereof. praicular embodiment, the computing device
328 may determine portions of the workscope, ssgbraper alignment relative to the
equipment, capturing and/or correlating the malcgerandel of the equipment to determine the
workscope, comparing the workscope to fleetwide,dabd the like. In this regard, a large
amount of the servicing operation — i.e., from forgithe workscope to executing the
workscope, can be performed locally by the robassembly 300. This disclosure is not
intended to be limited to the above-described nusgtus information transfer and
communication between two or more nodes and cdnda®ther methods of information
transfer and communication between two or more si.ode

[0090] For certain workscopes, precision alignment mightdguired between the

robotic assembly 300 and the equipment 706. Paecaignment may result in a higher degree
of variable control between the position of theipment 706 and robotic assembly 300. By way
of example, precision alignment may occur whenlgm@aent deviation relative to expected
alignment between the equipment 706 and robotenalsly 300 is less than 10 mm, such as less
than 8 mm, such as less than 6 mm, such as lasd timam, such as less than 2 mm, such as less
than 1 mm, such as less than 0.5 mm. In a partieafdbodiment, precision alignment occurs
when alignment deviation is less than 0.25 mm.dinayfurther embodiment, precision alignment
occurs when alignment deviation is less than 0.1, suoh as less than 0.01 mm, such as less
than 0.001 mm .
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[0091] In an embodiment, the environmental capture de¥&tkecan be utilized to
establish precision alignment of the robotic asdgrB00 with respect to the equipment 706. In
another embodiment, the robotic assembly 300 cdhefuinclude a precision alignment detector
338 (Fig. 3) configured to be used to establislcipren datum or location information of the
robotic assembly 300 relative to the equipment B3@mplary precision alignment detectors
338 might utilize stereo vision, three-dimensiamiaingulation techniques, or the like.
Automatic collision avoidance may be used to ensargextual collision risks, e.g., collision

risk relative to the equipment 706, are understudi avoided.

[0092] In certain embodiments, one or more steps assdanth the servicing operation
may require use of additional, discrete serviciogmponents, such as additional robotic
assemblies or discrete sensors and detectors.obbéa assembly 300 can be configured to
deploy one or more sensors or detectors along, aedfor within the equipment 706 at any time
relative to the servicing operation. The one orersensors or detectors may be precisely, or
imprecisely, placed relative to the equipment 7l0& one or more sensors or detectors can be
used prior to, during, and/or after the servicipgmation to collect information relating to the
equipment 706, the servicing operation, the robaggembly 300, the like, or any combination
thereof. In certain instances, the one or moremssry detectors can be in communication, e.g.,
wireless or wired communication, with the robotss@mbly 300 and/or the one or more
computing devices 328 and/or 330 to communicatesénsed/detected information therewith.
[0093] Once appropriately positioned relative to the eoqugpt 706 (e.g., either precisely
aligned or otherwise ready to perform the servi@pgration), the robotic assembly 300 may be
configured to perform an initial inspection. Initiaspection can include comparing the
equipment 706 against a last-known condition ofatpeipment 706, and optionally other
additional information associated with the equipti@®6. In certain instances, the
environmental capture device 320 may be utilizepeidorm the initial inspection of the current
condition. By way of example, the step of determgnihe current condition can be performed,
for example, by one or more of visual inspectidghermal inspections, fatigue indicators,
strength tests, coating checks (e.qg., thicknedsr,pallation, adhesion of contaminants, and the
like), damage and degradation checks, shrinkagegpansion determinations, electronic

verifications, hose checks, rotor checks, andikee |
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[0094] The current condition can be compared againstastekinown condition, i.e.,
reference information such as reference data, wioch the preliminary workscope was at least
partially based. Comparison can be made on a goflia., ongoing), staged, or completion-
based protocol. In an embodiment, the current ¢mmdcan be compared against computer
aided design (CAD) reference data including a CADiree design. The comparison of the last-
known condition and the current condition can lémkunexpected changes and analyze any
unexpected changes in view of the preliminary wooke. By way of example, the CAD
reference data may include tooling envelopes dajithhe necessary dimensions for tooling to
properly fit within the equipment 706 to perfornetbervice. Unexpected changes to the
equipment 706 may cause tooling envelope failuee, the prescribed tooling cannot fit within
the equipment 706 to perform the workscope asstiatth the servicing operation. Fig. 8 is a
flow chart showing a method 800 of looking for upegted changes including a step 802 of
inspecting the equipment and a step 804 of comgéhia inspected equipment against reference
data associated with the inspected equipment. Brnayodiment, the step 802 of inspecting the
equipment and the step 804 of comparing the insdesqjuipment can be performed
simultaneously, or substantially simultaneouslyb&antially simultaneous performance of
inspection and comparing can occur, for examplesrerlsomparison of already-inspected
aspects of the servicing operation occur whilehirinspection is ongoing. Alternatively,
substantially simultaneous performance may occuare/a time duration between inspection and
comparison is negligible (e.g., less than ten néswair less than one minute).

[0095] Information associated with the comparison perfatraestep 804 can be used at
step 806 to determine if the tooling and/or paf4 ® be used when performing the service are
properly sized and/or shaped to fit relative toehaipment (i.e., to prevent tooling envelope
failure). The preliminary workscope can be updatedew of such unexpected changes, e.g.,
tooling envelope failure, and in certain embodimenmodified workscope may be created. In
an embodiment, creation of the modified workscog ive performed by the one or more
computing devices 328 and/or 330. In another enmbent, creation of the modified workscope
may be performed by a human operator. In yet anetfmdodiment, creation of the modified
workscope may include use of autonomous logic aredas more human operators. The
comparison performed at step 804 can further be teseheck for damage to the inspected

equipment at step 808.
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[0096] Modified workscopes may be communicated betweenarmmaore nodes, e.g.,
between two or more robotic assemblies 300, thmgistation 400 and the robotic assembly
300, the one or more computing devices 328 an@0ra®d any other nodes, between two or
more other nodes, or any combination thereof. ttageinstances, the modified workscope may
require the robotic assembly 300 to re-kit in ordeperform the modified workscope. For
example, where tooling envelope failure has occlime-kitting may require use of smaller
tooling. In other instances, the modified workscapsey generate an alert seeking human
involvement (such as involving a specialist as dbed in greater detail below). In yet other
instances, the modified workscope may be perforas#y some other combination of the kitted
components already on the robotic assembly 300, @g or more redundant components on the
robotic assembly 300).

[0097] Robotic assemblies 300 in accordance with embodsrasscribed herein may be
configured to operate autonomously, or semi-autangty. That is, the robotic assemblies 300
may be configured to operate without, or under maij active human involvement. The robotic
assembly 300 may be further configured to operate near high-temperature environments,
such as near gas turbine engines cooling from tpgreemperatures. In such a manner, the
robotic assembly 300 may be capable of servicingpagent, e.g., gas turbine engines, when
human interaction is too dangerous. It may be a@dwgous to prioritize certain tasks within the
workscope in view of such capability.

[0098] In an embodiment, the workscope may define a qoétasks, including a

plurality of ordered servicing steps. For instarthe,workscope may indicate an initial servicing
operation in view of initial environmental or eqaipnt conditions and a successive servicing
operation in view of successive environmental aniggent conditions. By way of example, gas
turbine engines serviced on-wing immediately afiex may have an initial, elevated temperature
close to operating temperature which can decrgase cooling. The elevated temperature of the
gas turbine engine can refer to an environmenigihertemperature average at least 300°F, such
as at least 350°F, such as at least 400°F, suahleast 500°F, such as at least 750°F, such as at
least 2000°F, or higher. In certain embodiments givironmental engine temperature average
may be less than 10000°F, such as less than 5000¢€ttain embodiments, the term
“environmental engine temperature” may refer teragerature of a surface component of the

engine, a particular component of the engine beémngiced, an area surrounding the surface
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component or the particular component of the engeieg serviced, or the like. Accordingly,

the environmental engine temperature may be apatati of the temperatures that an operator or
tool or robotic assembly will be exposed to if dperator or tool or robotic assembly services
the particular component. Workscopes may consugen slevated temperatures and cooling
gradients when determining the order of servicipgrations.

[0099] Referring to Fig. 9, a method 900 of servicing agiee in accordance with an
embodiment can include a step 902 of determinimgikscope associated with an engine, the
workscope including a plurality of tasks associatgtth at least one of inspection and repair of
the engine. The method 900 further includes a%@dpof determining a risk factor for at least
two tasks of the workscope. The method 900 additigpincludes a step 906 of creating a queue
of tasks in view of the determined risk factorstep 904 and prioritizing tasks determined to
have elevated risk factors. In such a manner, riiiceembodiments, at least two of the tasks of
the workscope can be assessed for a risk factociassd therewith, and the resulting queue of
tasks associated with the workscope can be formgakw of the risk factors. Tasks with higher
risk factors can be prioritized in the queue. Rattors might include, for example, likelihood of
task failure, task criticality, the likelihood tha¢rforming the task may cause the workscope to
escalate to a more serious or time-consuming dparand the like. In an embodiment, the
gueue can be passive. Passive queues, for exampgld, contain a particular order of tasks to be
completed without an option for adjusting the ordiescope of the tasks. In another
embodiment, the queue can be dynamic. Dynamic guearebe adjusted during the servicing
operation, for example, in response to one or raoexpected changes associated with the
service. In an embodiment, dynamic queues may lmaged by the one or more computing
devices 328 and/or 330 optionally using machinenieg. Dynamic queues may provide
servicing flexibility.

[0100] Referring again to Fig. 3, in an embodiment theotmbassembly 300 can include
a medium dispenser 340 (e.g., lubricant dispertgeriigured to dispense one or more medium,
e.g., lubricants, relative to, such as on at lagstrtion of, the equipment 706, such as on one or
more adjustable components of the engine, a sucfaoponent surrounding the adjustable
component, or an area surrounding the adjustaloigonent or the surface component.
Dispensing lubricant on the equipment 706 is orergtary task which may be prioritized in the

gueue of the workscope as it may be an initial stgpired for a subsequent step, e.g., loosening
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of fasteners, to be performed. The lubricant calude, for example, a boundary lubricant, a
mixed lubricant, and/or a full film lubricant inading a hydrodynamic or elastohydrodynamic
lubricant. The lubricant can include a liquid Iuwamt, a solid lubricant, a gaseous lubricant, or a
semi-solid lubricant. By way of non-limiting exampkhe lubricant can include fatty alcohols,
esters, EVA wax, PE wax, paraffin, soap, amiddsy &cids, the like, and combinations thereof.
In an embodiment, at least a portion of the luliocadispenser 340 can be disposed on the
robotic arm 304. Referring to FIG. 22, the lubnicatdispenser 340 can include a dispenser head
2200, such as a dispenser tip, and one or morgéuidreservoirs (not illustrated). One or more
biasing elements, such as one or more pumps, pisbotthe like can bias lubricant from the one
or more lubricant reservoirs to the dispenser 2289. The robotic arm 304 can be configured
to move the dispenser head 2200 of the lubricatispenser 340 into position with respect to the
equipment 706 to lubricate one or more compone2@? 2or pieces, thereof. The one or more
components 2202 can include, for example, threagdieden-threaded fasteners, borescope
plugs, hinges, clips, and the like. In an embodityire workscope may cause dispensing of
lubricant 2204 on the one or more components 22@2ecequipment 706 as an initial, or near
initial, operational step of the workscope. Pergtgdubricants 2204 may then have an
opportunity to penetrate the one or more compor22@2 to allow easier operating thereupon at
a later step of the workscope. Additionally, withaushing to be bound by any particular

theory, it is believed that at least certain luanics may perform better when applied to heated
components and surfaces.

[0101] In some embodiments, the lubricant 2204 may bengivpredetermined amount

of time to penetrate. At the conclusion of the ptednined amount of time, the robotic
assembly can then advance to a further task of/titkscope associated with the component
2202 downstream of the lubrication step (e.g., engthe component). In other embodiments,
the robotic assembly can attempt to operate oodhgonent until such time as the component
becomes operable. That is, for example, the rolassembly can return to other tasks if the
component is not yet operable and resume attemfaiingerate on the component at a later time
after further penetration of lubrication occurs.

