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Abstract

As part of an ongoingcollaborative effort with the Ford Motor Companyour reseach aimsto develop
practical and efficienttrajectoryplanningtools for automotivepainting. Not only mustthe paint applicator
passover all pointson the surface it mustdo so in a mannerthat ensues the uniformity of the coating
thickness.Thisis non-trivial giventhe compleity of automotivesurfaces.Thisreportdocument®ur efforts
to developanalytic depositionmodelsfor electiostaticrotating bell (ESRB)atomizes, which haverecently
becomewidely usedin the automotivepainting industry Corventionaldepositionmodels,usedin earlier
automatictrajectoryplanningtools, fail to capture the compleity of depositionpatternsgeneatedby ESRB
atomizes. Themodelgpresentedhere take into accountboththesurfacecurvature andthedepositiorpattern
of ESRBatomizes, enablingplanningtools to optimizeatomizertrajectoriesto meetseveral measues of
quality, sudh as coatinguniformity. In addition to the developmenbf our modelswe presentexperimental
resultsusedto evaluateour modelsandverify theinteractionbetweernthedepositionpattern,trajectory and
surfacecurvature.
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1 Introduction

Theapplicationof paintin the automotie industryis acritical stepin the assemblyprocess.The paintmust
be appliedin a uniform manneyasexcessve variationin coatingthicknesds visible to the humaneye and
leadsto customerrejection[1]. The paintapplicatortrajectoriesmustbe plannedin sucha way asto guar
anteecompletecoverage while minimizing thicknessvariation. Additionally, the paintingprocesss subject
to severeeconomicandervironmentalpenaltiedfor inefficiengy. Sincestrict ervironmentalregulationslimit
the amountof exhaustfrom the paintingprocessary reductionin the total amountof paintsprayedirectly
impactsboththe ervironmentandthe economics.This limits the amountof over sprayandstart/stopgtrig-
gering)of the paintapplicator

Industrial robotsare widely usedfor automotve paint applicationbecauseof the repeatabilityof the
surfacefinish, along with the removal of humansfrom a hazardouservironment. The task of applying
automotve painthasmoved further beyond humancapabilitieswith the advent of high speedrotatingbell
atomizersandelectrostatichaging, bothusedto increasdransferefficiency. While applyingpaintis purely
robotic, generatingrajectoriedor therobotsis largely a humanende&or basedon the experienceof skilled
technicians.The planningtools widely available,suchasRobCAD™ Paint, arelimited to simple pathson
2D silhouetteswhicharethenprojectecbackontothe 3D automotve surface.Althoughtheuseof simulation
softwarehascut the amountof validationrequiredon vehicles the processstill requiressignificanttrial and
error. Sincethe final pathscannotbe generatedintil the body designis finalized—whichis one of the last
itemsin the designprocess-the developmentof goodpaintingplansrepresents bottleneckin the concept-
to-custometime-line. Any progressn automatingthis task ultimately decreasethe total time requiredto
bring a new concepto the customer

In additionto time savings, theautomatigeneratiorof trajectoriesallowsfor theevaluationof trajectories
againsiasetof specifieccriteria. Trajectorieghatareplannedor therobotsmustyield paintdepositiorthatis
bothcompletein its coverage andsufiiciently uniform sothatthevariationin thicknesss notnoticeableand
doesnot degradethe mechanicapropertiesof the coating. By planningtrajectoriesthat limit the required
amountof paint sprayedoff the surface,andthe amountof start/stopcycles of the paint flow, pathsmore
efficient from the standpoinbf total paintusagecanbe generated.

In thisreportwe discussourinitial stepgowardsolvingthe problemof automaticallygeneratingrajecto-
riesfor automotve paintingon arbitrarysurfaces.The complicateddepositionpatternggeneratedby rotating
bell atomizershave madepreviouswork in trajectoryplanninginadequatethereforethis reportoutlinesthe
developmentof analytic modelsof depositionpatternsfor this classof paintapplicatorsanddiscusseshe
impactof the structureof thesepatternson pathplanning. Section2 coversrelevant prior work for this re-
searchjncluding both depositionmodelingandtrajectoryplanningfor paintapplication. In Section3, we
develop analyticmodelsof the depositionpatterngeneratedy high speedrotating bell atomizerswidely
usedfor automotie painting. We furtherdevelopananalyticrelationbetweerthe structureof the deposition
patternandthe variability of the paintthickness.In Section4, we discussexperimentaltestsand methods
usedto determinevaluesfor the parametersf the analyticmodels. Furtherresultsof experimentslesigned
to validatethe parameterizedthodelsdevelopedn Section3 arealsopresentedFinally, in Section5 we draw
conclusiondrom theresultsanddiscusghe future directionof ourwork.

2 Prior Work

Thework thatwe presentn this reportis anoutgranvth of our prior work in the areaof coverageplanning[2,
3]. Our earlierwork developedplansfor guaranteeinggcompletecoverageof an unknaovn area,and was



later lifted to surfacesembeddedn IR? [4]. While this prior work guarantee¢ompletecoverage;jt did not
necessarilyield uniform coverage.Our work now focuseson thetaskof planningtrajectoriesn away that
guaranteesompletecoveragewhile atthesametime minimizing coatingthicknessvariation. Theremainder
of this sectiondiscussegprior work in two broadareaghatoverlapwith our currentfocus:trajectoryplanning
anddepositiormodeling.

