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(87) Abstract

A robotic system (19) is provided capable of stripping paint from a large aircraft (12) and including a utility boom (40), 2 moveable
u'ansporter_(zo) and robotic subsystem (30) having a vertically extending column (50) which interfaces with a horizontally extending arm
(70) to deliver high pressure water to the skin of the aircraft. :




10 aircraft, all of which are tinme-consum ng, costly and

| .abor-i ntensive. One common pai nt renoval nethod is chem ca
stripping which typically utilizes nmet hyl ene chl ori de based
stripperss which are environnmental |y unsound. In order to renove
paint fromthe aircraft with a chem cal stripper,.a |large crew

of workers nust first wash the aircraft to renove oil, grease and other

15 surface conbi nati on. Conponents not requiring paint stripping are

t hen removed or covered with alum numtape before applying the
chem cal stipper. The chem cal stripper is then either manually
brushed or sprayed onto the aircraft's surface and is left for
approximately 30 m nutes until the paint is softened and lifts
fromthe substrate. It should be noted that 20 chem cal stripping
.does not generally cause substrate damage when used on aircraft

constructed of netal or alum num but can not be used on

conposite structures consisting of epoxy and graphite, two materials which
are being used on nodemairicaft with increased frequency. After the paint
has softened the excess solvent and paint is renoved by the work crew 25
utilizing hard rubber scrapers. with residual solvent and paint being
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PCT/-US96/ 06716 renoved by a water rinse. The stripping process
is repeated until the .. Chem cal stripper is no longer acting to
renove the paint. At that point manual scrapi ng wi | shes
or sandpaperWPg63f46H to renove the remai ni ng paint, es?@%t?i&'
finishing the renoval process. 5 On a large aircraft chem cal
stripping is very labor-intensive and as a , result is very

ti me- consuni ng and costly. PESCTVYPRI on, the cheni cal
stripping process involves exposing the crews to potentially toxic
nmet hyl ene chl ori de based chem cal s and pai nt dust in a cl osed

envi ronment, such as an aircraft hangeMOBLERBINGSYETEM 10  peri ods of
time. As a result, workers must wear disposable protective gearing

which inhibits the workers nobility and confort Chem cal stripping
further produces | affgehnicalified of hazar dous waste which nust be di sposed
of after stripping. eed thet?r.efO'e.exi sts for a stripping

. A
process which is reliabl g?l%qphcanoqget&qsatwo il TOROHG BYSIEMS PRETAS®: al | v
sound, cost-effgcti waridifaiy) it & i8R masie robotic systeffipiudiria’a FobdP by Stem for

damage. . The present application provides for a nobile
robotic system whi clisiivering high presgurgmwater tofemane Paintdrom the sustace véas hi gh
pressure water to regﬁlat%‘_pai nt fromthe surface of an aircraft

wi t hout damegi ng the substrate.

Background of the invention
Several methods of paint removal are currently empioyed for iarge
10 aircraft, ali of which are time-consuming, costly and labar-intensive. One
common paint removai method is chemicat stripping which typicaliy utilizes
methylene chioride based strippers which are environmentally unsound. in
order to remove paint from the aircraft with a chemical stripper, a large crew
of workers must first wash the aircrait to remove oil, grease and other
15 surface contamination. Components not requiring paint stripping are then
removed or covered with aluminum tape before applying the chemicat
stripper. The chemical stripper is then either manually brushed or sprayed
onto the aircraft's surface and is left for approximately 30 minutes untit the
paint is softened and lifts from the substrate. It shouid be noted that
20 chemicai stripping does not generally cause substrate damage when used
on aircraft constructed of metal or aluminum, but can not be used on
composite structures consisting of epoxy and graphite, two materials which
are being used on modemn aircraft with increased frequency. After the paint
has softened the excess solvent and paint is removed by the work crew
25 utitizing hard rubber scrapers. with residuat solvent and paint being



20 ‘Sunmary

A robotic systemis provided capabl e of

stripping paint froma |arge aircraft and including a utility
boom a noveabl e transporter and robotic subsystem havi ng a
vertically extypgdisgscol um which interfaces with a PCH/USI6NETAS | v
extending armto deliver high pressure water to the skin of the 25

aircraft

Brief Description of the Draw ngs

Vari ous " enbodi Ment's 3emodgBy b idler Hise] THE Stfippifg BroRBSSisrepédied untl the

drawi ngs wher ei n:

10

15

20

235

chemlcal stripper is no fonger acting to remove the paint. At that pomt
manual scraping with wire brushss or sandpaper is used to remove the
remaining paint, thereby finishing the i;emoval process.

On a large aircraft ehemisél stripping is very labor-intensive and as a
resuit is very time-consuming.and costly. _ -

In addition, the chemical stripping process involves exposing the
crews to potentially toxic met_ﬁylene chloride based chemicals and paint
dust in a closed environment, such as an aircraft hanger, for prolonged
periods of time. As a result, workers must wear disposable protective
gearing which inhibits the workers mobility and comfort. Chemical stripping
further produces large amounts of hazardous waste which must be disposed
of after stnppmg

A need therefore exlsts fora stnppmg process which is reliabie, non-
labor mtensnve ‘environmentally sound, cost-effective and which does not
result in substrate damage. :

The present appheatxon prowdes for a mobtle robotic system which is
remotely operable and whlch delivers hxgh pressure water to remove paint
from the surface of an alrcraft, w1thout damaging the substrate.

Summary .

A robotic system is provided capable of Stripping paint from a large
aircraft and including a utility' boom, a moveable transporter and robotic
subsystem having a vertically extending column which interfaces with a -
horizontally extendihg anﬁ to deliver high pressure water to the skin of the

aircraft.

Brief Descnpt:on of the Drawungs
Various embodiments are descnbed herein with reference to the
drawings wherein:
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PCT/ US96/ 06716 Fig. 1 is aright side view of the
robotic system of the present application in use with an
aircraft; . Fig. 2 is a perspective view, partly broken away

~ showi ng Jawmwgml system 20 of the transporter ofPGHSIMEIENt
application; Fig. 3 is aright side plan view of the
robotic system of the resent application; ' Fig. 4
is aleft side plan w%ﬂdSﬁﬂ@ﬁEﬂBM&mOﬁlyletrMmfsyslemmfrlheprﬂsent

appl i cation; rear view of the robotic system of
the present appl Ia@glc%q?nmusig)dﬂanaulo?af% Fig. 6 is a front view of the

rolbot | cdsystﬁm of CIt heFltgstatpevsndcﬁwtdewnparﬂybrokenavrayshomndiaaanqa IhS an
enl ar ge rlgtS|e t he e ass of the
robotic system ofSYSIPM g&@é‘gﬁhgﬁ? predent 2ppii E’;‘)m}', Fig. 7b is an
end view taken al ong lFig\@|§Engﬁt3s|eépFeer:ex?rFoftherobotncsystemofme':ﬁrﬂserﬁc Is a
front view, with robotic armrenoved, showing the - 15 carriage assenbly ..