[0102] In certain embodiments, the robotic assembly 3@0fagher include a cooling
component 342 configured to expose the equipmesitatGa portion thereof, to a relatively low

temperature coolant. The cooling component 342beadisposed on the robotic arm 304 or
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another portion of the robotic assembly 300. Ireanbodiment, the cooling component 342 can
include a sprayer configured to dispense a coaprgy on the equipment 706. The cooling
spray can include, for example, a liquid coolang.(diquid nitrogen) and/or a solid coolant (e.qg.,
carbon dioxide). The cooling spray can be directilyrbiased to contact a prescribed location of
the equipment 706. As the equipment 706, or a@othereof, cools in response to contacting
the cooling spray, it may become easier to prosetgice thereto. In another embodiment, the
cooling component 342 can include a closed-cirooaiant, such as a refrigerant circulated
through at least a portion of the cooling comporszt#. A conduction interface can be formed
between the closed-circuit coolant and equipmeftt@@®xpose the desired portion of the
equipment 706 to low temperatures. Closed-ciraadiant may allow the equipment 706 to cool
without being wetted. By way of another example, ¢boling component 342 can also include a
Peltier effect thermo-electric cooler. By way dugther example, the component 342 may
include a non-circulated phase change material aa@hparaffin wax or other material with a
relatively low temperature melting point comparedite equipment 706.

[0103] Localized cooling facilitated by the cooling compoh 342 may permit, for
example, male threaded fasteners to cool at avellafaster rate than female fasteners or
threads in which the male threaded fasteners aposiéd. Accordingly, relying on cooling and
thermal gradients it may be possible to shrinkrtiade threaded fasteners relative to the female
threads and decrease the torque required to udthiteanale threaded fasteners from the female
threads. In such a manner, risk of stripping thseaddamaging the equipment can be minimized
without compromising on the amount of time necestaperform the servicing operation.

[0104] Cooling operations can be performed based on apgliatocol established based
on, for example, environmental conditions, compomkesign, component material, and the like.
In this regard, the unique characteristics of défee equipment and components can be
accounted for in determining the amount of coolnd location of cooling to be applied to that
equipment and/or component. For example, shortrgets may be locally cooled without
temperature gradient issues whereas long-shan tmaly require prescribed cooling and/or
heating protocols, i.e., temperature control prolco affect removal of the long-shank bolt
without risking damage the equipment and/or longr&tbolt. Similarly, optimal cooling
protocols for screws may vary in view of particutaaterial properties of the screws, like
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absolute temperature, required location of coolaogling duration, temperature curves, and the
like.

[0105] Necessary temperature control protocol, e.g., nggrotocols, can be included

in the workscope in view of reference values, fleg¢ data, servicing history information, and
the like. In an embodiment, the one or more conmgutievices 328 and/or 330 can determine the
appropriate temperature control protocol for eamn@onent on the equipment. Such
determination may be autonomous, or semi-autonorfi@isincluding, e.g., human
confirmation).

[0106] In an embodiment, the cooling component 342 maydreof a temperature
control component (not illustrated). The tempemontrol component 342 may be configured
with a heating component configured to apply laeadiheat to the equipment. In a particular
embodiment, the cooling component and heating compocan be part of the same structure.
By way of non-limiting example, a compressed aitew tube can supply hot air to a first
portion of the equipment and cold air to a secaordign of the equipment. In certain instances,
application of hot and cold air may be performedwianeously.

[0107] The robotic assembly 300 can further include amaipmal tool, such as a
wrenching device 344, configured to operate on@mnaore components, e.g., one or more
threaded or non-threaded fasteners of the equipihtThe wrenching device 344 may be
disposed on the robotic arm 304 or another patiefobotic assembly 300. The wrenching
device 344 may allow, for example, the unthreadihthreaded fasteners while the threaded
fasteners are at or above a threshold operatingdeature above which human interfacing
therewith is not possible. In this regard, the tabassembly 300 can operate on the equipment
706 while the equipment is above a human operdahireghold, e.g., in excess of 200° F, such as
in excess of 500° F, such as in excess of 10007 &mbodiments including cooling systems 342
and wrenching device 344, the cooling system 34y Iesapplied to the fastener first for a
prescribed duration of time, after which the wranghdevice 344 can be used to remove the
fastener. For quick cooling systems 342, it mapassible to cool successive fasteners, i.e., the
next fastener, with the cooling system 342 whike phevious fastener is being removed by the
wrenching device 344. In another embodiments, dbetic assembly 300 can include an
operational tool, such as a wrenching device ecquppith impulse loading means to cause

shock waves to propagate through a threaded fastrdh impulse loading enabling friction
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between fastener male and female threads to beawerwithout the use of excessive torque, or
an impact torqueing device.

[0108] The robotic assembly 300 can include a receivieg &not illustrated) in which
removed fasteners, or other removed componentstiieraquipment 706, can be stored. In an
embodiment, the receiving area can be configurduwkd the removed fasteners and/or
components at elevated temperatures without cadsinger to the fastener or component, the
equipment 706, the robotic assembly 300, nearbyamgnor other sensitive equipment. In an
exemplary workscope, the processes of cooling, vérgpand storing fasteners and/or
components can occur during one or more initiggstd the workscope, i.e., while the gas
turbine engine is too hot for human operators foragch.

[0109] The environmental capture device 320 may be usgtothe fasteners and

other components of the equipment 706 as theyeang lbemoved from the equipment 706 or
receiving area of the robotic assembly 300. Tharenmental capture device 320 can detect a
condition of at least some, such as all, of themoments being removed (and later reinstalled) to
perform inbound (and outbound) verification of teenponents. Such verification may inspect
for component damage and ensure that componemtg te2nstalled match components that
were previously removed. Such verification cankartinspect that the components get returned
in the same, or within a safe range, of the ingt@dition of the component. In an embodiment,
the components being removed from the equipment@fe logged on a logged-component
listing, for example, through visual capture by #€mvironmental capture device 320 and
autonomous analysis performed at least in parhéyhe or more computing devices 328 and/or
330. During reassembly, or reinstallation, of tbenponents on the equipment 706, the logged
component listing can be adjusted to remove eanitpooent as it is being reinstalled or upon
completion of reinstallation. Upon final completiohreassembly of the equipment 706, the
logged-component list should be empty as indicattian all components were reinstalled
relative to the equipment. When one or more compisn@main on the logged-component list
after completion of reassembly of the equipment, di#gnostic can be performed to determine
where the remaining component(s) need to be iestalhd/or analyze servicing issues which
caused the remaining component(s) to be omitted feanstallation.

[0110] In an embodiment, the environmental capture de¥&tecan be used to inspect

for proper equipment breakdown in preparation &wiging operations. That is, for example,
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the environmental capture device 320 can identiky or more plugs, ports, and other
components which require removal from the equipni@6tto perform/complete service. For
example, in an embodiment, the robotic assemblyi3€Qdes an illumination device 346, such
as a light pointer (e.g., a laser), a bulb, orlitteeto shine light into cracks, crevices, openings
and other spaces of the equipment. Reflecting ss-fflarough light detected by the
environmental capture device 320 within an opemiray be representative, for example, of a
plug opening in which the plug was previously reeubv To the contrary, where reflecting or
pass-through light is expected but not detecteday be possible that a plug or fastener was not
yet removed or that debris or other materials ramathin the opening. In response to detecting
objects within the opening where no object wascgrdied, the workscope may be adjusted so as
to remove the detected object. In certain instarszesh adjustment of workscope may be
performed on the fly, i.e., at the time of detegtitm other instances, such adjustment may be
gueued as a later task to be completed after onm®o intermediary tasks are completed. This
may be particularly suitable in instances, for egmwhere the robotic arm 304 is actively in
the process of performing a task for which sud@éemination is not appropriate.

[0111] In an embodiment, the environmental capture de¥&tkecan be used to inspect
for damage to the equipment 706 through observihgmanal response of the equipment over a
duration of time, such as during a thermal traositiuration which occurs when the equipment
changes between an elevated temperature, e.goeaating, or near-operating, temperature, and
a lesser temperature. As objects undergo temperahanges, they generally exhibit
reproducible thermal responses resulting in thegredients, which can be repeatedly observed
with little, or no, variation. That is, for exampke gas turbine engine cooling from operating
temperatures generally exhibits similar coolinggrais along the surface and on its components
each and every time it cools. Damage to the ghéneiengine may be recognizable when the
cooling patterns are different than expected. Refez hereinafter is made specifically to cooling
transitions, however, in other embodiments, theesdrarmal response can be observed in
warming transitions (i.e., transitions from a lowemperature to an elevated temperature).
Moreover, transitions can occur naturally or thio@grced conditions (e.g., forced cooling
and/or forced heating) which can occur in any nunatb@ossible combinations and

permutations.
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[0112] Fig. 10 illustrates a method 1000 of detecting dgenaithin equipment during an
exemplary cooling transition including a step 1@®bserving a thermal response from the
equipment during a cooling transition when the pmént transitions from an elevated
temperature to a lesser temperature. In the casegifies, the elevated temperature and lesser
temperature can be different by at least 10°C, aisclit least 20°C, such as at least 50°C, or
more. The exact cooling gradient required to obseéamage may vary depending on the
material of the equipment, the type of equipmeéd,lbcation along the equipment, schematic
arrangement of the equipment, and the like.

[0113] In an embodiment, cooling can occur naturally,,&g.a result of ambient
environmental conditions such as those encountdrdee servicing area. The step 1002 of
observing the thermal response can occur duringpaafter cooling is completed. In another
embodiment, cooling can include forced cooling vehitse component is cooled, locally or
globally, and the step 1002 of observing the thérmesponse is performed in response to the
forced cooling operation. The specific type of @og] i.e., natural or forced, and the location of
the cooling, e.g., local to which parts or glolmagy be information that is included as part of the
workscope associated with the servicing operafitwe. step 1002 of observing the thermal
response can be performed by the robotic asser@Blya@itonomously or semi-autonomously,
based, at least in part, on the workscope.

[0114] The method 1000 can further include a step 10@etdrmining one or more
cooling gradients in the equipment using the oketthiermal response. This can include
determining potential damage to the equipment basdtie observed thermal response of the
equipment. In an embodiment, the step 1004 caretfermed at least in part by the one or more
computing devices 328 and/or 330. Such determinatiay utilize finite element analysis,
mapped thermal gradients, and the like.

[0115] At step 1006, the method 1000 can include compdhegletermined cooling
gradient against one or more predetermined cogiindient margins. In an embodiment, the
predetermined cooling gradient margin may be foriv&skd on past servicing operations,
computer simulated modeling, machine learningflee analysis (e.g., created at least in part
by information from other similar equipment), aihe tike.

[0116] The method 1000 can further include a step 10Q@fepérating an alert (or action)

when the determined cooling gradient varies froendhe or more predetermined cooling
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gradient margins. This may be performed in resptms$iee determined potential damage to the
equipment. In an embodiment, the alert can be e @étectable by a human operator.
Exemplary alert protocols include audible, visaad tactile alert notifications. In another
embodiment, the alert can be detectable by thetimhssembly. For instance, the alert can be an
informational message to the robotic assemblyke &tion in view of the potential damage. By
way of example, the robotic assembly may be task#dperforming a reinspection of the area
determined to have potential damage. In yet an@imdrodiment, the alert can include multiple
aspects, such as for example, a first alert fordruoperators and a second alert for the robotic
assembly.

[0117] The determined cooling gradients can then be coedpagainst one or more
predetermined cooling gradient margins, i.e., etggecooling gradients, which may be stored,
for example, in a data lake, such as the datadakeribed in greater detail hereinafter. The
predetermined cooling gradient margins may be deterd, for example, from historical
information pertaining to past servicing eventsh&f immediate equipment or fleetwide
information, such as known and/or suspected defedigcovered in other equipment in the fleet.
When the one or more determined cooling gradientieiermined to deviate from the
predetermined cooling gradient margin in excess thireshold value, e.g., a predetermined
percentage or absolute value, the alert can be@texe The alert can be indicative of an
unexpected condition of the equipment which is olesthrough unexpected thermal gradients.
Unexpected conditions encountered during thernadignt analysis may be indicative of
damage to the equipment 706. The alert may signahé¢ or more human operators, i.e., remote
or local, of the issue or inform a future aspedhef workscope, e.g., causing the robotic
assembly 300 to complete further tasks based arcomftrming, analyzing, etc. the alerted
condition.