2.1 Traectory Planning

An earlyattemptat automatedrajectoryplanningfor paintingrobotswasthe AutomaticTrajectoryPlanning
System(ATPS)[5]. Thesystentook CAD datain theform of B-splinesor Beziersurfacesandplannedobot
pathsthatfollowedin the directionof leastcurvature. The velocity profile alongthe pathwasdeterminedo
optimize coatinguniformity andtotal paintingtime given the plannedpaths. The paint depositionpattern
wasassumedo be circular, with a uniform distribution within the circle. Paint distribution on the surface
wasbasedn theintersectiorof a surfacepointwith the spraycone.This highly simplifieddepositionrmodel
limited theutility of the methodin industrialapplication.

A “teachless”spray painting systemwas developedby Asakava and Takeuchi[6]. A seriesof spray
painting pointswere input into the CAD data,andthe systemautomaticallygeneratedhe requiredpaths,
including off the surface(over spray)points. The systemrequireda setof parametersuchasthe elliptical
diameter=of the paint patternandthe desireddistancebetweenconsecutie passeswhich is known asthe
index distance A depositionmodel was not given; apparentlythe requiredparametersvere determined
experimentally No informationwasgivenabouthow the parametersvereestimatedpr how to adaptthem
to new surfaceshapes.

Researcherat the University of Dortmundproposedh generalizedramework for off-line programming
of robots[7]. In this work they usethe exampleof paintingrobots,andproposea simplebivariateGaussian
modelfor the paint deposition. Their work considerghe optimumindex distance,and calculateshe dis-
tancebasedon the Gaussiardepositionpattern. The work doesnot considersurfaceeffectsor complicated
depositionpatterns.

Shenget al. developedan automatedCAD-guidedplanningsystemfor spraypainting[8]. Their work
useda simplified paintdepositionmodel,without an explicit dependencen the surfacebeingpainted.The
pathplanningalgorithmdependen a userdefinedindex distanceandwasverifiedusingRobCAD™ Paint
software. In laterwork, Shenget al. extendedtheir prior work to considerthe effectsof surfacecurvature
in alimited manner{9]. Thiswork formedpatchesvherethe surfacenormalsof triangularelementaisedto
approximatethe given surfacewerewithin certainbounds. The boundwasbasedon a maximumdeviation
anglebetweerthe surfaceelementhormalandthe paintgun normal. The patchesandgun orientationwere
iteratively solved to give an acceptablgpaint depositionpattern. The work doesnot addressstitching the
approximatelyplanarpatchesogetheynordoesit addresgeneratindrajectoriesoverhighly curvedsections.
The depositionrmodelassumed simpleparabolicthicknesgprofile with a circulardepositionpattern.

Arikan and Balkan developeda paint depositionsimulationwherethe paint depositionmodel useda
betadistribution, shavn in Figure1 [10]. The paperconsideredhe effect of the distribution patternon the
optimalindex distancealongwith a preliminaryattemptat consideringsurfaceeffectsonthedeposition.The
developedspraypatternassumesnaerosolkpray andis not appropriatdor rotatingbell atomizers.

An automatictrajectorygeneratiorsystemfor unknavn partshasbeendevelopedwhich usesscanning
laserrangefindersto detectpartsandtheir salientfeatures[11]. Features—suchsplanes,cylinders,and
cavities—weredetectedrom rangedata,andtrajectoriesverestitchedtogethebasedn plansfor eachfea-
turetype. This work wasonly concernedvith coverage anddid not addresslepositionmodelsor thickness
variation.



Hertling et al. reporton researctat OdenseJniversityin Denmarkto developanautomatedtask curve
planner”for painting robotsin a shipyard ervironment[12]. Part of the motivationis the prohibitive cost
of robot programmingfor small numbersof paintingrunson customparts. The cited paperfocusedon the
developmenbf thedepositiormodels whichfit a seriesof basisfunctionsto the experimentaddataassuming
an elliptical pattern. Hertling et al. reportthat the obsened depositionpatternswere not uniform, and did
not exhibit a parabolicprofile asreportedby otherresearchersAlthough the final work is not published
atthis time, the researcherbave demonstratedisingtheir modelsin numericoptimizationto plan pathson
flat plates. For more information seehttp://www.mip.sdu.dk/research/Smagipterindex.html . The work
assumeserosolsprays,with the authorsspecificallyexcluding electrostaticspraysbecausef the inherent
compleity of the depositionpattern.

RamabhadraandAntonio presenta framework for efficient optimizationof trajectoriedor paintingap-
plications[13]. Theirwork focusesontheorganizatiorof theoptimizationproblem,assuming generaform
for the depositionmodel. In their work, the depositionmodelis assumedo be eithera bivariateCauchyor
Gaussiamistribution (Figurel) appliedto aflat panel. Thiswork focuseontheefficiency of theoptimization
techniqueanddoesnot cover new groundin developingrealisticdepositiormodels.
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Figurel: Simpledepositionpatterngypically usedin previousresearchCauchydistributionsaresimilarto
Gaussiardistributions,but have thinnerpeaksandfattertails.