of «the robotic syPPURRLSM t he present application; Fig. 8

: hows h:pgﬂ ngfogeg FRES .QL :éfi eeemrp\t.ewtﬂe%aa.&sm BFiipresent  the.
~ application;
Fig.5is a rear view of the robotic system of the present application;
10 Fig.6isa front Viéw of tHié robofe system of the present appﬂcatxon
| Fig. 7ais'an enlarged nght snde vzew showmg the carriage assembly
of the robotic system of the present apphcatron
Fig. 7b is an end view taken along lme 7B, 7B of Fig. 7c;
Fig 7cis afront view w:th robotic arm removed, showing the
15 carriage assembly of the robotic system of the ‘present apphcatlon
th 8 shows the various degrees of freedom of the robotic system of
the present applteetron o
" Fig. 9a isa rlght szde plan view of the robot:o arm w:th manipulator
removed;

20 Fig. Sb is a side view showing the internal reinforcement of the inner

robotic arm;
- Fig. 9cis a side view, in partlal eross sectnon of oenter joint assembly
~ of the robotic arm;
Fig. 9dis a top view, partlany broken away ef the beanng assembly
25  of centerjoint assembly; ' B _
Fig. 9e is a top view illustrating the internal reinforcement of the outer
robotic arm; .'
Fig. 10 illustrates a cross sectlon ofr mappmg and panntlng effectors
Fig. 11 is a top view showmg aircraft 12 and route for transporter of
30 the robotic system of the present appllcat:on



Fig.'9a is a right side plan view of the robotic armw th mani pul at or

r enmoved:; 20 Fig. 9b is a side view show ng the internal

rei nforcenent of the inner robotic arm Fig. 9c is

a side view, woddesiegral crossisection of center joint assenbPEI/U896/06716 of
“the robotic arm Fig. 9d is a top view, partially broken

away of the bearing assembly 25 of center joint assenbly;

Fig. 9¢"is a top viewil Ingtwrslm tmmrraabtzdgsﬁmbf:ﬁsrpneseﬁapﬁmuner

robotic arm O illustrates 1SS section of mapping

and pai nting ef f ect ofiowing the fob lcsubsvstem@aifma E’BB Qﬂ‘éw showi ng

aircraft 12 and route forfil fHRBSFAES R work¥hveldpa®f Fsiicisystaisiczm of the
. 3

present application;

. Detailed Description of the Preferred Embodiments
5 Referring now in specific detail to the drawings, where like reference
numerals identify similar or identical elements, referring initially to Fig. 1
there is illustrated a right side view a mobile robotic system 10 according to
one embodiment of the present application. As shown in Fig. 1, the robotic
system 10 is preferably adapted for use with a targe aircraft 12. Referring
10 nowto Fig. 3, a right side view of robotic system 10 is shown. Robotic
system .10 includes transporter 20, robot subsystem 30 and utility boom 40.
Robot subsystem 30 further includes column 50, a selective compliant |
assembly robot arm (SCARA) 70, manipulator €0 and end effector 100. In
the present émbodiment robotic system 10 is approximately 33 f in height,
15 not inciuding utilty boom 40 and fobot arm 70 has a horizontal reach of
approximately 28 feet.
In designing a robotic system a ngxd mechanical structure is needed.
With conventional designs this rigid, or stiff structure can be assumed to
exist because the components, especially the robot arm are small in size
20 and made of rigid material. In conventional designs if an engineer desires
' to increase _the sti_ffneés of the robot she would simply increase the mass
which would thereby increase the stifiness. When a robot reaches the size
of the present embodimént stiffness can no jonger be increased by simply
increasing the mass ofthe' system. Therefore, in designing the robotic
25 system of the present invention a flexible structure was assumed and this
structure was made stiff by applying general engineering principles. The
factors one would corisider_ in designing a robotic system such as system 10
include: material selection, cross-sectional area, auxiliary support, the
thickness of the skin and the location of the mass of the system. The final
30 configuration of the robotic system will depend upon the dimensionat
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PCT/ US96/ 06716 Fig. 12 is a top view of the robotic
system of the present application showi ng the robotic-subsystem
in a stowed position; and Fig. 13 illustrates the work
envel ope ofWQ8HH#6lc system 10. Det ai | ed Descr BSEUEMASTI6: he
Pref erred Enbodi nents 5 Referring now in specific detail_ to
the draw ngs, where lLike reference . nuneral s identify simlar or
| denti cal el ement §onfiguyration efhe ﬁvrtelwaswabas:r@apmimon Variousimetheds ean
illustrated a rig

one enbodi nent of Iﬁtbr%bg?%tslégﬁtﬁh&‘p ?g};«a?éos%l}g _ ﬁ@sﬁﬁd%ﬁ%ﬁﬁq Eiﬂlt% obotic

system 10 is pref emmmmmmnmomemmwlmmrbfem ng

ropot o e dBn el L MeBae P Bhingst d il ol rieBi B a0 ana

utility boom 40. beused, mcluﬂhbcmessuﬁnqmwtrs bérvy dfﬂie fin WAICHWAIl S0, a

sel ective conpli ant. senbl ot -arm. SCARA ., mani pul at or 90Wsis
and end effector ¥¥fea qerasstiffness mcrqaﬁ ?8%%1’?’ B @r k’ﬂ%!ﬂ@e%tem 10 .,

is approximately 33 ftyih deptisled refereﬂée to Fig! 3, 'tfh?tsbdh&mdt’s'é : %40 and™
robot arm 70 has a horizontal reach appr.oxi-mat e eet
automatic guided vehicle (AGV) which is a conventronal AGV that has been
madified for application with robot subsystem 30 Conventronal automatic
10 guided vehicles are available from a number of suppl:ers, including Mentor
AGV, located in Mentor, Ohio. Transporter 20 is programmed to follow &

preset guide path and operates to position robot subsystem 30 at

predetermined work positions around aircraft 12 Transporter 20hasa
structural stlffness sufficient to prowde a stable base and support for
15 subsystem 30 while also provzdmg transporter 20 wrth mobulrty
Transporter 20 preferably mctudes a drive system (not shown),

" steering system (not shown) and gackmg system 22 (Fig. 2). Inthe present
embodiment the transporter drive and steenng systems are conventional
designs which may be adapted and modrﬁed dependrng upon the

20 application requlrements “The transporter drive system includes a plurality
of wheels 24 which provide fransporter 20 thh the capability to move from
‘one tocation to another around aircraft 12, Transporter 20 travels along a
predetermined path following gu:dewnres 23 placed in floor 26 around the
aircraft 12 (Fig. 1). Inthe present embodiment transporter 20 preferably
25 includes ten wheels, eight of the wheels are dest_gned as joad bearing
casters and two of the wheels are drive wheels which include steering
components. Transporter 20 may be designed with any number of wheels,
as long as robot subsystem 30is provrded with adequate ‘support and
* : maneuverability. '
30 " The ability to furn and maneuver transporter 20 is accomplished by a
transporter steering system (not shown), as is known in the art, which




ILn designing a robotic systema rigid nmechani c_'al structure i s needed.
W.th tonventional designs this rigid, or stiff structure can be assuned to
exi st because the conponents, especially the robot armare small in size.