[0118] Fig. 21 illustrates an isolated isometric side vidva combustor section 2100 of a
gas turbine engine as viewed in a captured imaudeofsmoving) from an environmental

capture device such as the aforementioned envimotaineapture device 320. The combustor
section 2100 generally includes a body in whicleast one stage of combustion within the gas
turbine engine may occur. As illustrated, the costbusection 2100 includes a damaged area
2102, e.g., a crack. The damaged area 2102 is sbolrged along the surface of the combustor

section 2100 for ease of viewing. It should be usid®d that the damaged area 2102 may not be
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visibly, or readily visibly, detectable as depictadhe figure. For example, the damaged area
2102 can include a stress point where accumulatmegs has weakened the material of the
combustor section 2100, one or more microscopicksraave formed, and the like which are not
readily discernable by unassisted human visuactete Moreover, while the damaged area
2102 is shown as a single, discrete area alongambustor section 2100, it should be
understood that the damaged area 2102 may spaor omare areas spaced over a larger section
of the combustor section 2100. Additionally, thendged area 2102 may typically be located
along liners of the combustors which form an inpent of the combustor section 2100.

[0119] As shown in Fig. 21, the image from the environrakoapture device 320 can
show a thermal gradient of the combustor sectid02The thermal gradient can reference a
relative or absolute temperature of the combustoti@an 2100 on a localized or aggregate basis.
By way of non-limiting example, the thermal gradiean include a plurality of lines 2104 each
indicative of a temperature. The same line cannekédong the surface of the combustor section
2100 where the temperature is at a specific tenyreraFor example, line 2106 may indicate a
first temperature, such as 1200 degrees Fahremhigé line 2108 may indicate a second
temperature, such as 1300 degrees Fahrenheit.idosalong the lines 2106 and 2108
correspond with the first and second temperatuespectively. Locations between the lines
2106 and 2108 are at temperatures between thafidssecond temperatures. The precision of
thermal analysis, i.e., the degree of observedrhkdifference between adjacent lines 2104, can
be as small as 0.001° F, such as 0.1° F. Thadjiscent lines 2104 can be narrowly spaced apart
in relative temperature.

[0120] The damaged area 2102 of the combustor sectioni2 d¥picted as being
surrounded by additional lines 2110 and 2112. By efeexample, line 2110 can indicate a third
temperature, such as 1100 degrees Fahrenheitrem@1iL2 can indicate a fourth temperature,
such as 1000 degrees Fahrenheit. By comparingniae 2104, or similar thermal gradient
analysis (such as finite element analysis, coladgnts, and the like), against the one or more
predetermined cooling gradient margins expectethi®icombustor section 2100, it is possible
to detect the damaged area 2102 as the damage@1&2aay affect the cooling profile of the
combustor section 2100 as the temperature therepSdrom an elevated, e.g., operational,
temperature, differently than expected. Withouthivig to be bound by any particular theory, it

is believed that damaged areas 2102 may presenséiees as localized temperature
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fluctuations, such as localized cool spots ana/calized hot spots along the surface of the
equipment or component. Such localized temperdluctiations might be caused by material
thickness deviations, thus altering cooling chamastics of the components. Alternatively, one
or more cracks or micro-cracks may permit air togteate deeper into the equipment or
component at the damaged area 2102, allowing thatta cool faster than the remainder of the
equipment or component. By comparing the observedrial gradient relative to the expected
thermal gradient, i.e., the predetermined cooliraglggnt margin, it may be possible to detect
such damaged areas 2102. As previously describegyiain embodiments, cooling can occur
through forced cooling and/or natural cooling. &mtain embodiments, the cooling component
342 can perform the forced cooling operation. lmeoembodiments, the robotic assembly 300
may further include an additional cooling componamtfigured to force cool the equipment or
component.

[0121] After, or during, inspection of the equipment 70 robotic assembly 300 can
interact with the equipment 706 so as to prepaetiuipment 706 for servicing, e.g., further
inspection or repair. Such preparatory interactiarsinclude, for example, the opening of
latches and doors of the equipment 706 to reduckngptimes and/or provide access to the
internal components of the gas turbine enginealtgrbine engines, the workscope may
initially task the robotic assembly 300 with openiatches holding thrust reverser doors closed
while closing fan cowl doors. In an embodiment, ribigotic assembly 300 can prop the latches
and doors open and closed, respectively, if reduaepart of the workscope. With the doors and
latches open, the environmental capture deviceca@®bserve one or more internal components
of the gas turbine engine. Observation can inciogeection of the current condition of the one
or more internal components, such as thermal itigpea@amage inspection, cooling behavior,
and the like.

[0122] In certain instances, the robotic assembly 300pesform preparatory steps on
the equipment 706 while inspection is taking plddeat is, for example, the environmental
capture device 320 may be inspecting one compaie¢he equipment 706 while another
portion of the robotic assembly 300 opens the Egand doors of another component of the
equipment 706. In other instances, preparatorysstap be completed prior to performing any
part of the inspection.
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[0123] Inspection processes can generally include inspgtiie equipment 706 in view

of the workscope. For example, certain workscopetasks of workscopes, may be concerned
with the thickness of protective coatings on theigapent 706. Inspection might include
observation and testing of a current coating théslsnat one or more areas along the equipment
706. This might be performed by a non-physical @tsion, e.g., using a scanner, or through one
or more physical inspections, e.g., using a pusb@rin an embodiment, each task of the
inspection can be performed individually, e.g.jaBr. That is, for example, the robotic
assembly 300 may perform a second (latter) inspe¢tisk only upon completion of a first

(prior) inspection task. In other embodiment, astewo of the tasks associated with the
inspection process can be performed concurrently, i@ parallel. This may be particularly
suitable for instances where a number of inspestonthe equipment is high and/or time
intensive.

[0124] Inspection can lead to inspection information diéstg inspected aspects of the
equipment 706, such as tested coating thicknessdace damage, temperature gradients, and
the like. Inspection information associated with fervicing operation may be transmitted to the
one or more computing devices 328 and/or 330. m$gection information may be utilized to
compare the current condition of the equipmentté®e last-known condition(s) of the
equipment 706 and other information. Where inspediirns up no unexpected inspection
information, it may be suitable to proceed forwatith the service, e.g., performing any
necessary repairs. Where inspection turns up ueégbénspection information, it may be more
appropriate to update the preliminary (previousjkgoope accordingly. Update of the
workscope may be performed by the one or more ctingpdevices 328 and/or 330, by a human
operator (such as by a specialist described ingreatail hereinafter), or both.

[0125] In an embodiment, alerts can be generated whepdeted condition of the
equipment 706, as determined after an inspectienabipn, deviates from an original condition
of the equipment 706, as determined prior to theiGag operation, by more than a preset
threshold. Fig. 11 shows a flow chart of a methb@Qlof generating alerts when an updated
condition deviates from an original condition bynathan a preset threshold. The method 1100
includes a step 1102 of capturing and recordingreginal condition of the equipment prior to
performing a task associated with servicing themgant. The method 1100 further includes a

step 1104 of capturing and recording an updatedition of the equipment after performing the

36



task. The method 1100 further includes a step bf@®émparing the updated condition of the
equipment with the original condition of the equgamh The method 1100 further includes
generating an alert at step 1108 when the updateditcon deviates from the original condition
by more than a preset threshold. For example, aughisie engine may include a hinged door
held closed by a numbarof fasteners in an original condition, i.e., priorservice. After

service, if the number of fasteners differs fronthe updated condition has deviated from the
original condition by more than a preset thresh8ldcilarly, in an embodiment, alerts can be
generated when inspection information is outsidacokptable conditions.

[0126] Inspection of the equipment 706 can be performedrmanner so as to assess
whether conditions of certain components of theggant 706 are within predetermined limits
and ranges. For example, certain coatings mayipsggsction when no portion of the coating is
less than a threshold thickness. The inspectioogsocan include a step of capturing
information associated with the thickness of thatic and assessing whether the thickness of
the coating is less than the threshold thicknedser@/the thickness is less than the threshold
thickness, an alert may be generated and/or tbenmaition associated with the thickness can be
saved, e.g., uploaded to a node having a memoigajeag., a data lake.

[0127] As used herein, the term data lake may refer tooseyor more storage

medium(s) configured to store large amounts ofrmfttion. In an embodiment, all data, or
substantially all data, captured by the robotieagdy 300 (or another assembly operating on
the equipment 706) is stored on the data lake.aVisnages and/or video of the inspection
and/or repair process can be saved in the datddalketure analysis and review. Visual images
and/or video of the inspection can further be aredyin real-time for damage, defects, and other
issues which may appear. Any detected damage,tdetedssues may be tagged with meta data
or flagged within the data lake to facilitate ea$igure access and sorting. In addition, any data
or information resulting from any one or more teatslysis, models, and the like may be stored
on the data lake.

[0128] Inspection and/or repair information can be saweetthé¢ data lake and utilized to
prepare future workscopes, tasks within workscokiésg lists, and the like. For example, an
nth servicing operation may result in servicing imfiation like recorded information, which can
be stored on one or more computing devices anidéodata lake. The recorded information can

relate to any inspection data captured, such agxfample, material thicknesses, wear ratings,
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damage, and the like. The recorded informationicelnde representative data, e.g., data
determined through one or more measurement stepe aispection, visual data, e.g., from the
environmental capture device, audible data, indgaiudio recordings created during the
inspection, and the like. Similarly, a1 servicing operation may result in servicing

information like recorded information, which cas@be stored on one or more computing
devices and/or the data lake. The information ftben+1 servicing operation can be synced
with information from thenth servicing operation so as to provide a servis®ty of the
equipment. The servicing history can be used torauhously inform aspects of future
workscopes of the equipment 706. For example, whetected wear rates are repeatedly outside
of an expected range, future workscopes may bestdjuo consider more frequent inspection,
thicker repair coatings, and the like. Additionahdcing operations such as2, n+3, etc.

servicing operations can result in further sengdimformation like recorded information which
can also be stored on one or more computing deaiog®r the data lake to further update
service history of the equipment and further infaspects of future workscopes. In an
embodiment, saved inspection and/or repair infalonatan be used by the one or more
computing devices 328 and/or 330 to train procgssiaments to perform or upgrade

inspections and repairs autonomously. That isgfample, as described above, where a detected
wear rate is repeatedly outside of an expectederahg one or more computing devices 328
and/or 330 may autonomously adjust future workss@ssociated at least with the equipment
being operated on such that subsequent inspectoral the wear rate as being within the
expected range.

[0129] Information from inspections can be analyzed afégture. Analysis can be
performed by humans (remote and/or local) and/era@mmore machine processors, e.g., the one
or more computing devices 328 and/or 330. In aeftestances, analysis can be performed while
inspection is still taking place. That is, for exae already-inspected components can be
analyzed while uninspected components are stiigogispected or are in queue for inspection.

In certain embodiments, at least some of the arsabythe captured information from the
inspection can occur prior to repair operationssuoh a manner, repair operations can be
delayed a duration of time after the capture adrimfation during inspection. In certain instances,
it may be important to ensure that all of the idjp® is clean, i.e., there are no major flagged

conditions, etc., prior to initializing repair toqvent the likelihood of performing some of the
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repair only to discover that a further step intygair cannot be completed due to a flagged
condition.

[0130] In accordance with an embodiment, to reduce treditikod of late-detected
flagged conditions or other issues which might edate workscope elevation (e.g., where
inspection began on-wing but servicing later becalaeated due to an encountered issue),
inspection can be sequenced such that inspectmatswith the highest estimated, or most
likely, chance of causing workscope escalationr@pected and/or analyzed first. For example,
if a particular component is known to fail quickkan other components, the inspection and/or
analysis of inspection information associated it particular component may be performed
prior to inspection and/or analysis of inspectioformation associated with the other
components. In such a manner, the issues knowawsedhe highest probability of long
equipment down-times can be inspected and/or ag@lfjest. This can reduce the likelihood of
the investment of a large amount of time in thotoingpections and/or repairs which are
rendered less valuable due to a later decisioreXample, to remove the gas turbine engine from
the aircraft wing (where inspection was performaeaxong) or open the gas turbine engine
further than anticipated. In instances where tleetgeine engine can remain on-wing during
inspection, the prioritized analysis of inspectioformation can reduce service time and provide
maximum time to obtain tooling and components negliin the servicing operation. By way of
example, where a component is routinely outside thifeshold expected range, the inspection of
that component may be performed earlier in thedoBpn process, such as during one of the
initial tasks of the inspection process.