2.2 Deposition Simulation

Theworkscitedthusfarhave all usedeitherhighly simplifieddepositiormodels or modelsthataredeveloped
specificallyfor aerosolsprayatomizers.Automotive coatingprocessearemaoving increasinglytowardsthe

useof electrostaticotatingbell (ESRB)atomizersn orderto increasdransferefficiencieg14, 15, 16]. In an

ESRBatomizer paintfluid is forcedontotheinnersurfaceof a high speedotatingbell, which is maintained
at a high voltage of 50-90kV relative to the groundedsurfacebeing painted. Most modernsystemsuse
negative polarity at the bell [1]. Figure2 showvs a schematiof the atomizerconfiguration. The paint flow

breaksup atthe edgeof thebell, forming a cloudof droplets asit is expelledradially dueto centrifugalforce

impartedto the paintby therotatingbell. Eachpaintdropletis chageddueto thechageon thebell. If the

particle chage is above the Rayleighlimit, the dropletwill breakapart,further atomizingthe paint spray

High velocity shapingair, and often a chaiged patterncontrol ring, is usedto force the chaged particles
towardsthe surface.Electrostatidorcesandaerodynamieffectsinfluencethetrajectoriesof eachparticle.

Paint
Shaping Fl\i’l""
Air
Flow \ ~—_1 Charged Pattern

Control Ring

Charged Aharged \
Paint ™\ Rotating Bell
Particles

Figure2: Electrostatiaotatingbell atomizerwith paintparticletrajectoryandshapingair flow linesshown.

Earlywork in modelingtheelectricaleffectsof theseE SRBsystemsvasperformeddy Elmoursi[15]. The
simulationassumed uniform dropletsizeanddid not considerthe evaporationof solventduringtransport.
Furthermore neitheraerodynamiceffects nor the interdependencbetweenthe droplettrajectoryand the
electricfield weretaken into consideration.The modeldid considerthe effect of spacechage dueto the
distributed chaigeddropletson the electricfield. Sincethe spatialchage distribution is dependenbn the
electricfield, whichis in turn dependentn thespatialchagedistribution, aniterative solutiontechniquevas
usedto arrive atamutuallyconsistensolution. It wasfoundthatincreasinghechaigedensityof theparticles
increasedheelectricfield, therebyincreasinghe deposition However, therewasatradeof in thatincreased
chagedensitiesncreasedhe expansionof the spraycloud. For chagedensitieghatweretoo low, the cloud
did notexpand,leaving a noticeabledoughnutshape High chage densitiescausedhe outerportionsof the
fanto be exposedto wealer fields, therebylimiting the deposition. In additionto the voltage,the chaige
densityis affectedby the bell speedpaintdelivery rate,andpaintresistvity.

Ellwood and Braslav developeda finite elementmodel of the depositioncharacteristicof the ESRB
atomizerswhich extendedhework of EImoursiby includingmomentuneffects[14]. Theimpactof various
particlesizeswasincludedby modelinga large numberof trial trajectoriesfor several particle sizeclasses.
Becausedhe particle chaging time scalesare on the orderof the time scaleof the atomizationprocessthe
paintparticlesareoftenincompletelychaiged. Thesimulationuseda constanthage-to-massatio, basen
prior work in the literature. For eachtrial, the momentumbalanceon eachparticlewascalculatedbasedon
the aerodynamiaragforcesandelectrostatidorcesdueto the chaigedparticlemoving throughthe electric



field. Themodelaccountedor the exchangeof momentunrbetweerthe paintdropletsandthegasphasedue
to solventevaporation.The spacechaigedensityis calculatedasanensembleverageof all of thetrials over
all sizeclassesA streamlineupwind, Petros-Galerkinfinite-elemenf{SUPG)formulationis usedto solve

the coupleddynamicand electricalequationsof the continuousgasphaseand electricalfield basedon the
discreteparticletrajectories.The simulationtheniteratively solvesfor the particletrajectoriesassumingan
electricfield, andthe electricfield assumingparticletrajectoriesuntil the solutionscorverge. Simulations
with and without the patterncontrol ring were conducted. The patterncontrol ring exerts force onto the
particlesthroughan electricfield sufiicientto directthe sprayplumetowardsthe surface therebyincreasing
thetransferefficiency of the processOneeffect predictedby the simulation,andconfirmedby experimental
obsenation, is a doublering phenomenorin the depositionpattern,wherethe paintis depositedin two

concentriaings.