20  and nmadewefosisssnd material. I n conventional designs if BATARYYOGHES
. desires -~ to increase the stiffness of the robot she would sinply
I ncrease the mass whi'ch woul d thereby increase the stiffness. Wen

a robot-reaches the pretaabrymciudesﬂioﬁ-boawmmcmmwmtshewmaegmmas

Cystom Theref or . 1 A riSterEm Rl Ino puigevines 25 Sdier Wareth P Miardlic sberte

invention a flexibl eaﬁfehﬂéé {Hok sHEWn)3RGUHEBE oA fisk felding edge ofaacﬁ‘dﬁ#@ﬁﬁéﬁ vvas
made stiff by apply !ﬁ% general engineering principles ors

one woul d consi der @ @stegnas gravidedher ?@W&t@ﬁ'@!ﬂﬁs'ﬁﬁaﬁ ysedhy the vehlcle
thi ckness of -t he” sii Boafef in Sidiandi ldrpa ard] Abersd Motirrétienifiitéro. | 17
30 confi gurati on Otheristeeringsystemsjintiadingidirectidrivertorquediubsianddases gridancs
4 vehicie controliers may alternatively be utilized with transporter 20.
Referring now to Fig. 2, jacking system 22 of transporter 20 is
illustrated. Jacking system 22 is designed to provide robot subsystem 30
10 wifh a stabie, level platfdrm and as such is prefer_abiy designed according to
the dimensional configurations of robot subsystem 30 along with the
preferred application for subsystem 30. Jacking system 22 includes a
plurality of jacks 22a which operate to raise transporter 20 off the floor
thereby providing robot subsystem 30 with a levei working platform. Inthe
15 present embodiment jacking system 22 preferably lncludes four,
mdependenﬂy driven hydraullc jacks which raise transporter 20
approximately 1/2" off the fioor. _ _ .
Transport 20 is preferably made of a material such as steel, but may
be constructed of ahy material which would allow robot subsystem 30 to be
20 both stabile and mobile; In thé present embodiment the approximate
combined weight of subsystem 30 and transporter 20 is about 60,000 Ibs.
Transporter'zo can travel at speéds up to about 75 f/min in a straight line,
with 40 ft/min being the pre‘ferr_ed op_erating spéed, and up to about 20 ft/
min while tuming, with 15-18 ftimin being the preferred tuming speed in the
25 present embodiment. The width of trénspo_rter 20is prefé_ra_bly between
approximately 8-12 feet, with 10 feet beirrg the most preferred width. The
overall length of the transporter is between about 18-28 feet, with
approximately 23 1/2 feet being the mos_r preferred length. The height of
transporter 20 is preferably between about 2-4 fest with approximately 3 feet
30 be_ing the most preferred height. Since transporter 20 is designed according
to the dimensional configurations of robot subsystem 30, along with the
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PCT/ US96/ 06716 configuration of the systemas well as its
application. Various nethods can be used to test and trade off
these factors including solid nodeling, finite el enent -anal ysi s
and opti nm wax96Be46pr ogr anmi ng, which are well known to PCT/OS9606Y36 o
skilled in the art. To neasure the stiffness a variety of nmethods may 5
be used, including nmeasuring the natural -frequency of the systemwhich wll
i ncrease as sti f fprefesredrappécation forsubeystent 3 dise exact dirsensional\configutdtiens t .

Bt orme 6 out ded JaREPE el sty 38 RS buralelh SdbAtn T BASkeY ..,
modi fi ed for applambiromoneigpplicationtto anbitgst em 30. Conventional autonmatic

ventor T Aoy, W POBITeRs @IS, S SERETEY 90 ogy amed

to follow a s preferm?&eluoesla%n%ﬁhmey%ﬁﬂnbpsm)t iPthe’ ObOL

subsystem 30 at predet erm.-ned worKk poSitions around aircraft 12.
Transporter 20 ha¥esent embodimer theeallisien aveidancesystem preforablyingludes ovi de a

e ki e
i ncl udes a drive sapsbrsrﬁ?@nﬁ?b ahdfmm and rear detectidresensops 29a; 20(Figst 5-8own)
2 Lacky 10 5! Blefork B8 Al el BB NG marperm e iGN o P
10 approxrmately 2-5 inches above the ﬂoor and extend to between 10-14
mohes in herght, In the present embodrment bumpers 283, b are about 3.5
inches above the floor and approxxmately 12 mches in height. An object
contactmg bumpers 28 wrtl cause the transporter 20to stop within
approxrmately 4 rnches of rnmal contact wrth the ob;ect, when the transporter
15 20 is traveling at a rate of about 40 ft/min. :
' Inthe present embodxment s:de edge sensors 27a 27b are
preferably photoe!ectnc sensors havmg both transmittmg and receiving
'oapab:lrtres lnterruptron of a beam ermtted from the sensors will cause the
'transporter 2010 stop within 4 rnches of mterruptron when the transporter is
20 travehng at about 40 ftlmm
o Referring now to F‘gs 5-6 transporter detectton sensors 29, 26b are
preferably dual range, infra red obstacl_e dete_c_:tl_on _sensors_ of a type known
in the art, which can detect objects from a predetermined range. According
to the present"embodirrient the detection sensors'are preferably configured
25 such that an object detected approx:mately 8 feet away from transporter 20
will cause the transporter 20 to slow down, whlle an object detected
' approxrmately 3 feet away will cause the transporter to come to a controlled
stop. The transporter detect:on sensors are atso preferably trave| direction

sensitive and are mectwe when transporter 20is statronary
30 ' With oontmued reference to Flg 2, robot subsystem 30 is mounted to
transporter 20 by a turntable 52 which provrdes support for subsystem 30




desi.gns whi ch may be adapted and nodified dependi ng upon the 20
appliccation requirements. The transporter drive systemincludes a plurality
of wheels 24 which provide transporter 20 with the capability to nove from
one | ocation @,@ﬁgélher around aircraft 12. Transporter 20 tRCIVESIEOGONg a
.predeterm ned pa ol ow ng guidewires 23 placed in floor 26 around the
aircraft 12 (Fig. 1). In the present enbodi ment transporter 20 preferably

25 includes ten vwmlesms@amn@ihetmswemsowmtaieabgmtemmr bxis YA EPHiS Ng
casters and two of the wheelfs:iare drjive wh ncIug_Pteerlng

conponents. Trans por@@'%(?"‘??’ﬂesd@e&ﬂgﬂﬁ%‘ﬂ%\%“t"w %h?t ARsrsE
as |long as robot SUhﬁNs‘iFa%éB -ﬁ(th%Biaﬁbﬂsds*&ﬁdr“@dqmmmesammuae@a@btatame

maneuverabi lity. abil'ity to turn and maneuver transporter

20 is acconplished b’.;olumn mount plate 52awhich is:mounted to seiumpsil-and a bearngwn) |
e° 's known in the am&unt""{?ru&u_re 52b which is mounted to deck 25 of ransporter 20 in any
suitable manner; e.g. bolts. Tumtable 52 is electrically connected to a pair
of drive 'motors (not shown)'which are housed within cover 54. The drive
motors provide the power to drive tumtable 52. Rotation of column mount
piate 52a is mechanically accomplisned by gearing (not shown), which can
10 drive robot subsystem 30 to a mtatiérr-speed of approximately 3 rpm, with
the preferred operating speed being below about 1 rpm. Although robot
'subsysterﬁ 30 is mounted fo turntable 52_ in the present embodiment,
subsystem 30 may be mounted to transpprtér 20 in any suitabie manner
which would provide support for robot subsystem 30 while allowing for
15 rotation of subsystem 30. |
Referring again to Fig. 3, column 50 extends substantially vertically
from transporter 20 approximately 24 - 36 feet, as measured fromthe
mterface 55 with transporter 20 tothe top £6 of the column 50, with about 30
feet being the preferred height in the piqggnt embodiment. in the present
20 embodiment column 50 is constructed of steel, but it may be constructed of
any alternative material which will provide the column with structural
stability, while alldwing it to be mobils. Column 50 is preferably rectanguiar
in shape and includes first and second, generally parailel, opposing sides
57a and 57b (Fig. 4) réspecfi_\reiy, which are joined at approximately 90° to
25 third and fourth generally paraliei, opposing sides 58a (Fig. 5) and 58b (Fig.
. 6), respectively. In the present embodiment sides 572, b and 58a, b are
preferably joined by bolts, but may be joined or fabricated in any suitable
manner. _ .
With contmumg refarence to Fig. 3, mounted to first side 57a are end
30 effector racks 59. In the present embodiment, approximately four different
end effectors can be stored in these racks for use with manipulator 80. End