[0131] In an embodiment, additional inspection may be arged, e.g., after an initial
inspection reveals an unexpected issue. That e whrtain workscopes may define a task
associated with an additional follow-up inspectionother instances a follow-up inspection may
not be part of the original workscope. In thes¢anees, instructions associated with the follow-
up inspection may be executed with a degree ohauty at the task, or sub-task, level. For
example, the follow-up inspection may be basecdhernritial inspection and autonomously
updated in view of one or more issues encounteneidglthe initial inspection. In such a
manner, latency occurring as a result of additievakscope generation can be minimized and
down time can be curtailed. However, such auton@tollow-up inspections may not be

applicable in all instances. For example, there bwgervicing operations which require human
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interfacing to determine the necessary aspectseo$ervice warranting follow-up inspection. In
such cases, remote operators may be able to primddesimulation environments to simulate
the service, or a portion thereof, without latentlye local simulation environments may, for
example, be generated through one or more CAD anagwhich can analyze the equipment
within the environment, under normal loads and afeg conditions, and the like. The remote
operator may use the CAD program(s) to effectivebck up the environment to perform the
tests which might otherwise require a local operaigerform. The remote operator may be able
to generate a new autonomous task-based, or skibaasd, workscope at least partially based
on machine intelligence observation of the simalatr machine learning based on a trial and
error approach tested in the simulation of the rmment and system. The remote operator can
further verify the generated new autonomous tasledhaor sub-task based, workscope based on
presenting operators with simulated bounding esases. If necessary, local operators, i.e., one
or more operators located in the environment, @asdheduled to assist with a locally executed
operation. In certain instances, the local and teroperators can work in concert to affect the
workscope or one or more tasks associated therewith

[0132] As previously described, inspection information barstored in data lakes.
Information, such as flagged conditions or compésienay be forwarded to a human operator,
such as one or more specialists in that parti@darponent or engine section. Fig. 12 shows a
method 1200 of utilizing human operators, sucheasotely located specialists, to provide input.
The method 1200 can include a step 1202 of recgidiiormation associated with the

equipment at a first location. The method 1200faathmer include a step 1204 of sending the
recorded information to the operator, such as tjinanode. In response to the information, the
specialist(s) can create a disposition of the mftton and alter the workscope if required. The
specialist(s) may further request additional autooos inspections, conduct remote inspections
by controlling a machine (e.g., an onsite machiaoejequest an in-situ human inspection where
appropriate. In certain instances, the specialistés/ use a model, e.g. a computer simulation, to
analyze the recorded information. Running the meéalahalyze the recorded information can
include performance of a component analysis ofrapament of the equipment to determine
data, e.g., indicative of a likelihood of failuretbe component. One exemplary component
analysis includes running a component analysistoftane blade with a crack to determine if

the crack is going to cause the turbine bladeit@fa after what duration failure might occur.
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[0133] The method 1200 can further include a step 1206a#iving the operator’s

input. The method 1200 further includes a step Q& rforming the service in view of the
received operator’s input. In certain embodimeatsgcond opinion may be called upon where
the specialist diagnosis differs or conflicts watiprocessor-generated diagnosis. This might
allow for duplicative review where the results fréme initial review are not in agreement.
[0134] One or more human operators can access informsitioed in the data lake
through user interface(s) (not illustrated). Inemnbodiment, the one or more human operators
can include a specialist having advanced knowledgecomponent, or subcomponent, of the
gas turbine engine. The specialist may accessnaton stored in the data lake for purpose of
inspecting at least a portion of the equipment, ifgod) the workscope associated with the
equipment, providing approval to proceed with trerkgcope, troubleshooting an encountered
issue, modifying the CAD description of the equipmer the like. In an embodiment, the
information to be reviewed by the specialist carfldbgged for their attention. For instance,
where a portion of the service requires speciabststance, that portion of information stored in
the data lake can be flagged for review by theigfist The flagged information may include
metadata or the like which can describe a critigalf the issue, the field of specialty needed for
review, a review timeframe, and other relevantimiation which may allow targeted specialty
review.

[0135] In certain instances, the specialist may be locatedr near, the environment in
which the equipment is being serviced. In othetainses, the specialist may be remote. For
instance, the specialist may be located in a dffecountry or region of the world from where
the inspection is taking place. In such a manmneciglist review may occur while local, onsite
operators are not present. In an embodiment, theiast can review the information associated
with the flagged issue while servicing is halted. eduring an overnight service.

[0136] Upon completion of (or in some embodiments, duringpection (and any
necessary re-inspections), servicing operationsreande repairing the equipment 706 in view
of the workscope, i.e., either the preliminary ne@r more updated workscopes. The term
“repair,” can refer generally to any repair or taimance activity on the equipment, including
any activity that adds material to the equipmesmaves material from the equipment, or
changes a materials property of all or part ofedgeipment. In at least certain embodiments, the

term “repair,” as it relates to a component ofélqeipment, refers to performing tasks related to
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rejuvenating a damaged portion of the componentaaidtaining or protecting damaged and
undamaged portions of the component. Repairs chnde the changing of hoses, belts, nozzles,
valves, blades, and the like, resurfacing operatiooating operations, cleaning operations,
lubricating operations, timing adjustments, andlikee The step of repairing the equipment 706
can be at least partially performed in view of ifiation captured by the aforementioned
environmental capture device 320.

[0137] Referring to Fig. 13, a close up, perspective wéthe distal end 314 of the
robotic arm 304 having an inspection and repair 1800 is shown in accordance with an
exemplary embodiment of the present disclosure.ifi$igection and repair tool 1300 illustrated
in FIG. 13 can be used for spray coating combusiarponents but can also be used, for
example, to spray coat rotor blades, stator varezz|les (such as a first stage turbine nozzle),
shrouds, and the like. The inspection and repair1800 generally includes an elongated
insertion member 1302 and an implement body 13@4¢fad to the elongated insertion member
1302.

[0138] For the embodiment shown, the implement body 1864des implements for
performing inspection and repair operations. Sjpatly, for the embodiment shown, the
implement body 1304 includes a base 1306 exteralonyg a longitudinal direction L and a
vision system, which may be associated with therenmental capture device 320. More
specifically, for the embodiment shown, the visgystem is positioned at least partially within
or coupled to the base 1306. More specificallll, &r the embodiment shown the vision
system comprises a plurality of cameras 1308, anpéiticular comprises a first camera 1308A
and a second camera 1308B. The first and secandraa 1308A, 1308B are spaced along the
longitudinal direction L of the base 1306.

[0139] The first camera 1308A can define a first fieldsefw 1310A and the second
camera 1308B defines a second field of view 1310Be first field of view 1310A overlaps

with the second field of view 1310B. More spedaflg, for the embodiment shown, the first
field of view 1310A overlaps with the second fieltlview 1310B at a location 1312 within
about 12 inches from the base 1306 of the impleinedy 1304, such as at a location within
about 8 inches, such as at a location within aBanthes, such as at a location within about 3
inches, such as at a location within about 1 imomfthe base 1306 of the implement body 1304.
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[0140] In such a manner, the vision system may provideonwgd feedback for
navigating the inspection and repair tool 1300 inithe interior of the gas turbine engine and
inspection of the interior of the gas turbine ergiRor example, the overlapping fields of view
1310A, 1310B may provide for a desired depth pdreepvhen operating the inspection and
repair tool 1300.

[0141] In addition, it will be appreciated that in cert@xemplary embodiments, the
implement body 1304 may additionally or alterndtniaclude any other suitable means for
determining a distance between the implement b&@ hnd the components being inspected.
For example, the implement body 1304 may include @mmore laser depth sensors, or other
suitable hardware (not shown).

[0142] Moreover, it will be appreciated that the one orencameras 1308 of the vision
system are operably coupled to the one or more atingpdevices 328 and/or 330 (see Fig. 2),
such that the vision system may be used to inghednterior (and exterior) of the gas turbine
engine. For example, the vision system may beigorgd to communicate images of a thermal
barrier coating, an environmental barrier coatorghe like within the interior to the one or
more computing devices 328 and/or 330, along waitation information indicative of where the
thermal barrier coating is within the interior. éfne or more computing device 328 and/or 330
may be configured to then compare the images tmon®gre baseline images to determine
whether or not there is damage to the thermaldyacoating, environmental barrier coating, or
the like. For example, a sample image of a thetagaier coating , environmental barrier
coating, or the like can include a damaged porkoown as a spallation, where the thermal
barrier coating, environmental barrier coatingther like has worn down. The one or more
computing devices 328 and/or 330 may receive th&ge, compare it to one or more baseline
images, and using, e.g., a pixel by pixel analysis, determine there is damage in need of repair
on the thermal barrier coating, environmental learcoating, or the like. The analysis by the
one or more computing devices 328 and/or 330 msgriiéne the extent (e.g., depth, width,
area, shape, etc.) of the damaged portion to faiela tailored repair of such damaged portion,
as discussed below.

[0143] It will be appreciated, however, that in other epéary embodiments, the one or
more computing devices 328 and/or 330 may utilipe@her suitable analysis technique to

determine whether or not there is any damage ttheévenal barrier coating, environmental
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barrier coating, or the like, the extent of sucmeége, etc. For example, in other exemplary
embodiments, the one or more computing devicesaB88r 330 may utilize a machine learning
tool trained to identify the presence and/or extéritamage to the thermal barrier coating,
environmental barrier coating, the like, or othemponent within an interior of an engine.
[0144] The implement body 1304 can further include a spegd 1314. The spray head
1314 is moveably coupled to the base 1306 of tipeiment body 1304 and is moveable
between a retracted position and an extended postipecifically, for the embodiment shown,
the spray head 1314 is rotatably coupled to the 1886 about a pinned connection 1316. For
the embodiment shown, the spray head 1314 rotateasd about 30 degrees, such as at least
about 45 degrees, such as at least about 90 degrédsss than 360 degrees between the
retracted position and the extended position. Ngidtr the embodiment shown, the spray head
1314 rotates within a plane parallel to the longdjibal direction L, along the reference arrow
1318. In such a manner, the spray head 1314 dddifiest angle with the longitudinal direction
L when in the extended position (e.g., about 90 ekegfor the embodiment shown) and a second
angle with the longitudinal direction L when in tregracted position that is different than the
first angle (e.g., about O degrees for the emboxiirsleown).

[0145] In such a manner, the implement body 1304 defirmsaller cross-sectional
profile when the spray head 1314 is in the retdhptesition to facilitate insertion of the
implement body 1304 into the interior of the gabitte engine (e.g., through an access port).
Subsequently, once the implement body 1304 is witine interior, the spray head 1314 may be
moved from the retracted position to the extendegitipn to allow operation of the spray head
1314 as explained below. The spray head 1314 mapiieg loaded.

[0146] Notably, for the embodiment shown, the spray he&diis fluidly connected to a
fluid source through one or more fluid passagewl320 extending along a length of the
elongated insertion member 1302. The one or moie passageways 1320 may be a separate
fluid conduit extended through the elongated insemnember 1302, or may be formed
integrally within the elongated insertion membe02.3 The one or more fluid passageways 1320
may provide the spray head 1314 with a flow of hepeaterial 1322 to be sprayed on the
damaged portion of the thermal barrier coatingefmair the damaged portion of the thermal
barrier coating. The repair material 1322 may gy formed of a powder and carrier, which

may be formed into a patch for the thermal bacaating. For example, the powder may be a
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machine-curable ceramic powder mixture configuceddnd to the damaged portion of the
thermal barrier coating.

[0147] Although a single fluid passageway 1320 is shovwreswtically in Fig. 13, in
other exemplary embodiments, the inspection andirépol 1300 may include a plurality of
passageways. For example, the inspection and el 300 may include a passageway for
the repair material 1322, a passageway for cleaaigconditioning fluid, a passageway for
curing fluid, etc. Each of these passageways mdixedly or selectively in fluid

communication with the spray head 1314.

[0148] Referring still to Fig. 13, it will further be apgriated that the spray head 1314
can define an outlet 1324 for spraying the repaitemal 1322 onto the damaged portion of the
thermal barrier coating. For the embodiment shdtva outlet 1324 is within a field of view
1310 of the vision system. More specifically, floe embodiment shown, the outlet 1324 is
within the first field of view 1310A and/or the sed field of view 1310B of the first and second
cameras 1308A and 1308B of the vision system.utth & manner, the one or more computing
devices 328 and/or 330 may be capable of confirraipgsitioning of the spray head 1314 and a
coverage of the repair material 1322 (or other nedtéuid) sprayed.