HuangandLai alsoconductedstudiesof the spraytransportfrom the ESRBatomizerusingfinite element
techniqueg16]. Fewer detailsof their derivation aregivenin their preliminary paper but accordingto the
authorsthe simulationsshow “consistentrendswith experimentabbsenation”

3 Deposition M odeling

The depositionmodeldevelopedin this reporthastwo primary purposes:) to capturethe structureof the
depositionpatternfor useby planningtools,andii) to supportsimulationsthataccuratelypredictthe results
of specificatomizertrajectories. Thesetwo purposeseadto contradictorycriteriafor evaluatingthe model.
First,themodelmustbe accurateenoughto capturethe structureof the depositionandaccuratelypredictthe
depositionon a variety of surfaceshapesHowever, the modelmustbetractablefrom the perspeciie of the
simulationandplanningtools, sincethe modelwill beusedby the planner

Furthermoreijt is desiredthatthe modelbe of ananalyticform thatadmitsa closedform calculationof
partial derivatives. This will enableanalyticlocal optimizationwith respecto quality measuresThe desire
for simple, analytic modelshasled us to rejectexplicit finite-elementcomputationof fluid dynamicsand
electro-statieffectsof thetypepresentedh [14, 15]. Althoughtheseechniquesnaygeneratenoreaccurate
simulationsof paintdeposition,andcanthereforebe justified during a final pathvalidationandrefinement,
the computationakxpenseis not justified during preliminary developmentof the path planningtools. A
discreterepresentationyhich could modelarbitrarydistributions,wasalsoconsideredeforebeingrejected
dueto thedesirefor analyticrepresentations.

The patternof paintdeposition,or film build, generatedy ESRBatomizerds a function of the specific
atomizer processparametersshapeof the surface,andrelative orientationof the atomizerto the surface.
For the ABB Micro-Micro Bell Atomizer studiedin this report, the overall shapeof the depositionpattern
is roughly circularwhenthe bell is orientednormalto a flat panelandthe atomizeris stationary The paint
depositionpatterngivesthe measuregaintthicknessover two dimensionswe referto this asthe 2D depo-
sition pattern As the atomizerpassesver the surface,the majority of the paintemittedby the atomizeris
depositen the surface,althoughsomepaintis entrainedn the shapingair andlost. We referto the paint
thicknessprofile orthogonalto the directionof travel, which is equivalentto thatobtainedby integratingthe
2D depositionmodelalongthe directionof travel, asthe 1D collapse Figure 3 shaws the relationshipbe-
tweenthe 2D depositionpatternandtheresulting1D thicknessprofile. Our approacthasbeento modelthe
2D depositionpatternandthe 1D collapseseparatelypecauséheintegral of the 2D depositionpatternis not
tractable.
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Figure 3: Painting flat panelshaving the relationshipbetweerthe 2D Depositionpatternandthe integrated
thicknesgrofile (1D collapse).

3.1 2D Deposition Model

We werelooking for a 2D depositionmodelthat assignghe rate of paint depositionor depositionflux at a
givenpoint on anarbitrarysurface,givena specificpathlocationandorientationof the atomizer The model
we developed,denotedD(s, p), is of theform D : {IR® x S?} x SE(3) — IR, wheres € R® x S?isa
pointandunit surfacenormalon the surfacebeingpaintedandp € SE(3) is a pathlocationandorientation
of the bell atomizer We referto D(s, p) asthe 2D depositionmode] or simply the depositionmodel The
depositionmodel,which is dependenbn the paintflow rateandotherprocesgarametersis scaledto give
the depositionflux. The total thicknessat a given point on the surfaceis dependenbn this depositionflux,
the pathfollowedby the atomizerover the surface andthe speedat which the pathis traversed 10, 12, 13].

Sinceparameterizinghedepositiormodelfor arbitrarysurfacesds difficult atbest,andsinceexperimental
datafor planarsurfacesis readily available,we developedan analyticmodelfor depositionflux on a planar
surface.Throughrecourseo differentialgeometrythe planardepositions mappecbntoanarbitrarysurface
in a way that preseresthe total paint volume. We refer to the analytic model for the planarsurfaceas
the planar depositionmodel The planarsurfaceis referredto asthe depositionmodelplang andis shovn
in Figure4. The depositionmodel planeis orientednormalto the atomizera fixed distance(}; from the
atomizermathlocationp alongtheatomizemormalZz. We assumehatthe pathlocationp is thetool center
pointframe(TCPF)specifiecby the plannerandusedby therobotcontrolprogram.The TCPFspecifiedoth
thelocationof thetool centerpoint, andthe orientationof thetool in space.Often,the TCPFis specifiedon
the automotize surfaceandnot on the paintatomizerat the endof the robot. We assumehe paintis emitted
from atheoreticakemissiornpoint e locatedalongthe atomizemormalatthedistance), from thetool center
point. The distancefrom the emissionpoint to the depositionmodelplaneis givenby 2 = Q4 — Q.. Given
the TCPFp, Q4, andf2, the paintemissionpoint anddepositionrmodelplaneareuniquelyspecified.
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Figure 4: The atomizerpath location uniquely determineshoth the emissionpoint and depositionmodel
plane.As drawn thevalueof (. is negative sincetheemissionpointis behindthe atomizermathlocationp.