-
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PCT/ US96/ 06716 preferably includes an off-board vehicle
controller (not shown) that generates a reference signal into
guidewires 23 which transmt the signal to separate .. antennas-(not
shown) nouW@es36#sLt he | eadi ng edge of each drive wheel . PCI/USI66TIN e
antennas provide the reference anplitude signals used by the vehicle 5

controller in conmmandi ng forward and reverse notion of transporter 20.°

Ot her “steering sygﬁe#erﬁ%réaar@a@pmnal gtorage Q‘Gﬂ"&ﬂbﬂfﬁ’gb@f suheysten 30.
d
?lrjianggg(rat er 20. Alé@&éﬁé&d%éé’gfer ri ngcé?’bﬁrﬁﬂ?# J a(k:*{?? em 22

of transporter .20 from the utility boom 40 aretinserted, ththghlaﬂlpayﬂasseﬁlblyaz de5| gned

001021 1 ODoL SRS LAt s 1 R A e Y A

configurations of afeictess bagy 34 and Gﬁwﬁumomélacbéss to the lower anabaf:élr red
application for sgg%%stem 30. Jacki ng system-22 :i.ncl udes. a

plerality of jack Bersi{net shows) Fasp Ft!}’elyapﬁ"ﬁ?%wgﬂ'ﬁrqc’ym‘?@o of e UPRerf | cor
thereby providi ngchapgér ofed %‘h&&éﬁlélébtﬁcélfﬂfﬂhgﬁ‘ﬁb dfied orm I n the
era I'ncli uaes tour,

15 present enbodi nment I Nng system 22.pre
i ndependent |y dri mneo;aonawhﬁc%&dewcr chenaer houses eleancgcnonoectms to the

approximately 1/2 - Transport 20 is
preferably nmade o%sé l'{%rl 3?' suc aagles r(iaveelmotgrﬁ may - be
constructed o any nataeieaing/movmtoﬁiguddhalellsvmstlttedﬂeﬁsldetmﬁﬂrdbot be 20

both stabi e and JobL . fun b3 o sSa5Al iS4 98 SR 7 eRRB e an

upper access bay 6b for access to the upper chamber and a lower access
bay 1b for aocess to the lower chamber of column 50 Side 57b further
preferably includes intermediate access bays 2b 3b, 4b and 5b-disposed. - -
15 between upper and lower access bays Sb 1b Access bay 4b provides
‘accesstoa chamber cllsposed ln column 50 Whlch contams a process
controller. Access bays 2b and 3b provrde access toa chamber containing
" robot controller which is dlsposecl within column 50 F:nally, access bay 5b
provides access to a hydraulic unit for nozzle rotatlon dlsposed within
20 column 50. The number and location of the access bays wili vary depending
upon the design of column 50 and the location of the various electrical
connections and controls within the column
“Referring now ta Fig. 5, there is illustrated a rear view of robot
subsystem 30 showing third sxde 58a Side 58a ‘supports electrical wireway,

25 conduit and pneumatlc piping (none shown) to column 60. Side 58a
preferably includes a cover which shields the electrical wrreway, conduit and
pneumatic piping from the working environment.

Referring now to Fig. 6, there is iliustrated a front view of robot
subsystem 30 showmg fourth side 58b. Extendmg vertically along
30 substantially the length of side 58b is gear rack 64. Gesr rack 684 inciudes a
plurality of gear teeth 65 which are disposed along gear rack 64. Located on



conbi ned wei ght of subsystem 30 and transporter 20 is about 60,000 | bs.
Transporter 20 can travel at speeds up to about 75 ft/min in a straight
l'i ne, with 40 ft/mn being the preferred operating speed, and up
to about 20 ftyqesm3esas1 mn while turning, with 15-18 ft/ mpcimssss7iée
.preferred turning speed in the 25 present enbodi nent The wi dth of
transporter 20 is preferably between approxi mately 8-12 feet, with
10 feet- being the noeithafgﬂeofgdamdkuaﬁoeamgranlseee\mreeerraenearanof the

transporter is between gbout: feet, with p i, mat el 1/ 2
f eet being the nost ;@BQ@H%Sﬁﬁemﬁﬁ'thqépéfﬂeﬁqbd‘:&“ "% 5‘}/! 20

i s preferably betweemgierte g-goifseet W th approximtely 3 feet 30

bei ng the nost preferred hei ght Since transgorter 20 i s designed according
to the dinensional confi gfefermiogsowito Figso7adgoihpen isiluttrated 8 fgimiae @ssembly

|(:3> CT/ US96/ o\é\%gw 35468 which mdudes a plate member 72, pinions 74a, b, bearing tracks 76a, b
and dual direct drive motors_78a,_ b. Bearing rails 668, b of column 50
interface with carriage bearing tracks 762, b to gui_de_ carriage assembly 68
vertically along gear rack 64. Gear rack 64 meshes with pinions 74a, b in a
conventional rack and pinion arrangement which is driven by the power

10 supplled by motors 78a, b through a gear reducer to move carriage assembly
| 68 vertically along gear rack 64. Motors 78a. b are enclosed within housing
65 as shown in Fig. 8a. As illustrated in Fig. 8 by arrows *D* and °E”, vertical
movement of carriage assembly 68 provrdes robot subsystem 30 with a
' second degree of freedom.
15 Refemng agarn to Flg 3in oonjunotron wrth Fig. 7a-c, subsystem 30
includes rack covers 77a b which extend over gear rack 64 and bearing
rails 66a, b. Covers 773, b protect the gear rack 64 and bearing rails 66a, b
from environmental conditions which oould cause damage to the rack and
pinion assembly. during operation. cdvé; 77a is attached at one end to
20 upper canister 79a and is attached at an oppasing end fo a first end 68a of
carriage assembly 68. Cover 77b is attached at one end to lower canister
79b and is attached at en oooosing end {o a second end 68b of carriage
assembly 68. As carriage assembly 68 moves vertically in the direction of
arrow *Z" cover 77a unwinds from canister 79a and follows carriage
25 assembly 68 while cover 77b winds around oenister 76D, thereby allowing
gear rack 64 and bearing rails Gsa, b to remain covered during movement of
the carriage assembly. Likewise, as carriage assembly 68 moves vertically
in the direction of arrow “Y" cover 77b unwinds from canister 79b and
follows carriage assembly 68 while cover 77a winds around canister 79a,
30 thereby allowing gear rack 64 and bearing rails 66a, b to remain covered
during mo_vement .

10



preferred application for subsystem 30, the exact dinensional '
configurations of transporter 20 may vary from one robot subsystem .