[0149] Further, still, it will be appreciated that the exgary implement body 1304 is
capable of moving to assist with spraying operatioklore specifically, for the embodiment
shown, the implement body 1304 includes a statiopartion 1326 and a rotating portion 1328.
The rotating portion 1328 includes the base 13@bthe spray head 1314, and is rotatably
coupled to the stationary portion 1326, such thatay rotate in a circumferential direction C
about the longitudinal direction L. The stationaortion 1326 includes one or more motors
positioned therein for selectively moving the rotgtportion 1328 about the circumferential
direction C. Accordingly, it will be appreciatdubt in certain exemplary embodiments, the
implement body 1304 may move the spray head 13i#hahe circumferential direction C
during spray operations to provide for a more es@rerage of the repair material 1322 (or other
material/fluid) sprayed.

[0150] It will be appreciated that the exemplary inspataad repair tool 1300 described
hereinabove is provided by way of example onlyotlmer exemplary embodiments, the
inspection and repair tool 1300 may have any adb#able configuration. For example, in other

exemplary embodiments, the spray head 1314 mayoveably coupled to the base 1306 in any
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other suitable manner (such as rotating and sljditag), the spray head 1314 may have any
other configuration of outlet(s) (such as a lineaay or other pattern of outlets), the implement
body 1304 may have any other suitable vision systemspection system, the implement body
1304 may be configured to rotate in any other bigtananner, etc.

[0151] Fig. 14 shows a close-up, schematic view of theatend 314 of the robotic arm
304 having an inspection and repair tool 1400 dkffie from the inspection and repair tool 1300
described with respect to Fig. 13. It will be appaged that for the exemplary embodiment
depicted, the operation being performed by thetiolsystem 300 on the equipment 706 is a
physical operation (e.g., physically modifying #guipment). More particularly, for the
embodiment depicted, the operation is a matermabkel operation, and more specifically still is
a drilling operation. Notably, as used herein,tdren “drilling operation” refers generally to any
operation used to make a hole in or through thépeagent, or a component thereof, whether the
hole is circular in cross-section or defines sotmeloshape. However, in other embodiments, the
operation may be any other suitable physical omerdsuch as a material modification
operation, or a material addition operation (susl aelding operation)), or other operation. For
example, the operation may additionally, or altéuedy, include one or more cutting operations,
brazing operations, coating or slurry repair opere, etc. Specifically, for example, the
operations may be a coating repair process (sualttarmal barrier coating repair process),
whereby a first robotic arm is operable to remavieast a portion of an existing coating and a
second robotic arm is operable to apply a new oga8imilarly, the operation may be a slurry
repair operation for a ceramic matrix composite (@Momponent, such as a CMC liner, CMC
shroud, etc. With such an operation, a first rabatm may be operable to apply a slurry and a
second robotic arm is operable to cure the sl#dglitionally, one or both of the first and
second robotic arms (or additional robotic armsy i@ operable to contour and/or level the
slurry. In such a manner, it will be appreciaté@dttas used herein, the term “facilitate” may
refer to performing a function simultaneously (efgst and second robotic arms working
together simultaneously to perform the operationglternatively may refer to performing
functions sequentially. By way of another exemplkambodiment, the operations may be
cleaning operations (such as sandblasting, presgasking, steam washing), and the like.
[0152] As is depicted in FIG. 14, for the exemplary embuwetit depicted, the inspection
and repair tool 1400 includes a mechanical drilihg a drill bit 1402. A first utility
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member 1404 may be configured to rotate the duit(drill bit 1402) to drill a hole H in or
through the equipment 706, i.e., from a first sid@6 of the equipment 706 towards or to the
second side 1408 of the equipment 706. The holeaidlme, e.g. a cooling hole, or may be
provided for any other purpose. Additionally, itivide appreciated that the hole H may be a new
hole drilled by the mechanical drill of the firgility member 1404, or alternatively, may be an
existing hole that is, e.g. clogged, needs to lzEenad, etc.

[0153] Also for the embodiment depicted, a second utitigmber 1410 includes at least
one of a container or a suction member. More sigatlif, for the embodiment of FIG. 14, the
second utility member 1410 includes a containe21fét positioning over the hole H on the
second side 1408 of the equipment 706 to captuoth@rwise contain debris and/or other
materials resulting from the operation of the meatel drill of the first utility member 1404 to
drill the hole H in the equipment 706. More part&ly, for the embodiment of FIG. 14, the
container 1412 is positioned completely around/ekerhole H on the second side 1408 of the
equipment 706, contacting the second side 1408e0&¢uipment 706. However, in other
embodiments, the container 1412 may instead béigusi elsewhere to capture debris from the
drilling operation. For example, in other emboditsethe container 1412 may be positioned
underneath the mechanical drill of the first ufillhember 1404 on the first side 1406 of the
equipment 706 to catch debris falling from the naagbal drill. Similarly, the

container 1412 may be positioned underneath theing®n the second side 1408 of the
equipment 706 of the hole H being drilled by thechamical drill to catch the debris when the
mechanical drill breaks through the second side8f@he equipment 706, or otherwise
completes drilling operations of the hole H.

[0154] Fig. 15 shows an exemplary path 1500 through air@mwment 1502 for the
robotic arm 304 to position a utility head of tlidotic arm 304 at a desired task position and
orientation is provided. The robot assembly 300 magonfigured in substantially the same
manner as exemplary robot assembly 300 describ@deabnd further, the

environment 1502 may be configured in substanttalysame manner as one or more of the
exemplary gas turbine engine environments descabete.

[0155] More specifically, it will be appreciated that filne exemplary embodiment
depicted in FIG. 15, a position of a base 1504hefroot end of the robotic arm 304, or both

relative to the environment 1502 is known (relativea coordinate system of the
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environment 1502, which for the embodiment showemisixial direction A, radial direction R,
and circumferential direction C coordinate systehie position of the base 1504 or root

end may be manually input or alternatively may btdnined by the one or more computing
devices 328 and/or 330 using, e.g., one or morgosef the robotic assembly 300. It will be
appreciated, that in addition to the position @ fiase 1504 or root end, the one or more
computing devices 328 and/or 330 may additionatigvk the orientation of the base 1504 or
root end. Further, the base 1504 and/or root erkdeofobotic arm 304 may be mounted on
another robot or joint(s) that allow for the modéiion of the position and/or orientation of the
base 1504 and/or root end of the robotic arm 3G¢h ¥ch a configuration, the position and/or
orientation of the base 1504 or root end may benconicated to the one or more computing
devices 328 and/or 330.

[0156] Additionally, a task position and orientation 1506 the utility member of the
robotic arm 304 within the environment 1502 is kmowhe task position and

orientation 1506 may be input into the one or ntm@puting devices 328 and/or 330. For
example, the one or more computing devices 328a@0 may note a defect through an
inspection of the environment 1502, and automdyicltermine a task position and orientation
for the utility head 1508 of the robotic assemi®) 3Further, a three-dimensional constraint of
the environment 1502 is known. The three-dimengiooastraint the environment 1502 may be
determined by the one or more computing devicesad@Bor 330. For example, the one or more
computing devices 328 and/or 330 may use a comypided design (“CAD”) file, and/or may
determine the three-dimensional constraint thrangpection or scan of the environment 1502.
Notably, for the embodiment depicted, the environni®02 may be similar to, e.g., the LP
compressor 22 described above with reference tolFiyccordingly, the three-dimensional
constraint of the environment 1502 may be deterchuseng, e.g., one or more CAD files for the
LP compressor 22 (and turbofan engine 10), a thr@ensional mapping of the LP

compressor 22, or any other suitable means. Ofepur other exemplary embodiments, the
environment 1502 may be any other suitable enviemtpsuch as any other suitable section of
the gas turbine engine, or other engine or system.

[0157] Further, still, a set of operability limitations thfe robotic arm 304 is known
(based on an input to the one or more computingcde\828 and/or 330, or, e.g., by sensing the

operability of the robotic arm 304).
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[0158] Based on the above factors, the robotic assemllya@8@ more specifically, the
one or more computing devices 328 and/or 330 ofdhetic assembly 300, is configured to
determine the path 1500 for the robotic arm 30dugh the environment 1502 for positioning
the utility implement 1508 of the robotic arm 30¢tlhe determined task position and

orientation 1506 within the environment 1502. Faaraple, the path 1500 may be determined
by starting with the known task position and oraiain 1506, and subsequently constraining the
path 1500 based on the three-dimensional congrafrthe environment 1502, the set of
operability limitations of the robotic arm 304, atiné position of the base 1504, the root

end 312, or both relative to the environment 1502.

[0159] The path 1500 determined for the robotic arm 30% melude a plurality of
sequential coordinates (e.g., X1, Y1, Z1; X2, Y2; X3, Y3, Z3; etc., or rather A1, R1, C1; A2,
R2, C2; A3, R3, C3; etc.) for the robotic arm tdda within the three-dimensional

environment 1502. Additionally, it should be appaged that the path 1500 may also include
orientation information for the robotic arm 304tlase positions (and/or between these
positions) within the three-dimensional environm&s®2. The orientation information may
include angular information for the links of théoatic arm 304 at each of the coordinates
relative to each axis of the coordinate systenmefenvironment 1502 (e.g., relative to the axial
direction A, radial direction R, and circumferehtaection C), such that the path 1500 includes
information for up to six degrees of movement aleame or all of the path 1500. For example,
if a tool or utility member 1508 at the distal esfdhe robotic arm 304 has a greater extent in
one dimension than another (e.g., taller thanwide), it may further be necessary to ensure the
robotic arm 304 moves through the three dimensienaironment 1502 with the appropriate
orientation, in addition to the appropriate positidiccordingly, it will be appreciated that in at
least certain exemplary aspects of the presenbdis®, determining the path 1500 may include
determining the path 1500 further in view of certdimensions of the utility

member 1508 and/or an orientation of the base I'8@4.end 312, or both (in addition to its
position).

[0160] In certain servicing operations, it may be desgdblmark an index location from
which future measurements can be derived. For ebeampnay be desirable to mark an index
turbine, e.g., an initial turbine, either generalyat a specific location during inspection agains

which measuring relative position or counting ifaten to the indexed mark can be performed.
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This may reduce errors associated with, e.g., recorotor blade count and the like, while
permitting a reference point for comparison against

[0161] During servicing operations, it may be further us&d identify a current step in

the workscope or a current location along the egaipt 706 where service is currently being
performed. For example, when servicing gas turbimgines it may be appropriate to inspect the
airfoils. As gas turbine engines typically inclual@lurality of stages each having a plurality of
airfoils, it may be useful to identify the curresthge of airfoils being serviced, or the exact

airfoil being serviced, or even the exact locatong the airfoil being serviced. In such a
manner, it may be easier to identify issues astmtiaith individual components of the gas
turbine engine. Moreover, being able to identifyuarent location of operation may enable
interruptions of the servicing operation withowkrof omitting steps from the servicing
operation. That is, with the current step or congmtribeing tracked, it is possible to stop
servicing operations for a duration of time (eage second, one day, one month, or the like) and
resume at a later time without losing track of eatrtasks and with certain knowledge of the last
component operated on at the time of the interomptRepair operations can thus be performed
as if they had occurred uninterrupted.

[0162] Identification of the current step in the workscape current location of service
may include marking the location of a current ofiereon the equipment. For instance, marking
the current airfoil of a gas turbine engine beimgpiected. Referring to Fig. 16, a method 1600 of
servicing equipment can include an initial step260performing at least one of inspection and
repair associated with a workscope of an equipnvemtrein the workscope includes a queue of
tasks to be performed. At some point, the methd@®Ifn include a step 1604 of terminating
the performance of the initial step 1602 prior éonpletion of the queue. That is, for example,
the servicing operation can be paused. In suchness, the method 1600 can include a step
1606 of marking a stopping point identifying thedtion of termination relative to the queue
and/or equipment 706. Marking the location of catrm@perations can include, for example,
applying a heat-resistant marking technology tlaatsurvive elevated temperatures in excess of
at least 300°F, such as at least 350°F, suchlaasit400°F, such as at least 500°F, such as at
least 750°F, such as at least 2000°F, or highes.rithrking technology can also include a
chemical marking, a non-heat resistant physicakingr and the like. In certain embodiments,

the marking technology can be configured to leaperananent mark on the equipment. In other
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embodiments, the marking technology can be cordidjto leave a temporary mark on the
equipment. For example, the mark may fade or otiserdisappear over time or upon washing
or treatment with a particular mark-removing matkerThe step 1606 of marking the current step
or location along the equipment 706 may be perfdrosng a similar, same, or different
marking technique, type, or other identifying fachs compared to marking for the index
location described above

[0163] In an embodiment, marking can be performed witpeesto micro-features of

the equipment 706. For example, it is typical fas gurbine engines to include microscopic
surface textures or defects formed as a resultasfufacturing, use, service, or other occurrence.
The existence of such microscopic surface textoreefects can allow for the marking of a
current location of service relative thereto. Foaraple, in one embodiment, marking the current
location of operation can include a step of idgiig one or more micro-features of the gas
turbine engine at or adjacent to the current locadind a step of relating the current location of
operation to the one or more micro-features. By ofagxample, the micro-features can
correspond with surface textures, surface indguaface defects (e.g., nicks, scrapes, etc.),
surface features, surface colors, surface tempestthe like, or any combination thereof. These
micro-features can be identified, e.g., mappedtied to the current location for purpose of
recording the current location of operation.