3.1.1 Planar Deposition M odel

We denotethe planardepositionmodelasd(q) = d(z,y), whered : R* — IR, andq = (z,y) is a point
on the depositionmodelplane. The point q is itself a function of the surfacepoint s andthe atomizerpath
locationp, asshowvn in Figure5. Becausehe emissionpoint e andthe depositionmodelplanearedirectly
relatedto the pathlocationp, the point q is a function of both p ands, suchthatd(q) = d(q(s,p)). The
orientationof the x-y depositionmodel plane aboutthe z-axis of the bell atomizeris determinedby the
orientationof the atomizerassemblyandis independenotf the directionof atomizertravel.

e

Deposition Model Plane

Figure5: Projectionof depositionmodelonto arbitrary surface. Although the vectorsarein reality three
dimensionalthis simplefigure corveysthebasicresults.(Note: The pathlocationp is not shavn.)

Theplanardepositiormodeluseswo Gaussians—oneffset1D Gaussiamevolvedaroundtheorigin and



one2D centeredsaussian—andscalingfunctionthatgenerateanasymmetryin themodel. Theasymmetry
is requiredbecausssignificantasymmetrywasfoundin preliminaryexperiments Althoughtherotatingbell
is axially symmetric,the shapingair nozzlesand patterncontrol ring are not necessarilysymmetric,which
giveriseto theasymmetriesoundin the patterng1]. Theresultingplanardepositionmodel,similarto the
asymmetriovolcanoshawn in Figure3, is givenby

d(z,y) = K1 (1 - K2) f(2,y) g1(2,9) + K2 g2(z,y) ) , 1)

whereK; € R scaleghedistribution to give the paintdepositionflux in units of thicknesspersecondand
K, € [0,1] weightsthe revolved Gaussiaragainstthe centeredsaussian.To accountfor asymmetryin the
depositionpattern therevolvedoffsetGaussiang; : R? — IR, is scaledby thefunction f : R* — R. We
definef to be

f(z,y) = (14 Ks sin(atan2(y, z) — ¢)),

whereK3 € [0, 1] weightsthe asymmetryscalingfunctionfor the revolved Gaussiah The phaseangle,¢,
allowsthe asymmetryto belocalizedrelative to the atomizerreferencdrame.

Lookingattheindividualcomponentsf (1), thenotionof revolving anoffsetGaussiarior g; is someavhat
ambiguous.Figure6 shows two possiblechoices.In thefirst the valuesfor = € [0, o] aredeterminedand
thenrotatedaboutthe vertical axis shonvn in the left figure. This yieldsthe resultshavn by the lower curve
in thefigureontheright. Theresultingsweptvolumeis not differentiableattheorigin. Thisis dueto thelost
“tail” to theleft of the axis of rotation. The secondchoiceis to accountfor the tail beingsweptalongwith
thecurve andaddingto theresult. This resultsin a differentiablefunctionasshavn by theuppercurvein the
right handsideof Figure6. Usingthis techniquetherevolvedoffsetGaussiang, , is definedto be

2
(o[ 757
gi(z,y) = — [exp | — 5 + exp
v 207

2
(77

2 ?
207

wherer is the offsetradius,o; is the standarddeviation of the Gaussianand~y normalizesthe deposition
suchthatintegral of g, overz andy equalsone.Thescalingfactory is givenby

r2 r
=27 (202 exp | ——= ) + 10 27rerf( ))
v=in (20 e (=) #ror Vet (7

Thesecondexponentialin g; accountdor the“tail” of the Gaussiarthatcrossegheaxisof revolution.
Thecenteredsaussiang, : R? — IR, alsonormalizedjs givenby

(z.9) 1 . z2 492
z,y) = xp [ —
g2\2: Y 2703 P 202 ’

whereos is the standardieviation of the centeredsaussian.

3.1.2 Surface Projection Model

The planar model definedabove appliesto depositionon flat panels,with the atomizerorientednormal
to the surfaceand locateda fixed offset distancefrom the depositionmodel plane. The next stepin the

1Thescalingfunctionhasbeenmodifiedbasedon the experimentakesultsgivenin Sectiond. Thereadeiis referredto AppendixA
for the definitionof thelatestmodel.
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Figure6: (I) Offset Gaussiarbump shovn with 180° rotation. (r) Curvesshawing resultof consideringthe
tail of the Gaussiarnn therevolvedsurface(upper)andignoringthetail portion (lower).

modeldevelopments to extendthe planarmodelto arbitrarysurfaces pffsetdistancesandorientationsWe
simplify the modelusinga simple geometricprojection,which ignoresthe electrostaticand fluid dynamic
effectsof the paintspray justasin the prior work citedin Section2. However, our derivation preseresthe
total paintvolume[9, 10, 12]. We chosethis projectionmodelbecauseypical carpaintingapplicationskeep
the bell atomizerat a roughly constanbffsetdistance androughly normalorientationrelative to the surface
beingpainted.

The projectionmodel, shavn in Figure5, is developedby assuminghat all of the paint emitsfrom a
point source,called the emissionpoint e, which is constrainedo lie alongthe bell-to-surficevectorz as
describedabove. Note, this emissiorpointis atheoreticakemissionpoint, not necessarilgoincidentwith the
bell atomizercenterpoint.