30 design to anot her and fromone application to another.
Wth continuing reference to Figs. 2 and 3, transporter 20 also. 5 ¢

pr ef er abl ywogsBésges a col | i si on avoi dance system (not shoﬂﬂb’lﬂsﬂﬁﬁﬂlﬁe
present enbodi ment the collision avoidance system preferably includes
front and rear opposing bunpers. 28a and.28b respectively, side edge '
sensors 27a, 27b and fRefarringmbw todTigsl Gaee, there is iliustoated 2%ide Gigw of Folgt. 5- 6) .

approxi mat ol 2- serk 28 AR CRRaet Gtk B FolianepertE Hifles snd genioes

mcEes IB hei gEt ?r?m&hb@r@k@#aﬂﬂ@(@fgr@)%ohmﬁmtﬁor&m&%ﬁs%@bgﬂ%ﬁ 5
i nches above the floor. and:ap At e i nches in t An obj ect
oL epedlirelshsiins pranatpr I Byt Aot 2

contacting burrper

appr oxi mat el ys 4 lmgeg Fobbtrin 70 inefiea@h ihér Brin 8, %Eh@?lo#nt)ﬂ&&@rnw%z

transporter 0'is traveling at -a rate of about 40
I ns the present enwwanentergm&eagermwlgmmemmamageassemblyssata

preferably photo 1 1 ,Vi ng
capabilities. | nﬁar'rgir:%ﬁ ?%%Eﬁtfﬁrﬁ eam gpth? M om:; Q%f%dé' éﬁdcause

t he t ranem:bsoter in2be presenbembaditvient itnenatme80 m‘appno:ematqw ®®n when

Rt ot g mow o EPged Rength Ak ke B, i 6 cofiftersny-seston e

10. includes an mternal angle reznforcement 83 lntemal angle reinforcement

83 aids in provnd:ng inner arm 80 with structural sttffness Innerarm 80 is
' preferably made of steel, but may | be made of any material which does not
- appreciably reduce the natural frequency of robot subsystem 30 and which
has the structural stiffness to support and pos:tion mampu!ator 90 within the
15 parameters of the partncutar applrcatlon ln the present embodiment inner
arm 80 werghs approxlmately 1200 Ibs, center jomt assembly 82 weighs
approxlmate!y 1100 Ibs, outer arm welghs approxnmately 400 Ibs and
manipulator 90 welghs approxzmately 860 Ibs. :
_ Wth contlnued reference to Fi |gs 9a-c, center pmt assembty 82
20 uncludes an upper fitting assembly 82a, a lower ﬂttlng assembly 82b and a
middle 3omt assembly 82& tn the present embodxment upper fitting
assembly 82a is mounted at one end to inner arm 80. kaewuse lower fitting
assembly 82b is mounted at one end to outer am 84 Upper and Lower
fitting assemblies 82a, b are preferably attached to inner and outer arms 80,
25 84 respectwely. by bolts. Upper and Lower fi ttlng assembhes may
alternatively be attached inany manner which would prowde a sufficient
structural stxffness to support outer arm 84, mampulator 90 and end effector
100 while malntatmng the operatlonal parameters for the gwen application.
Refemng now to Fig. 9ci in conjunctlon wrth Fig. od ;upper fitting
30 assembly 82a is oonnected at a second end to mxdd!e joint assembly 82¢,
 likewise lower fi ttx_ng assembly 82b is connected at a second end o middie

11



preferably dual range, infra red obstacle detection sensors of a type known
inthe art, which can detect objects froma predeterm ned range. According
to the present enbodi nent, the detection sensors are preferably configured
25  such thaigddumseiect det ect ed approximately 8 feet away POIMIS6/06716
transporter 20 ~ will cause the transporter 20 to slow down, while
an obj ect detected approximately 3 feet away will cause the

transporter to come to a controlle t ranspor.t
detection sensors ar P‘%%ﬁeWPM%MPPWFWBIasB?'P&U@;G% i@ﬁ%“qgge

and are inactive me%fhﬁéﬁlé%t@éerﬁﬂy'&cslﬁﬂie%}éééhten%dlment beanH\éBB

continued reference to Fig. 2, robot subsystem 30 is nmpunted t

transporter 20 by a fRedess @U@"W@ﬂgﬁﬁr %W@M“Qb”%%?@ﬁ%m

7 WO 96/ 36461
PCT/ US96/ 06716 a conventional aangemert that is driven by the power suppiied by direct,
about vertical aXis 'dAve mitors (not shown) through a gear reducer (not shown) to provsde

rotation to lower fitting assembly 82b and outer arm 84. As iliustrated in Fig. -
8 by arrows.“F" and “G”, rotation of outer arm 84 provides robot subsystem
30 with a third degree of freedom. :
Referring now to Figs. 9a-Oe, outer arm 84 is mounted at one end to
10 middle joint assembly 82 and is connected at an opposing end to
- manipulator mount 88. In the present embodiment outer arm 84 is
_ apbro:dmately 20 inches in length and 20 inches in width, with a constant
aoss-s_éction, and includes an internal angle reinforcement 89. Internal
angle reinforoerhent_ 89 aids in providing outer arm 84 with structural
15 stiffness. Outer arm 84 is preferably made of steel, but may be made of any
material which does not appreciably reduce the natural frequency of robot
subsystem 30 and which has the structural stiffiness to support and position
manipulator 90 within the parametersof the particular application. In the
present embodiment outer arm 84 weighs approximately 400 Ibs;
20 With continuing reference to Fig. ©a, manipulator 90 is rotatably
| mounted to robot arm 70 via manipulator mount 92. Manipulator mount 92
includes gearing (not shown) to provide robot subsystem 30 with a fourth
degree of freedom as illustrated in Fig. 8 by arrows “H” and “I". Manipulator
90 utilizes conventional ma_riipul_ator technology but is specifically designed
25 for aircraft stripping/painting applications. Manipulator 80 is available from
GMFanuc Robotics and is designed for electrical use in Class | Division | at
terﬁpératures betweeh 33 - 109 degrees Fahrenheit. In the present
-embadiment manipulator 90 has a payload capacity of approximately 75 Ibs
plus 50 Ibs of back thrust. Manipulator 90 also includes a large capacity
30 hotlow wrist 94 and outer arm 96 for process line routing to end effector 100.
In the present embodiment manipulator 90 preferably includes an elbow 98

12



rotation provides the subsystem30 with a first degree of freedom as
illustrated in Fig. 8 by arrows "B" and "C'. Turntable 52 includes a

rot at abl e colum nount plate 52a which is nounted to col unm 50
and a bearing - 5 mount -structure 52b which is nounted to deck 25 of
t ransport e WQgs/3ss1any sui tabl e manner, e.g. bol PETUSETIEH| e 52
Is electrically connected to a pair of drive motors (not shown)
whi ch are housed within cover 54. The drive notors provide the
power to drive tuwhichis dogide jdintedtandma robltipiel tumfaceplate 83. Eibow 98 avddate 52a

i Ve ranor - subsy TEDIRUOTECeSs et irbile isipdaRt S willntdeci@lbor 10 L\
the preferred opefreédm&diﬁﬁsh'dmwl 8 byanbasty, k'mnm'émmma P, QPOR,

subsystem 30 is L N the ent enbodi nment ,

pnt ed tabl e 5
subsyst em 30 mayng ’)é%fy-t any Q gan eech "?Lﬂaﬁﬁ transporer 20
whi ch woul d psowaﬁdeawaﬁéhdbeﬁ.céwp@ym%smﬂwﬁuﬂ&ﬂémmfor 15

rotation of subsystem 3 ferri ng again to Fig. 3
cobumn 50 ext endsS¥Ri@rat1@ieieasityreach aireraftiwings and fuselager om t r anspor ter 20,