[0164] In embodiments where marking is performed with a-pbysical markings, such
as the identification and mapping of micro-featusethe equipment 706, it may be appropriate
to store the marked location, i.e., the mappedtimsaf the marked location relative to the
micro-features, in a memory device associated thighone or more computing devices 328
and/or 330, the data lake, or another computingcde\rhe mapped location can include, for
example, a coordinate system relative to the nmieaddre. Where multiple micro-features are
used in combination, the coordinate system cangdtikate the mapped location from

information associated with the micro-features. @sstng the stored data associated with the
marked location can permit the robotic assembly @@@nother component, assembly 200, or
person) to readily orient to the current locatiew., a precise three-dimensional coordinate
corresponding with the current location, within therkscope and quickly resume servicing
operations.
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[0165] The method 1600 can further include a step 1608dirg, after a duration of
time, locating the location of termination by idéyihg the marked stopping point performed at
step 1606. In response to locating the locatiaewhination at step 1608, the method 1600 can
further include a step 1610 of resuming at leastaininspection and repair beginning at the
location of termination relative to the queue ouipment. For instance, where an operation
previously being performed related to inspectioa sluirface of an airfoil, resuming inspection at
step 1610 after a duration of time may include lsgpay areas of the airfoil already inspected
and immediately resuming inspection at the locatibtermination of the prior inspection
process. In such a manner, the inspection cantbeped quicker without repetitive, time-
wasting operations.

[0166] In certain instances, one or more repair operaansbe performed with the
assistance of local human operator(s). In an emtent, at least one of the local human
operators may wear an augmented reality device likK®the one shown in Fig. 17 when
performing the repair operation. By way of exampie, augmented reality device 1700 may
include a pair of augmented reality glasses 176Ridiing a camera 1704 and one or more
displays 1706 configured to generate a currerd fiélview display. By way of example, the
camera 1704 can include a 3D camera capable afroaga three-dimensional image, a
standard two-dimensional camera, a video cameriaflamed imager, and the like. The camera
1704 can also include other types of sensors, asidghertial navigation systems (INS) to provide
precise positional feedback to the one or more caimg devices 328 and/or 330. The INS, in
particular may be a less intensive use of resowase®mpared to visual detection and
processing protocol. The augmented reality devi&@)Ican further include other types of
augmented reality devices, such as personal congpdévices, including smartphones, laptops,
and tablets. The augmented reality device 1700leaysed to obtain a real time image from the
camera 1704 as seen by the local human operatatispldy augmented images to the operator
using the displays 1706.

[0167] The augmented reality device 1700 may include apetimg device including,

for example, a processor and memory configuredoi@ software that can be executable by the
processor. The computing device may be configureddre, access, and execute the display of

instructional images to the operator on the displ296.

52



[0168] A current field of view display 1706 on the augnezhteality device 1700 may be
utilized during the repair operation to displaydering(s) of components, instructions regarding
operations to be performed, directional arrowsamtextual information associated with the
components or equipment, or the like. The augmemalidy device 1700 may also be
configured to generate audible instructions. Iriaterinstances, the augmented reality device
1700 can be in communication with the robotic as8giB00. In other instances, the augmented
reality device 1700 can be in communication with ¢ime or more computing devices 328 and/or
330. In yet other instances, the augmented reddityce 1700 can be in communication with the
data lake. In further instances, the augmentedyepdvice 1700 can be in communication with
any combination of the robotic assembly 300, the @nmore computing devices 328 and/or
330, and the data lake. Using the augmented redditice 1700, the local human operator can
initiate servicing operations on the equipment. rddwer, in certain embodiments, the
augmented reality device 1700 can promote worlssitety, such as by displaying to the
operator certain warnings associated with dangezausonments (e.g., hot surfaces, hot fluids,
slippery floors, electrical charge present, andited. These warnings can be generated, for
example, by the one or more computing devices 82@&a 330 in view of changing
environmental conditions, predetermined dangerousliions, or a combination thereof. The
augmented reality device 1700 may also providesardmbined with a conventional safety
function by providing physical protection to thenan operator’s eyes.

[0169] Fig. 18 is a flow chart of a method 1800 of usinggagmented reality device to
service equipment, such as an engine. The metha@ ih8ludes a step 1802 of receiving
information corresponding to one or more componehtm engine. The information can be
received by one or more computing devices 328 ard80. The method 1800 can further
include a step 1804 of determining, by the one orencomputing devices, a location of the one
or more components of the equipment with respeatlézation of an augmented reality device.
The method 1800 can further include a step 18(Q8edenting, in a current field of view display
of the augmented reality device, at least a porictme information corresponding to the one or
more components of the equipment. The portion foffmation can include at least one of a
rendering of the one or more components, instrastregarding operations to be performed on
the one or more components, directional arrowsatextual information associated with the

one or more components, or any combination thefidef.operator can utilize the portion of
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information presented in the current field of view/part of servicing operations. For example,
where inspection of a specific component of equipimequires human interaction, the
augmented reality device can be configured to gthideoperator to that location and/or present
any relevant or necessary information such asilmtemperatures of the equipment or
component, tooling required for the inspectionegsgaths to the component, and the like. In
certain instances, the augmented reality devicebeazonfigured to automatically detect the
actions taken by the operator. In other instartbespperator can manually notify the augmented
reality device of completion or occurrence of onenore actions taken. For example, the
operator might audibly describe the operation bemmpleted or tactilely enter information
associated with the operation.

[0170] In an embodiment, the robotic assembly 300 mayobégured to provide
information to the human operator through one orenuser interfaces. In an embodiment, the
user interfaces can include screens. In anotheodimient, the user interface can include a
projected image. In certain instances, the projeicteage can be projected onto a surface of the
repair location, e.g., on the floor near the equaptnin other instances, the projected image can
be projected onto the equipment. The projected entag be projected, for example, onto a flat
surface of the equipment, a smooth surface of gageent, or at a location along the
equipment where a human servicing operation ietpdsformed. The projected image can
include instructions, indicia, or other informatiaich may assist the human operator in
performing the servicing operation. The projectedge may be static, dynamic, or both. The
projected image can move relative to the equipnserdh as to point out a next task, or a
component associated therewith. In an embodimeatptojected image may be seen without the
assistance of the aforementioned augmented relgitige 1700. In another embodiment, the
projected image may require the use of equipment) as the augmented reality device 1700,
glasses, or the like. In certain instances, thedmaperator can utilize both the augmented
reality device 1700 and the projected image to dete@ human servicing operation. In other
instances, the human operator can use either traenied reality device 1700 alone or rely on
the projected image alone.

[0171] Upon completing the repair operation, the equipn7®t can be re-inspected by
the robotic assembly 300. In an embodiment, thiaspection process can be similar to the

aforementioned initial and/or additional inspectmncesses. For instance, the re-inspection
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process can be performed using an autonomous casgembly 300 to verify a successful and
complete service process execution. Re-inspecaarverify the condition of the equipment 706,
that parts and/or tooling 404 were properly usetf@returned to the robotic assembly 300, that
servicing objectives were satisfied, and the like.

[0172] Data gathered in the re-inspection can be uplosalte aforementioned data

lake for analysis. The resulting analysis can lezlue predict component longevity based on the
current conditions of the equipment immediatelgafiervice and re-anchor engine-specific
condition data in order to predict future engirie &nd inspection and maintenance
requirements.

[0173] For example, a pre-service (initial) condition igfCP1, of the engine, which

can be used to formulate the preliminary worksadyméng an initial servicing operation, may be
updated or supplemented with an updated conditiofilg, CP2, having re-anchored conditions
and analysis of the engine determined as a rektiieaonitial service. Successive servicing
operations can be based, at least in part, on &RPfurther optionally CP1. Further servicing
operations can be performed similarly, including steps of utilizing a previous condition

profile of the engine and updating or supplementimggcondition profile in view of the service
performed at that time. For example, a further tgalaondition profile, CP3, can be formed in
response to a further servicing operation, andsd be condition profiles, e.g., CP1, CP2, CP3,
CP4, etc., can be saved locally, e.g., at the rolagsembly 300, by the one or more computing
devices 328 and/or 330, in the data lake, or #ee In this regard, the data from the re-
inspection may re-anchor the engine conditionssso anform future workscopes associated
with the equipment. Moreover, in an embodimentdatga may be used to set an interval of time
until a future action is required for a particulask performed during the servicing operation. For
example, when the servicing operation reveals ekedsurface on the equipment, the data
associated with the crack can be used to prediottpected remaining operational lifecycle of
the cracked portion of the equipment and informgfcample, the date of a future workscope to
repair or replace the cracked part in view of tkigeeted remaining operational lifecycle. While
certain cracks may be predicted to require replacemfter 25 additional cycles of operation,
other cracks having different characteristics a@greles of severity may not require replacement
until another 100 additional cycles of operatioocérdingly, the analysis associated with the

crack can be used to determine not only a scop®K to be performed, but also the timing of
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that work. As previously described, logistics ass@d with the kitting operations in repairing
the cracks may also be determined such that the @ad tooling associated with the crack repair
workscope arrive at the servicing location at therect time.

[0174] The data may also be incorporated into overall fieedels, allowing for
adjustment of fleetwide workscope protocol(s). Eeample, if multiple engines show more
wear than expected over time, the fleetwide worngeqarotocol may be updated to adjust
servicing operations to address the acceleratednats e.g., by adding an additional inspection
step.

[0175] Fig. 19 illustrates a flow chart of an exemplarytinoel 1900 of servicing an
engine using condition profiles re-anchored in vagvyprior servicing operations. The method
1900 can include a step 1902 of receiving inforaratncluding the initial condition profile,

CP1, of the engine. In certain instances, the mé&tion can be received by one or more
computing devices, such as the one or more congpdgrices 328 and/or 330 previously
described. The method 1900 further includes aX#®d of using the initial condition profile,
CP1, to service the engine. That is, for exampl®rmation from CP1 can be used to determine
a workscope of the equipment, to set thresholdegatar inspection, or the like. After servicing
is complete, the method 1900 can include a step d®@etermining an updated condition
profile, CP2, of the engine. The step 1906 of deteing CP2 can be performed in view of the
service performed at step 1904 using CP1. For elgnfigervicing in view of CP1 resulted in a
change to the thickness of a thermal coating, guated thickness can be stored in the updated
condition profile, CP2. Likewise, performance, cttioth, and the like of the engine can be
considered in updating the condition profile. Thetimod 1900 can further include a step 1908 of
storing the updated condition profile, CP2, for irssubsequent service operations, such as a
second service based on CP2 (and optionally CRh);caservice based on CP3 (determined as
a result of the service in view of CP2), and so on.

[0176] Fig. 23 illustrates a graph depicting an initiahdgion profile, CP1, associated
with a prediction of some engine parameter. Thgalntondition profile, CP1, parameter may
be, for example, the maximum service life, as mesbin time or cycles, remaining until a
coating is predicted to reach failure. After aniatiinspection, IN1, reveals that the coating is
outperforming the predicted value provided by thigdl condition profile, CP1, at the time or

cycle associated with IN1, a new updated condpiafile, CP2, can be generating which
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effectively updates the expected maximum serviee is measured in time or cycles, remaining
until the coating is predicted to reach failuretekfan additional inspection, IN2, again reveals
that the coating is outperforming the predictediggdrovided by the updated condition profile,
CP2, at the time or cycle associated with IN2,réher updated condition profile, CP3 can be
generated which effectively updates the expectedrman service life, as measured in time or
cycles, remaining until the coating is predicteddach failure. This process can be repeated
(e.g., IN3, CP4, etc.) until the expected failuatedis determined to be outside of an acceptable
safety range or other determinable range at wiict tepair can be performed or scheduled for
a future date.