Thedepositiormodelplaneis embeddedh IR® orthogonato theZ vectoradistance from theemission
point. Furthermorewe assumeéhatthex-y frameof theplanardepositiormodelis alignedwith thex-y plane
of theatomizerreferencdrame. A vectorfrom the emissionpointto a points onthe surfacepasseshrough
the depositionmodel planeat pointq = ¢(s,p). We alusenotationanduseq to refer to eitherthe 2D
position(z,y) onthedepositiormodelplaneor the 3D position(z, y, Q) relative to the emissionpoint. The
point q is afunctionof boththe pathlocationandthe surfacepoint. It is assumedhatthe planardeposition
d(q) = d(z,y), asdefinedin (1), is known for a givenpointq = (z,y, ) onthe depositionmodelplane
definedin Figure5.

A differentialelemenbnthedepositiormodelplanegivesapaintsolidsvolumeof V = d(q) dx dy. In the
generakaseasthis differentialelements projectedontothe surfaceaboutpoints, the areaof the projection
is differentfrom that of the differentialelement.In orderfor the total volume,andthereforethe total paint
mass(assumingconstantsolids density), to remainunchangedthe paint thicknessmust change. We will
derivetherequiredrelationshipbetweerthethicknesonthe planarmodelandthe projectedhickneson the
surfaceusingthe concepiof areamagnificationasdefinedin differentialgeometry[17].

We simplify the derivation by usingtwo steps:first we mapthe depositionfrom the depositionmodel
planeto the emissionpointin away thatpreseresvolume,thenmapfrom the emissiorpointto the surface.
Let U, = {(0,¢) € |-7/2,7/2[ x |—7/2,7/2[ } C S? —i.e.,the openlower hemisphereenteredat the

2Themapis actuallyto a spherewith infinitesimalradiuscenterecht the emissionpoint.



emissionpointasdeterminedy p, the pathlocatior?. If we defined = atan2 (z,2) and¢ = atan2 (y, ),
the point in the U, parametesspacecorrespondgo the unit vector é; shown in Figure5. Let V, bethe
depositionmodelplaneembeddedn IR? atz = Q. Themappingy : Up — Vpisgivenas

p(0,¢) = (Qtanb,Qtan ¢, Q). 2

For the map ¢: U, — V), definedabove, the coordinatevector fields are definedasE; = 0¢p/00 =
(Qsec?6,0,0), Ex = dp/d¢ = (0, Qsec?¢, 0), with normalorientationgivenby N = (0,0, 1).

In orderto consere paintvolume,thethicknesamustdecreasastheareaincreasesandvice versa.This
allowsthecalculationof thedepositiorin the U, parametespacedy, (6, ¢) : Up — IR, basedontheplanar
depositionmodelfor the depositionmodelplaneandthe areamagnificationfactorof the mapy at point q.
Thedepositionin the U, parametespaces givenby

du, (0, 9) = AMy(¢) d(q), @)
wherethe areamagnificationAM,(¢) is givenby

Eq

AM,(p) = det ( Eo ) = 0%sec®d sec’s . 4)
N

Now considerthe projectionfrom the emissionpoint to a points on the surfacebeingpainted. Let Wy
be the tangentplaneattachedo the surfaceat points. This tangentplaneis definedby the points andthe
surfacenormalvectori.

Themappingfrom U to thetangeniplane Ws, denotedy: U, — W, is givenby

¥ (0,¢) = M (tan6,tan ¢,1) , (6)

wherelM is givenby
_ L(es, 1i)
~ {(tan®,tan ¢, 1), 1) ’

andL = ||es||, & is aunit vectorfrom the emissionpoint orientedtoward the surfacepoints, andii is the

surfacenormalat point s. The valueof M givenabove is found by realizingthat M (tan 6, tan ¢, 1) and

Le; both definethe vectorthat locatesthe point s in a coordinatesystemcenteredat the emissionpoint,

andthereforehave the sameprojectionorthogonako W; alongii. The surfacenormali is assumedo point

towardthe“inside” of thesurfacebeingpaintedon theoutside.After differentiatingy, takingthedeterminant
asin (4), andsimplifying, theareamagnificationfrom U, to W atpoints is givenby

L?{e., Z)3sec?d sec?¢

AM,(y) = (62, 1) : (6)

Finally, giventhe depositionin the Uy, parametespacewe calculatethe depositionat the points on the
Ws planedyw,(s) : Up — Ws, as

du,(0,¢) = AM, (¢) dw,(s) -

3Thebraclet notation[ - ], ] - [, and[-[ or]-] referto closed,open,andhalf-openintenals respectiely
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Combiningwith (3), we have
AM
du(5) = 3 )dla) )

Givenapathframep, asurfacepoints, andthevectorsz andeg, thedepositionrmodelplaneintersection
pointq, andthesurfacenormalii ats areall defined.Using(7), wherethetangentplane W is usedasa first
orderapproximatiorof the surfaceats, we definethe 2D depositiormodelfor anarbitrarysurfaceto be