LK, oLt 2 20°c BGS R R 8 leiyed papping >
feet being the pr ﬁa‘lmvabdndheffe;}ilorslmam mesespecmldigodButhmourtto ahe present
20 1ot 00 TN ARl oo SAEES G £k BEoal Pl TPV e ¢
colum with geru cprsseht embodiment, thit miappihg wnd effedtor ﬂiabﬁmmdabe opakgrafivbi | e.
ot Beona. goner 41 i S srowmand s oS e ('
gener (Fig.
4) respectivel y, ’ﬂﬁ" MapBing drid! m&&ﬁoéeaﬁsés'&h%ssr%@nfoar sensor which
returns a range measurement from a line equatlon produced by the
' intersection of the beam and the aircraft surface. in the present embodiment
15 the paint removal end effector 104 consists of a high pressure water quick
~ change, rotary swivel housing and nozzle. Depending upon the application,
a variety of end effectors can be desig‘ned for use with robotic system 10.
Referring aga:n to Fig.-1, robotic system 10 further includes utility
boom 40. " Utility. boom 40 routes utilities from the roof 42 of the hangar
20 enclosing gircraft 12 to the robotic subsystem 30 Inthe present
embodiment boom 40is supported at three pomts the facrllty center swivel
44, the monorail attach ponnt 46 and the top of the column 56. Boom 40 is
not a controlled degree of freedom, but acts asa siave, following robot
| subsystem 30 from position to posmon about aircraft 12 along a monorail -
25  48. Inthe present embodiment boom 40 carnes hrgh pressure water
- electrical power, control and data lines and air and vacuum lines.
" The opération of robotic system 10 will niow be described. Robotic
~ system 10 may be used in a’variety of applications. One such application is
asa palnt removal system for use on large axrerafts as deplcted in Fig. 1.
30 Aircratt paint removal system consists of robot system 10 which interfaces
with a computer subsystem, a sensor subsystem. a guxdance subsystem, a
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25 +third and fourth generally parallel, opposing sides 58a (Fig. 5) and
58b (Fig. 6), respectively. In the present enbodi nent sides 57a,
b and 58a, b are preferably joined by bolts, but may be joined or
fabricated inrﬁﬂ*mﬁuﬁtable manner . PCY{US6/06716
continuing reference to Fig. 3, nounted to first side 57a are end 30
effector racks 59. In the present enbodi nent, approximtely four different

end effectors can be @é:ﬂmdmalédmstemaaﬂesaénmymsyswmr(nmsww Ghe90. End
WO 96/ 36461

PCT/ US96/ 06716 computes wévssmaelwgewm"aﬁ%ﬁf‘. fass eminals g enent

of robot subsystem 30pgripheral dawcéé SThé spfemeperatosintiifaeés priafilyth®ughtie/i N9
track 60. Utilities %?cph y 62’ri,gmthe ut|I|t boom40§are

i nserted through a slmeraﬁoﬁgt%rgumibl\@ossgomnutarequipmﬁﬂﬂé Qchinan oReratess k .
60 and into robot, ar F@Zﬁ?@l ﬂoﬁ?aﬂ&ﬁ&%ﬁ&ﬂ ﬁé??oﬂamesénsor%ruﬁsﬁ&ﬁﬁlms

la and 6a which Sr ov CCeSs PUEnd up
the process controller, which monitors the strlppmg pressure and nozzie N
rotation rate. ' )

Prior to étripping aireraft 12, mapping end effector maps the surface
of aircraft 12 for input into a controller (not shown). Guidewires 23 are then
10 placed in _ﬂoor-zé around aircraft 12 éorresponding_to the path transporter
20 will foilow (Fig. 11). Utilities are routed through boom 40 as described
- hereinabove, and transporter 20 is positioned ovef guidewires 23. The
iransporter can stow in any of four quadrants as depicted in Fig. 12 which
allows for optimum flexibility in movement of the trénsporter from position to
15 position around the aircraft 12, especially through limited clearance areas
between the aircraft and facility. After transparter 20 is placed in its starting
location, robot arm 70 is extended to a predetermined position. Stripping is
now ready to commence.
Robot system 10 delivers high pressure water above approximately
20 20,000 psi to the aircraft surface to.commence stripping of aircraft 12.
Robot system 10 will strip one area and then transporter 20 will travel to a
second predetermined position, stop, jack to a level platform and
continue to strip, as described hereinabove. In the present embodiment
robot system 10 has a static repeatability of approximately plus or minus
25 0.010 inches, 3 sigma with a 100lb payload. The dynamic straight line
repeatability of robot system 10 of the present embodiment is approximately
plus or minus 0.1 inches at 15 inches/second with a 24 Ib payioad and
0.030 at 2 inches/second with 100 !b payload. Static Repeatability is the
amount of error or deviation resulting from a device (in this case a robot)
30 moving to a single fixed static location. In the robotic industry, this is
usually measured at maximum payload and at maximum approach speed.

14



chanbers (not shown) respectively, disposed within colum 50. The upper.
chanber of colum 50 houses el ectrical junction boxes and ot her '
connections while the | ower chanber houses el ectrical connections to the
transporter 20 and to turntable drive notors. 10 Ref erring now
to Fig. 4, wWolseBetis i|llustrated a left side view of robotPCIUSIN6716
subsystem 30 show ng second side 57b. Side 57b preferably includes an_
upper access bay 6b for access to the upper chamber and a | ower access

bay 1b for accessStraightilind DymamiclRepeatability isthe amobifit of@irnbe of dbvifationt her

5 Cher %L”ELE?@E@ i i, @5 8 ask Pt moling 808 Aot P61 e
28?1??3 }gr? ZC?QEF%& s 2b. y_gmgm??g?%@ﬁmigﬁta%a cont ai ni ng
robot controller meﬁ%@F-d?gﬁm%f%mﬂém%%m%ﬁfmﬂpwam‘ye%ay.__5b

provi des access tdnvaiope®f sydtarm 1015 shbwh WP‘@.ZJI:? rotation disposed within

20 colum 50. The nunber and | ocation of. the access bays will vary

dependi ng upfebetiesystemn 40 ard itsoneneticads described in srapeoeantitied: he
various electrica e Aircrs® BRESE L 828 and cant hebgy i LA Fn}hm ol um.
Referring now to _ef'?., RBB : Sty s A- ,1 il 'gt
subsyst em 30 shoienginindorpbraieddyréfarertiede 58a supports el ectrical w reway,
25 conduit and pneugatd g.pLRLN ne shown) to colum 50. Sjde . 58a
preferably includes aﬁ%@é?%?’?&%@ﬁ‘@?@ﬁﬁ%ﬁ%s@ﬁygﬁ O ¥R ndui t
and 1pne wembadiments disgiosed hetdls. For étantpie, Tobotivsystem 10 may be
Referring now to Fi g 6, t_.hera? i's.illustrated. a frqnt view of_ robot
used in a variety of applications, e.g. applymg_ paint to an aircraft.