[0177] In an embodiment, the re-inspection process canflaoforeign object debris
(FOD) left in the engine. FOD may include, for exdey material which did not originate in the
engine. In another embodiment, the re-inspectiongss can look for domestic object debris
(DOD) left in the engine, DOD may include, for exalen materials from the engine which have
moved and are found in a location where they shoatde found. Examples include loose
fasteners, chipped materials such as coatingshanke.

[0178] The re-inspection process can include inspectingegijoair equipment left near,

on, or in the equipment by the robotic assembly. 3b@ repair equipment can include, for
example, tooling, unused parts, wrappers and aoensie.g., associated with one or more parts
used in the repair), repair accessories, andkbelh certain instances, the re-inspection can
check for pieces of the repair equipment like bro&# parts of the repair equipment which may
be within the equipment. Checking for repair equepireft in the engine can include an initial
step of capturing an initial view of the repair guuent, e.g., prior to the repair, and a secondary
step of capturing a post view of the repair equiptne.g., after the repair, and comparing the
initial view with the post view. The comparison dasperformed by the one or more computing
devices 328 and/or 330. Upon detection of an unerdesvent, e.g, the initial view and post
view are different, an alert can be generated &zklthe equipment for the repair equipment.
Checking the equipment can include scanning orimigwhe equipment at one or more locations
in search of the missing portion of the repair pqent.

[0179] As previously described, in certain instances se@icing operation can be
performed autonomously. An exemplary process ftwreamous servicing operations includes

the steps of performing an initial servicing openatwhich is monitored by the one or more
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computing devices through, for example, the envirental capture device 320, and determining
whether successive operations relate to the irgéaticing operation. For example, performing
the initial servicing operation can include semgthe equipment within a provided workscope,
monitoring the servicing operation, recording tee/ging operation, and creating an
autonomous servicing protocol in response to theitoked servicing operation. When a
successive servicing operation is determined tiedb the workscope of the initial servicing
operation, i.e., if the successive servicing openat similar or the same as the initial servicing
operation, the successive servicing operation egpeoformed autonomously in view of the
autonomous servicing protocol. If the determinectsagsive servicing operation does not relate
to the workscope of the initial operation, the noetlcan further include receiving an updated
workscope, servicing the equipment within the pded updated workscope, monitoring an
updated servicing operation, recording the updséedicing operation, and creating an updated
autonomous servicing protocol associated with fieated workscope. In this regard, future
servicing operations can then look to see if tredgte to either the initial servicing operation or
the updated servicing operation and select eithiem@mous servicing protocol accordingly or
formulate a yet further updated autonomous sergipnotocol.

[0180] FIG. 20 depicts an example implementation 2000 m&ahine-learning model
according to example embodiments of the presentadisre. The machine-learning model can
utilize a machine learning algorithm. As shown, ¢ime or more computing devices can provide
input data 2002 to the model 2004. The input 8862 can include the one or more inputs
associated with the servicing operation. In somg@ementations, the input data 2002 can
include the inspection results from the inspectiparation. In other implementations, the input
data 2002 can include repair results from the regagration. In yet further implementations, the
input data 2002 can include information associatih the inspection operation and the repair
operation. The model 2004 can weigh the variouats @002 to determine one or more
characteristics of the equipment being services srvicing operation itself, workscopes (past,
present, or future), fleetwide data, and the lik@e one or more computing devices can receive,
as an output of the model 2004, data 2006 indieatfthe one or more characteristics of the
equipment being serviced, the servicing operatelfi workscopes (past, present, or future),

fleetwide data, and the like.
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[0181] In some implementations, the output of the modéi2@nd/or the associated
characteristics) for a given object (e.g., at st fiime step) can be provided as an input to the
model 2004 for another object (e.g., at a subsddirea step). In such fashion, fleetwide data
can be processed and utilized to create fleetwateards. Stated differently, in some
implementations, the process can be iterative thattfleetwide data can be recalculated over
time as it becomes clearer which servicing openatere required for the fleet. For example, the
model 2004 can include one or more autoregressodeta. In some implementations, the
model 2004 can include one or more machine-lear@adrent neural networks. For example,
recurrent neural networks can include long shartxteemory recurrent neural networks, gated
recurrent unit networks, or other forms of recutmegural networks.

[0182] In some implementations, the machine learning caimgsystem can train the
machine-learned models through use of a modelgrairhe model trainer can be implemented
in hardware, firmware, and/or software controlloyge or more processors. The model trainer
can train the machine-learned models using oneooe tnaining or learning algorithms. One
example training technique is backwards propagaif@rrors. In some implementations, the
model trainer can perform supervised training tepes using a set of labeled training data. In
other implementations, the model trainer can perfonsupervised training techniques using a
set of unlabeled training data. The model tragaer perform a number of generalization
technigues to improve the generalization capahdlitthe models being trained. Generalization
techniques include weight decays, dropouts, orrdadahiniques.

[0183] In particular, the model trainer can train a maeHearned model based on a set
of training data. The training data can include,dxample, a number of sets of reference data
obtained from previously observed servicing operai In some implementations, reference
data used to create training data can be takentfiersame equipment, or the same type of
equipment. In this way, the model can be traimedetermine equipment information (e.g.,
workscopes) in a manner that is tailored to thepygent.

[0184] In some implementations, to train the model, antr@j computing system can
input a first portion of a set of reference data itne model to be trained. In response to receipt
of such first portion, the model outputs one or enoutput variables that predict the remainder of
the set of reference data (e.qg., the second pasfidata). After such prediction, the training

computing system can apply or otherwise determilmsafunction that compares the one or
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more second portions of the data generated by duehto the remainder of the reference data
(e.g., the second portion of data) which the matteimpted to predict. The training computing
system then can backpropagate the loss functionghrthe model to train the model (e.qg., by
modifying one or more weights associated with tloslet).

[0185] The technology discussed herein makes referencenputing devices,
databases, software applications, and other compated systems, as well as actions taken and
information sent to and from such systems. Onadihary skill in the art will recognize that the
inherent flexibility of computer-based systemsabidor a great variety of possible
configurations, combinations, and divisions of tagkd functionality between and among
components. For instance, computer-implementedegess discussed herein can be
implemented using a single computing device or iplelicomputing devices working in
combination. Databases and applications can besimgated on a single system or distributed
across multiple systems. Distributed componentop@nate sequentially or in parallel.
Furthermore, computing tasks discussed hereiniag performed at computing device(s)
remote from the equipment and/or robotic assemétyiostead be performed at the equipment
and/or robotic assembly, or vice versa. Such gonditions can be implemented without
deviating from the scope of the present disclosure.

[0186] Systems and methods described herein may be partycadvantageous for
servicing equipment where preliminary workscopésrin autonomous servicing operations
which can be autonomously, or semi-autonomouslhyifieal or otherwise adjusted in response
to autonomously observed information and data,isswks encountered during the servicing
operation. Embodiments described herein may fataliquicker servicing operations. Moreover,
embodiments described herein may allow for impraseticing operations over time as a result
of updated overall fleet models formed over thersewf multiple successive servicing
operations analyzed by one or more computing de\acel/or human operators.

[0187] In certain instances, using systems and methodsasithose described herein
may reduce wasted life of parts and componentgaipenent, such as gas turbine engines. For
example, hand inspections may result in premagpair operations as a result of higher safety
factors associated with part failure. That is, withusing robotic assemblies and/or autonomous
processes such as those described herein forisgraiperations and informing future servicing

operations, certain aspects of the equipment maggddaced, repaired, or otherwise operated on
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before such operation is needed. By way of nontiligiexample, certain coatings may be
functionally satisfactory when examined by robetssemblies described herein but fail human
hand inspection. Accordingly, the frequency of agpiment or repair to the coatings may be
higher in hand servicing, which results in greategine down time, increased costs, and reduced
efficiencies.

[0188] It will be appreciated, that although for the exéampembodiments and aspects
described herein, the “environment” through whiold ¢xemplary robotic arm extends is
described as a gas turbine engine, such as a tadtme of a gas turbine engine, in other
exemplary embodiments and aspects, the exemplaoficcarms described herein may extend
through other suitable environments. For examglizing the systems and methods described
herein, robotic arms may extend through hazardousa@ments, such as may be found in the
nuclear industry, oil drilling industry, etc. Othemvironments are contemplated as well.

[0189] This written description uses examples to disctbsanvention, including the
best mode, and also to enable any person skill#tkiart to practice the invention, including
making and using any devices or systems and peirigremy incorporated methods. The
patentable scope of the invention is defined byctaens, and may include other examples that
occur to those skilled in the art. Such other edeampre intended to be within the scope of the
claims if they include structural elements thanao differ from the literal language of the
claims, or if they include equivalent structurareents with insubstantial differences from the
literal languages of the claims.

[0190] Further aspects of the invention are provided ystbject matter of the
following clauses:

[0191] A method of kitting a robotic assembly for servigiequipment, the method
comprising: determining a current workscope assediwith the equipment; determining one or
more parts and tooling associated with the cumemkscope; equipping the robotic assembly
with at least some of the determined parts andrngplhe robotic assembly autonomously
navigating within a location corresponding with #guipment; and the robotic assembly
autonomously performing at least one of inspecdiod repair of the equipment using the
equipped parts and tooling.

[0192] A computer implemented method for preparing a rictedsembly for servicing

equipment, the method comprising: determining, i or more computing devices, a current
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workscope associated with the equipment; determjrig the one or more computing devices,
parts and tooling associated with the current waoge; causing, by the one or more computing
devices, at least some of the parts and toolirogtequipped on the robotic assembly;
determining, by the one or more computing deviagsth for navigating the robotic assembly
within a location corresponding with the equipmeantg causing, by the one or more computing
devices, the robotic assembly to autonomously perftt least one of inspection and repair of
the equipment using the equipped parts and tooling.

[0193] A method of servicing equipment, the method conmpgisdetermining a
workscope associated with the equipment, the wopesincluding a plurality of tasks
associated with at least one of inspection andirep#e equipment; determining a risk factor
for at least two tasks of the workscope; and angadi queue of tasks in view of the determined
risk factors, wherein tasks with higher risk fastare prioritized in the queue.

[0194] A method of servicing equipment, the method connpgisperforming at least one
of inspection and repair associated with a workeamfithe equipment, wherein the at least one
of inspection and repair comprises a queue of teske performed; terminating the at least one
of inspection and repair prior to completion of theeue; marking a stopping point identifying
the location of termination relative to the queund the equipment; and resuming at least one of
inspection and repair beginning at the locatioteahination relative to the queue and
equipment.

[0195] A computer implemented method for servicing equiptnthe method

comprising: receiving, by one or more computingides, information including an initial
condition profile, CP1, of the equipment; usingommhation associated with CP1 to service the
equipment; after servicing is completed, deterngran updated condition profile, CP2, of the
equipment; and storing, by one or more computingces, information associated with CP2 for
use in a subsequent service operation.

[0196] A method of servicing equipment, the method conpgisprior to performing a
task associated with servicing the equipment, cagwand recording an original condition of
the equipment; after performing the task, captuangd recording an updated condition of the
equipment; comparing, using one or more computewgogs, the updated condition of the
equipment with the original condition of the equgamy and generating an alert when the

updated condition deviates from the original candiby more than a preset threshold.
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[0197] A method of preparing to service equipment, thehe@icomprising: inspecting
one or more components of the equipment; and cangptre inspected components of the
equipment against reference data associated vatimgipected components, wherein comparing
the inspected component against reference datedsto: determine if tooling or parts to be used
when servicing the equipment are properly sizedsdvagbed to fit relative to the equipment
during the service, and check for damage to thgeicied components.

[0198] A computer implemented method for servicing equiptnthe method

comprising: recording aspects of the equipmentduain nth service; storing, on one or more
computing devices, the recorded aspects of theewart during the nth service; recording
aspects of the same equipment during an n+1 sgueidermed at a different time than the nth
service; storing, on the one or more computing @syithe recorded aspects of the equipment
during the n+1 service; synchronizing the recoraggects from the nth service with the
recorded aspects from the n+1 service, whereigyheed aspects provide a service history of
the equipment; and using the service history ofetipgipment, by the one or more computing
devices, to autonomously inform aspects of futuoekacopes of the equipment.