0% (e, ii) d

D(s,p) = dw,(s) = m (q@) ,

(8)

3.2 1D Collapse M odel

As the bell movesrelative to the surface,the depositionpatternmovesover the surfaceand paintis accu-
mulatedat eachpoint on the surface. Sincethe depositionpatternis two dimensionalwe referto the result
of integratingalongthe directionof travel asthe 1D collapseas mentionedearlier The 1D collapsegives
thefilm thicknessprofile asa function of distanceperpendiculato the directionof travel, assuminghatthe
depositionpatterndoesnot vary with time or positionalongthe surface.More formally, we will considerthe
depositionata givenpoint onthe planarsurface(zo, y0), astheatomizermovesalongnormalto the surface
overaperiodof time,asshavnin Figure?7. Thegivenpointinteractawith differentlocationsin thedeposition
modelasthe patternmovesoverthesurface.

(X0 Yo)

Figure7: Schematishaving theinteractionof differentpointson the depositiormodelasthe patternmoves
overagivenpointonthesurface.

Withoutalossof generality let usassumehatthe depositionpatternis definedsuchthatthe directionof
travel is alongthey-axisof theatomizerandthe depositiorplanecoincideswith theplanarsurface.Thetotal
depositionor film build, at (zq, yo) from a singlepassof theatomizeris givenby

tiim

T (20,50) = / d (0,90 + vyt) dt ©)

—tiim

wheret;;, is the time at which the first or last paintis depositedat (zo, yo), andv, is the velocity in the
directionof travel. Definey;im = vytiim, andnotethatdy = v,dt. We mayrewrite (9) as

T (w0, Yo) :/

—Ylim

Yiim

1
d(anyO +y)_dy , Or
Uy
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T(zo,y0) = 3+ [Y7 ( (1= K2) f(zo,90 +¥) 91(z0,50 +)

—Y1s 10
+K>5 ga(z0,y0 +Yy) ) dy . (10)

Unfortunately the complexity of the analyticmodelrendersthe calculationof an analyticintegral for (10)
intractable.Instead,we directly definea 1D collapsemodelusingthreeseparatésaussiansin this model,
choserbecausdt fit the experimentaldatawell, two Gaussiangareoffsetfrom the centerlineto allow asym-
metriesin the depositionpatternto be modeled,while the third Gaussians centered. The completelD
collapsemodelis givenby

2
clz) = 5 lTn ( a% K1 €xp (— (I;ar%) )+
2
01—2 Ko exp (— —(zgg) ) + (11)

1 _ z
o k3 exp( 202) )

Thethreeexponentialtermsthatconstitutethis modelareeachnormalizedandr; representshe offsetsand
o; thestandardieviations. Thegainsk; areusedto specifythe paintdepositiorthicknessor eachGaussian,
and are differentfrom the constantsdefinedfor the 2D depositionmodel. Figure 8 shavs the component
Gaussiangnd the compositefilm build for a particularsetof parametewvaluesfor (11). Note this model
assumes particulardirection of travel, andwill mostlikely have differentparametewvaluesfor different
directionsof travel. Experimentateterminatiorof the parametewaluesis discussedn Sectiond.

40

= Composite
35 1 Gaussians
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Figure8: Asymmetric1D collapsemodelwith componentGaussianshavn.

3.2.1 Planar Thickness Variation Calculation

In orderto control the amountof variationin the coatingthicknessthe trajectory plannermustknow the

relationshipbetweerthe depositionpatternof the atomizerandthe depositionon the surfacebeingpainted.
For painting specialiststhe knowledgeis intuitive basedon yearsof experience.To automatethe process
of generatinghesetrajectorieswe needa computablainderstandingf the relationshipbetweendeposition
patternsaandthicknessvariation.
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Typically, the depositionpatternis narrov comparedo the width of the surfacebeingpainted,andre-
guiresmultiple passe$o completelycover the surfaceasshavn in Figure9. The distancebetweerconsecu-
tive passess known asthe index distance the procesof changingpaintinglanesis referredto asindexing.
A naturalquestionwhen planningpathsfor the paintingrobotis, ‘what is the appropriateéndex distanceto
controlvariation?’Initially restrictingoursehesto aflat panel,wewill answethis questiorby looking atthe
paint depositionthicknessprofile perpendiculato the directionof travel usingthe 1D collapsemodel. We
assumehatthe robotis moving in a straightline, andthatthe pathis suficiently long sothateffectsdueto
changingdirectionsarenegligible®.

Index Distance

3

)
Pass #E Pass#3

Pass #2

Figure9: Paintingaflat panelwith 3 passes.