Therefore, the above description should not be construed as limiting, but

merely as exemplifications of preferred embodiments. Those skilled in the

art will snvision other modifications within the scope and spirit of the claims
15 appended hereto.
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subsystem 30 showi ng fourth side 58b. Extending vertically al ong 30

substantially the |l ength ef—side 58h is gear rack 64. Gear rack 64 includes
a plurality of gear teeth 65 which are di sposed al ong gear rack

s o NI e

PCT/ US96/ 06716 either &idB of gear rack 64 are bearing rails
66a, b. Cear rack 64 and beari ng r &ldims66a, b are nounted to side
58b of columm 50 in any suitable manner, e.g. bolts.

Referring now to Figs. 7a-7c, there is illustrated a carriage assenbly

5 68 which includes a plat.e mAvRobie/fdbotic Bystem having rine tegrees of freéddfi 76a,
b and dual di egt drive notors 78a, b. Bearing rails 66a, b of
colum 50 [ N&Ee with carriage bearing tracks 76a, b to guide

meshes v th pinions 74a, b i n oS enEpoRer fEviva ERRngsgetent . Cear rack 6F
b) a-column extending substantlally vertically from the
5  transporter;
¢) a robotic arm extending substantially horizontalily from the
column and having a horizontal reach of at least 15 feet; and
~ d)a utility boom for transporting utilities to the robotic arm;
wherein the robotic system delivers high pressure water above
10 approximately 15,000 psi to the surface of the aircraft to strip paint
therefrom.

i6



conventional rack and pinion arrangenent which is driven by the power 10 °
supplied by notors 78a, b through a gear reducer to nove carriage assenbly
68 vertically along gear rack 64. Mtors 78a, b are enclosed within hou5|ng
65 as shown in Fig. 9a. As illustrated in Fig. 8 by arrows "D' and "E",

verti cal WO 963eskenent of carriage .assenbly 68 provides rRSﬂ'GISWMSWstem
30 with a second degree of freedom 15 Referring
again to Fig. 3 in conjunction with Fig. 7a-c, subsystem 30

i ncl udes rack covers 77a, b which extend over fijgear rack 64 and bearing
rails 66a, b. Covers 77a, b protect the/pgar klack 64 afg bearing rails 66a,

b from envi ronmental conditiohs whiclij coul d c&Nse damage to the
rack and pi ni on assenbly during opergtion. be§¥ 77a is attached
at one end to 20 upper ctani ster 79a and il$ attach*\ at an opp03|ng end
to a.first end 68a of carriage assenblly 68. CNer 77b is -attached
at one end to | ower canister 79b and {is .ttac§§d at an opposi ng
end to a second end 68b of carriage akhlZEN N3. As carriage

arrow "Z" cover
 assenbly 68 while

assenbly 68 noves vertically in the direction
77a unwi nds from canister 79a and follows carri

cover 77b wi nds around cani ster 79b, thereby allomﬁng \\ gear rack 64
and bearing rails 66a, b to remain covered durijng aneﬁgﬂt of - t he

carriage assenbly. Likew se, as carriage assentllly 68 §§ws vertically
in the direction of arrow "Y' cover 77b unwi nds{from cRNister 79b and

follows carriage assenbly 68 while cover 77a w hil OESE cani ster 79a,
30 t hereby all owi ng gear rack 64 and beari ng .“? 6 b to remain
covered during novenent > 3

FIG.1
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9a-c, there is

10 _ WD 96/ 36461

PCT/ US96/ 06716 Referring now to Figs.

illustrated a side view of robot arm70 with partial cut-aways.
f r ORCHESH6M6716

Robot arm 70 <yiomgmegeits utilities and services

earrying track 60 (Fig. 3) to manipul ator 90, provides support for

90 and sel ectively positions mani pul ator 90 about aircraft 12
Robot arm 70 includes an inner arm 80, center joint assenbly

mani pul at or
5 (Fig. 1).
82 and an outer arm84. Inner arm80 is nmounted to carri age
assenbly 68 at a " first end 80a and is nounted to the center joint
assenbly 82 at a second end2§0‘b4 In the present enbodi nent i nner
art 80 is approximtely 25 inches in length and 25 inches in
width, with a constant cross-secti)gn, and
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10 includes an internal angle reinforcenent 83. Internal angle

r ei'nf or cenent 83 aids in providing inner arm80 with structura
stiffness. Inner arm80 is preferably nmade of steel, but may be
made of "any nawvewésdssahi ch does not appr eci abl y r edeCEUS9606716
natural frequency of robot subsystem 30 and which has t he
structural stiffness to support and position mani pulator .90 within the 15
paranmeters of the particular application. In the present enbodifrent inner:
arm 80 wei ghs approxi mately 1200 I bs, center joint assenbly 82 weighs
approxi mately 1100 | bs, outer arm wei ghd apgr oxi mately 400 | bs and

mani pul ator 90 wei ghs approxi mately 860 [ Dbs. _ Wth continued
reference to Figs. 9a-c, center joint assenbly 82 20 i ncl udes an upper
fitting assenbly 82a, a lower fitting assengly 82b and a m ddl e
joint assenbly. 82c. Irythe present enbod nmemt upper fitting ;é I
assenbly 82a is nounted at one end to inner ar, Elikemﬁse, | ower fitting
assenmbly 82b is nounted at one end t ut er m 84. ~Upper and Lower
fitting assenblies 82a, b are preferé%ly tgthed to inner and outer arjirs
80, 25 84 respectively, by bolts. Upper r fitting assenblids
may alternatively be attached in an nngr whi ch woul d provide a
sufficient structural stiffness to sup outer arm 84,
mani pul ator 90]amd end effector o 100 whi mai nt ai ni ng the
operational parameters for the given applicatiop. ) Ref erffi ng
now to Fig. 9c i$ conjunction with Fig. , upper ffitting 30 assernply
82a is connectg¢dlat a second end to m ddl e\j oi pt fassenbly 82c,
| i kew se Iomer[fqtting assenbly 82b is conmMectifed/at a second end toéindle
1o ' &N
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WO 96/ 36461
PCT/ US96/ 06716 joint assenbly 82c. Upper fitting assenbly 82a

is connected to bearing 86 of mddle joint assenbly 82c. In the
pr esent ‘enbodwomsisesseari ng 86 i ncl udes a plural it pcoossmearet eet h
86a whi ch neshingly engage pinions 88 in a conventi onal
arrangenent that is driven by the power supplied by direct 5 drive
notors (not shown) through a gear reducer (not shown) to provide

rotation to lower fitting assenbly 82b and outer arm84. As illustrated in
Fi g. 8 by arrows "F' and "G, 49f‘h4i on of outer arm 84 provides

r obot subsystem 30 with a third degree of freedom

Referring now to Figs. 9a-9e, outer arm84 is nounted at one end to 10
mddle joint gsgenbly 82 and is connected at an opposing end to

mani pul ator nmpupt 88. In t L nent
appr oxi matelyiz inches ifn length and 20 incHfes in wdth, with aYonstant

cross-sectioni § B¢l udes an internal angle reinforcement 89. Interngl

angl e rei ::....__.. aids in providing outer arm84 with structural
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15 " stiffness. Quter arm84 is preferably nmade of steel, but may be nade
of any mat eri al whi ch does not appreciably reduce the natura
frequency of robot subsystem 30 and which has the structura
stiffness towoimyssads and position mani pul at or 90 WCKISAEGALS
.paraneters of the particular application. In the pr esent

enbodi nent outer arm 84 wei ghs approxi mately 400 | bs, 20 Wth
continuing reference to Fig. 9a, manipulator 90 is rotatably