[0199] A method of servicing equipment, the method conimpgisautonomously

inspecting components of the equipment for remagitongevity; and repairing one or more
components of the equipment determined to haveinamgdongevity less than a duration of

time until a next scheduled service, or generadimgw workscope, or flagging a future repair.
[0200] A method of servicing equipment, the method conmgisrecording information
associated with the equipment at a first locatsmmding the recorded information to a node;
receiving service input from an operator located atcond location different from the first
location, the operator having prepared the selwjget in response to the recorded information
on the node; and performing the service in viewhefoperator’s input.

[0201] A computer implemented method for servicing equiptnthe method

comprising: recording information associated with aviation equipment at a first location;
sending, to one or more nodes, the recorded inflmmaassessing, at a second location different
from the first location, the recorded informatioarh the one or more virtual nodes; preparing
service input in response to the recorded inforomatand sharing, by the one or more computing

devices, the prepared service input to the firsation.
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[0202] A robotic assembly for servicing equipment, theatabassembly comprising: a
kitting area configured to receive kitted composeagsociated with a workscope of the
equipment; an environmental capture device condigiio capture one or more images of an
environment in which the service equipment is dégal) and one or more computing devices
configured to: locate the equipment in the envirenmautonomously navigate the robotic
assembly through the environment to the equipnaemt,autonomously adjust a position of the
robotic assembly in response to the workscope.

[0203] A method of servicing equipment, the method conmpgisreceiving a workscope
associated with the equipment; selecting one oerkitted components associated with the
workscope, the one or more kitted components bdisgpsed in one or more storage areas;
loading the kitted components onto a robotic as$gmlvigating the service equipment with
the kitted components to the equipment; and autoosig performing the servicing operation
with the robotic assembly using the kitted compasien

[0204] A method of servicing equipment at an elevated sgatpre, the method
comprising: navigating an autonomous robotic as$gtola location associated with the
equipment; applying, from the robotic assemblyrilkdtion to one or more adjustable
components of the equipment; waiting a duratiotimé; and with the robotic assembly,
operating on the one or more adjustable components.

[0205] A robotic assembly for servicing equipment at avated temperature, the
robotic assembly comprising: a robotic arm; a lcdion dispenser disposed on the robotic arm
and configured to dispense lubrication to one orenfasteners of the equipment; and a
wrenching device configured to operate on the armaare fasteners, wherein the robotic
assembly is configured to autonomously operaténerohe or more fasteners before the
equipment cools to a threshold temperature at whichan interaction is possible.

[0206] A robotic assembly comprising a lubrication disprend a wrenching device
configured to autonomously operate on one or mestehers of equipment at an elevated
temperature, wherein the robotic assembly is candig to utilize temperature gradients between
the one or more fasteners and the remainder arpme so as to reduce torque requirements to
unthread the one or more fasteners.

[0207] A method of detecting damage in equipment, the atettomprising: observing a

thermal response of the equipment during a tramslietween an elevated temperature and a
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lesser temperature; determining one or more thegnaaients in the equipment during the
transition; comparing the one or more thermal gnatdi with one or more predetermined thermal
gradient margins; determining when the one or nifuegemal gradients exceeds the one or more
predetermined thermal gradient margins; and geingrah alert when the one or more thermal
gradients exceed the one or more predeterminethtigradient margins.

[0208] A robotic assembly for detecting damage to equignthe robotic assembly
comprising: an autonomous platform configured toventhrough an environment containing the
equipment; an environmental capture device coujgléde autonomous platform and configured
to observe a thermal response of the equipmemglarcooling duration occurring from an
elevated temperature to a lesser temperature; r@mdromore computing devices configured to:
from a information of the environmental captureideydetermine cooling gradients in the
equipment during the cooling duration, compareci@ing gradients with predetermined
cooling gradient margins, determine when the cgojjradients exceed the predetermined
cooling gradient margins; and generate an alertwvthe cooling gradient exceeds the
predetermined cooling gradient margin.

[0209] A computer implemented method for detecting damag®uipment, the method
comprising: receiving, by one or more computingides, information from an environmental
capture device, the information capturing therneaiditions of the equipment during a cooling
duration occurring from an elevated temperatura lEsser temperature; determining, by the one
or more computing devices, cooling gradients ingpeipment during the cooling duration;
comparing, by the one or more computing devicesgctoling gradients with predetermined
cooling gradient margins; determining, by the onenore computing devices, when the cooling
gradients exceed the predetermined cooling gradiangins; and causing to generate, by the
one or more computing devices, an alert when tloérgpgradient exceeds the predetermined
cooling gradient margin.

[0210] A method of servicing equipment, the method connpgisreceiving, by one or
more computing devices, information correspondmgrie or more components of the
equipment; determining, by the one or more compgutievices, a location of the one or more
components of the equipment with respect to a ilocatf an augmented reality device; and
presenting, in a current field of view display bétaugmented reality device, at least a portion of

the information corresponding to the one or momapanents of the equipment.
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[0211] A system for servicing equipment, the system cosipgia memory storing
processor-executable instructions and a processxecute the processor-executable
instructions to cause the system to: receive in&dion corresponding to one or more
components of the engine; determine a locatioh®bhe or more components of the equipment
with respect to a location of an augmented rediyice; and present, in a current field of view
display of the augmented reality device, at legsdréion of the information corresponding to the
one or more components of the engine.

[0212] Autonomous robotic assembly configured to navigelative to and service
equipment, the autonomous robotic assembly comgresn environmental capture device, a
memory storing processor-executable instructiond,aaprocessor to execute the processor-
executable instructions to cause the autonomowsticofissembly to service the equipment by:
determining completed service tasks and yet-todrepteted service tasks; maintaining an
active log representative of a current step inisgrg the equipment; moving relative to the
equipment during service; and inspecting the eqaigrafter the service.

[0213] A method of inspecting and repairing equipment,ntte¢thod comprising:
autonomously navigating a robotic assembly to themnent using an environmental capture
device of the robotic assembly; capturing feecheféquipment using the environmental capture
device; comparing a current service task beingoperéd on the equipment with a queue of tasks
associated with the service of the equipment; deteng completed service tasks and yet-to-be-
completed service tasks; and marking a currentitmcaf service of the equipment.

[0214] An autonomous robotic assembly configured to sereguipment, wherein the
autonomous robotic assembly comprises an envirotaheapture device configured to provide
information to one or more computing devices, wimetiege one or more computing devices are
configured to use the information to (i) autonompumavigate the robotic assembly within an
environment containing the equipment, and (ii) E&rthe equipment.

[0215] A method of servicing equipment, the method connpgiswith respect to an

initial operation of the equipment: servicing tlgpigment within a provided workscope;
monitoring, by one or more computing devices, #wising operation; recording, by the one or
more computing devices, the servicing operatiod; @eating, by the one or more computing
devices, an autonomous servicing protocol assatiaith the workscope; and with respect to a

successive operation of the equipment: determifipghe one or more computing devices, if
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the successive operation relates to the workscbieeanitial operation; and autonomously
performing the servicing protocol if the successperation is determined to be related to the
workscope of the initial operation.

[0216] The method or assembly of any one or more of thieeses, wherein the
equipment comprises aviation equipment.

[0217] The method or assembly of any one or more of thisaeses, wherein the

equipment comprises a gas turbine engine.
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CLAIMS
WHAT IS CLAIMED IS:

1. A robotic assembly for servicing equipment, the robotic assembly comprising:

an area configured to receive components associated with a workscope of the
equipment;

an environmental capture device configured to capture information associated with an
environment in which the robotic assembly is disposed; and

one or more computing devices configured to:
locate the equipment in the environment;

autonomously navigate the robotic assembly through the environment to the
equipment; and

autonomously adjust a position of the robotic assembly in response to the
workscope,

wherein the robotic assembly is configured to be in communication with at least one

other robotic assembly disposed within the environment,

wherein the at least one other robotic assembly comprises a secondary robot mounted

to the robotic assembly and is configured to operate independent of the robotic assembly.

2. The robotic assembly of claim 1, wherein the robotic assembly is configured to detect
proximity to humans and operate at a slower speed when navigating the environment within a

prescribed proximity of a human.

3. The robotic assembly of claim 1, wherein the one or more computing devices is further
configured to cause the robotic assembly to perform the service, the service including at least
one of inspection and repair of the equipment.

4. The robotic assembly of claim 1, wherein the equipment comprises a gas turbine engine.

5. The robotic assembly of claim 1, wherein the robotic assembly further comprises a fluid
dispenser, a temperature control component, or both configured to operate on the equipment.
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6. A method of servicing equipment, the method comprising:
receiving a workscope associated with the equipment;
selecting one or more kitted components associated with the workscope, the one or
more Kitted components being disposed in one or more storage areas of a kitting station;
navigating a robotic assembly to the kitting station;
loading the kitted components onto the robotic assembly, wherein the robotic assembly
includes an area configured to receive the kitted components, separate from the Kitting station;
navigating the robotic assembly with the kitted components to the equipment; and
performing servicing operations on the equipment with the robotic assembly using the
kitted components, wherein the robotic assembly includes a robotic arm to perform servicing

operations.

7. The method of claim 6, wherein at least one of receiving the workscope, selecting one
or more Kitted components, loading the kitted components, and navigating the robotic assembly

is performed autonomously.

8. The method of claim 6, wherein performing servicing operations on the equipment with
the robotic assembly using the kitted components comprises autonomously performing

servicing operations on the equipment with the robotic arm using the kitted components.

9. The method of claim 6, further comprising at least partially-autonomously positioning
the robotic assembly relative to the equipment prior to performing servicing operations with
no human input, and wherein the robotic assembly receives human input prior to performing

servicing operations.

10.  The method of claim 6 wherein navigating the robotic assembly to the equipment
comprises moving the robotic assembly within an environment at a first speed when located
outside a prescribed proximity of humans and moving the robotic assembly within the
environment at a second speed when located within a prescribed proximity, wherein the first

speed is greater than the second speed.

11.  The method of claim 6, wherein the step of loading the kitted components onto the
robotic assembly occurs at a location different from an environment associated with the

equipment.
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12.  The method of claim 6, wherein the equipment comprises a gas turbine engine.

13.  The method of claim 6, wherein the steps of navigating the robotic assembly and
autonomously performing the service are performed using information provided by a same

environmental capture device.

14. A robotic assembly for autonomously servicing equipment, the robotic assembly
comprising:

a kitting area configured to receive kitted components associated with a workscope of
the equipment from a kitting station, wherein the kitting station is separate from the Kkitting
area;

an environmental capture device configured to capture information of an environment
in which the robotic assembly is disposed,;

a robotic arm configured to operate on the equipment;

a drive system configured to reposition the robotic assembly relative to the environment
in response to the workscope;

a fluid dispenser, a cooling system, or both configured to operate on the equipment;

one or more computing devices configured to locate the equipment, navigate the robotic
assembly to the kitting station, navigate the robotic assembly to the equipment, and perform a

service of the equipment.

15.  The robotic assembly of claim 14, wherein the one or more computing devices

comprises at least one remote computing device.

16.  The robotic assembly of claim 14, wherein the robotic assembly further comprises a
system configured to monitor the robotic arm, or one or more locations thereof, with respect to
the equipment and compensate for relative motion between the robotic arm, or one or more

locations thereof, and the equipment.
17.  Therobotic assembly of claim 14, wherein the robotic assembly is configured to at least

partially-autonomously deploy one or more sensors or detectors along the equipment prior to

performing the service.
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18.  The robotic assembly of claim 14, wherein the robotic assembly is configured to be
aligned relative to the equipment prior to performing the service, and wherein the robotic
assembly is configured to at least partially-autonomously perform a precision alignment with

the equipment.

19.  The method of claim 6 wherein performing servicing operations on the equipment
comprises moving the robotic arm relative to the equipment at a first speed when located
outside a prescribed proximity of humans and moving the robotic arm relative to the equipment
at a second speed when located within a prescribed proximity, wherein the first speed is greater

than the second speed.
20.  The robotic assembly of claim 14, wherein the robotic assembly is configured to

communicate peer-to-peer with at least one other robotic assembly to co-navigate within the

environment, perform simultaneous service of the equipment, or both.
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