mounted to robot arm 70 via mani pul at &/ fdunt 92. Mani pul ator nmount 92

I ncl udes gearing (not shown) to provide robot subsystem 30 with a fourth

degree of freedomas illustrated in Fig. 8 by arrows "H' and "I"
Mani pul at or utilizes conventional nanlpulator t | gmy but
is specifically deEJ&é? JBPAl .G

appl i'cations. Mani pul at or 911 pic Roboti cs

and is designed for el eciyrreemmse in Cass | D

t enperatures between 33 } 109 dedgrees Fahrenheit. Inf{t LS

enbodi ment mani pul at or 9p has a payl oad capacity of fap ftlely 75 | bs
plus 50 | bs of back thrupt. Manijputator 90 al so includ Arljge capacity
30 hol  ow wri st 94 anfl outer jary 96 for process Ki g to end

ef fector 100.. n the gfgsent embodi ment ngnijk 90 preferably

i ncl udes an el bow 98 12
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WD 96/ 36461
PCT/ US96/ 06716 which is double jointed and a nultiple turn
facepl ate 93. El bow 98 and mani pul at or faceplate 93 provide

mani pul at or 9&wvowérdsssli X degrees of freedom as il | uPCTAISSE067IS Fi g.
8 by arrows "J, K'; "L,M and "N, O'; "P, Q; "R S", respectively.
Mani pul ator 90 can reach bel ow t he base of transporter 20 5 and can
extend vertically approxi mately 30 feewl ch enabl es robotic

system 10 to easily reach aircr ft W n ﬂ'dfusel

Referring now to Fig 1@ theretu s il'lustrated mapmng and pai nt
renoval end effecto'q 1% and A% teqnpr"rl\/c-\l\/ Bol h nount fna
mani pul at or face pl ;u;k change La{erface s,ys,te
10 present enbodi g‘:nt, the mappi ’

aircraft 1P for input
transm ssion to gypb system
of a laser contga $lensor which
| i ne equation prgiu ed by the
aircraft surfacexs t he present
ef fector 104 cort:us s of a high

- &7 UJ

ocococo,oa

|
- (O
™~

L
o]
/l\
\
O m
[
<)
o]
B
jumn]
!o ' 8 ug’
© N \ ~
o ™~
q ) 8 <
\ ol ok
0 ' i

- 74a ~}

FIG.7A



change, rotary sw vel housing and nozzle. Dependi ng upon the application,
a variety of end effectors can be designed for use with robotic system 10.
Referring again to Fig. 1, robotic system 10 further includes utility
boom 40.0 Uti | weeyodmsesn 40 routes utilities fromthe roof 42 ofPCIRSIREAar
20 enclosing aircraft 12 to the robotic subsystem 30. In the present
enbodi ment boom 40 is supported at three points, the facility center sw vel
44, the nonorail attach point 46 and the top of the columm 56. Boom 40 is
not a controlled degree of freedom but acts as a slave, follow ng robot
subsystem 30 from position to position7@5¢¢t aircraft 12 al ong a nonor ai
25 48. In the present enbodi ment boom'40 carries highgprgsasre water,

el ectrical power, control and data lines and air and vacuum|l i nes.

The operation of robotic system 10 will now be descri b8 OBt i C ¢ N\

system 10 may be used in a variety of applications.. On h apprcéﬂioﬁ’

i's as a paint renoval systemfor use on | arge™~=r Zafts as _

depicted in Fig. 1. 30 Aircraft paint renoval system consi@ts of jrobot

system 10 which interfaces with a conputer s stem sensqr

subsystem a gui dance subsystem a 1
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PCT/ US96/ 06716 pai nt renoval subsystem and facility subsystem
(none shown). The conput er subsystem incl udes operator's station
access term naWe9aBsdsl peri pheral devices. The syst ®OTNSo6/67tt
i'nterfaces primarily through the operator's term nal. Mst
conput er equi pnent is |located in an operators 5 control room and
adj acent conputer room The sensor subsystem i ncl udes t he
process controller, which nonitors tgg/ﬁgiipping pressure and nggzl e
rotation rate. : Pri t!lé stripping aircraft 12 i ng
end effector maps the surface of air —-—l2-fordnputs 0 a
controller (not shown). CGuidewires 23 are the 10 pl aced i nff oor 26
around aircraft 12 corresponding to the pathftransporter 0O wll
follow (Fig. 11). Utiliiiqg are routed through boom 40 as descri be

her ei nabove, and transpors-er 20 i s positioned over guidewires 2 T

transporter can stoweghlany of four quadrantg as depicted in whi ch
allows for optinum fIgNpility in nmoverent off the transport from position
to 15 position gangund the aircraft 12, jespecially thrgugh linfted

ketween the aircraft and facility. Afte
| ocati pn, robgt arm 70
pping is ow r eady

cl earance areas <
transporter 20 is p
is extended to a predf
to commence.
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Robot system 10 delivers high pressure water above approxi mately 20
20,000 psi to the aircraft surface to conmence stripping of aircraft 12.
Robot system 10 will strip one area and then transporter 20 will travel to
a : wooenskepr edet erm ned position, stop, jack to a PERE896P673€f or m
and continue to strip, as described hereinabove. In the present

- enbodi nent robot system:10 has a static repeatability of

approxi mately plus or mnus 25 0.010 inches, 3 sigma with a 100l b

payl oad. The dynami c straight |ine repeatability of robot system
10 of the present enbodiment is apprQx/ fdtely plus or mnus 0.1

I nches at 15 inches/second with a 24 I'b payl oad and - 0.030 at 2

i nches/ second with 100 I b payload. Static Repeatability is the

anmount of error or deviation resulting froma device (in this case a robot)
30 noving to a single fixed static |location. In the robotic industr

this is usORE S TBAsur ed at nmaxi mum payl oad and at/ njXpsRgm
appraach speed.

FIG.9e
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PCT/ US96/ 06716 Strai ght Line Dynam c Repeatability is the anount
of error or deviation resulting froma device (in this case a
robot) novi ngwalgsnedéa strai ght |ine path (traj ect or pPCT/UBY/087I6! I O
has two conponents; straight line error and | ocation error. This
error will be correlated to the robots velocity. The work 5 envel ope
of system 10 is shown in Fig. 13. Robotic system 10 and its
operation is described in a paper entitqlgeth 4 "The Large Aircraft
Roboti c Pai nt i&iéﬁ@in'“wkéRps) Syst ent Ichis herein

| ncor por at ed E ¢ , Z Al | be understood that

vari ous nodifications
herein. For exanple, 1db

-i%%i?nents di scl osed
applications, e.g. ap.l'

88d in a variety of
Therefore, the
Bt merely
Bid-igsat he

as exenplifications ¢f
) spirit of the

cart will envision other
~clains 15 appended
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15 = WD 96/ 36461

PCT/ US96/ 06716 d ai ns

1. A nobi |l e robotic system havi ng ni ne degrees of freedom

i ncl udi ng: WO 96/36461 a) a transporter having a j aclporasssosymsm
b) a columm extending substantially vertically fromthe 5 transporter,

c) a robotic arm extending substantially horizontally from the

colum and having a horizontal reach of at |east 15 feet and

d) a utility boomfor transporting utilities to the robotic arm
wherein the robotic systemdelivers hit@/phessure water above 10
approxi mately 15,000 psi to the surface of the aircraft to strip paint
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