To developanunderstandingf how thedepositionpatternandindex distancenteractto determinehick-
nessvariation,we will assumeninfinite planepaintedby aninfinite numberof passesvith the atomizerat
a consistenbrientationrelative to the planeand moving at a constantspeed.For a givenlocationz in the
interior of the plane,alongaline perpendiculato the directionof travel, thetotal thicknesds givenby

T(z,Azx) = i c(zx+iAzx), (12)

i=—00

whereA z is theindex distanceandc(+) is the 1D collapsemodelfor thegivenspeedandorientationrelative
to the directionof travel. In this casethe 0** passis assumedo be alonga centerlineof the plane,with the
variablez beingmeasuredelative to this centerline perpendiculato the directionof travel. Looking at the
thicknesaneasurement@swe vary z, themeasuremergatternrepeatstself with a periodequalto theindex
distance.
Thethicknessvariation,over oneindex distancejs givenby
1 &
o’ = A—HI/_M (T(m,AaL")—T)2 dz, (13)

4Thequestion,Whatis sufficiently long?’, is answeredelative to the diameterof the depositiorpattern.
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whereT is the averagethicknessover theinterval, whichiis definedas

_ 1 5

The limits of integrationwere chosendueto the periodicity of the variation calculation,but are otherwise
arbitrary For thisreasonpoththelimits of integrationandthe 1/A x termareconsideredo be constants.
Thenormalizedvariationover oneindex, with respecto the averagethicknessr’, is givenby

2 1 T(z,Az) 2 B [T (z,Az)? da B
UN_A;L"/( T(Ax) 1) dm_Ax(fT(m,Am) d$)2 b (15)

Note,thelimits of integrationhave beendroppedor compactnesdyut arethesameas(14). Theintegral may
be expandedusingequationg12) and(14),to give
Y et o J @ tiAz)c(z+jAT) da

i=—00

DR Py fC(a?+iAx)dxfc(w+jAm)dx_

i=—o00 Luj=—00

(16)

o =Ax

Theintegraltermsin thedenominatoaretractable andleadto termsinvolving theerrorfunction,erf(-). The
resultbeinggivenby

Je(@+jAz)de = \/g( alErf(%‘;H)+

oy Exf(EH2H A0 4 (17)

7o Ef(05) )
The integral termin the numeratorresultsin a more complex solution, but an analytic solution doesexist.
The equationsare sufficiently complex so that a numericalintegration is warrantedin the calculationof
the numeratoitermin the summation.Numericalintegrationwasusedto generatehe plotsin this andthe
following sub-sections.

With regard to the infinite summationsthe infinite extentsof the Gaussiandistributions usedin the
depositionmodelsare anidealization. The actualdepositionpatternsare clearly finite, so the summations
maybetruncatedasednthenumberof passeshatinteractwith agivenpointonthesurface.For simulation
purposeswe choseto truncatethe summationdasedn a 5-¢ calculation.Giventhe 1D collapsemodel,we
calculatetheinteractionwidth as

W = max (r1 + 501,72 + 509, 503) ,

choosingthe interactionwidth basedon both the offsetradiusandthe standarddeviations. The summation
limits, bothpositive andnegative, arethencalculatedas

N = ceiling (%) . (18)
z

Using equationg16), (17), and(18), alongwith basicnumericintegration,the variationasa function of the
index distancdor a givensetof 1D collapseparametevaluescanbe calculated.

A typicaldeviation, definedasthesquareootof variation,versusndex distancecurve is shavn in Figure
10. As expectedlarge indicesyield high variation. If the modelwasonly a single centerGaussianthe
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variationversusindex distancecurve would be anisotone(monotonicallyincreasing¥unction. However, in
casesvherethereare significantoffset Gaussiarterms,thereis a local minimumin variationversusindex
distancecurve. The existenceof this “sweetspot” may allow the useof largerindex distancegso generate
paintcoveragewith acceptableariation,while reducingtotal cycle time. However the variationtendsto be
sensitve to changesn index distanceat this spot, so for tight toleranceskeepingindex distancesmaller
thanthelocal minimummay be advisable Knowledgeof how the thicknessvariationchangesith changes
in index distancds helpful to thetrajectoryplanner whetherin determininganabsolutendex distanceor in
evaluatingthe sensitvity of agivenindex distance.

0.5

o o 8
N w I

Normalized Deviation ( o, )
o
=

0
0 200 400 600 800 1000
Index Distance (mm)

Figure10: Normalizeddeviation vs. index distancefor atypical 1D collapsemodelon a flat surface.

The ability to evaluatethe thicknessvariationasa function of modelparameteralues,aswell asatom-
izer orientationand surfaceeffects, allows us to analyzethe effectsof change®n ary of theseoperational
variables. For example,considerthe effect of changingthe offset distance which impactsthe 1D collapse
parametewalues.Figurell showvsthevariationsurfacegeneratedy varyingboththeindex distanceandthe
offset distance. The closedform solutionsgiven above allow us to analyzethe effect on coatingthickness
from varyingary of the parametewalues.

With the analyticrepresentatioffor variationgivenin (16), we areableto evaluatethe structuraleffects
of agivenmodelon variationaswe varytheindex distancesBy evaluatingthe partialderivative with respect
to index distancewe canemploy root finding techniquego find local minimum of the variation. We begin
by takingthe partialderivative of (15) to give

fT(w,Aw)% dx

(f T(z,Az) d:L')2
fT(w,Az)2 dz 8T (z,A z)
(fT(w,Aw)dw)sf oAz de .

9% — 9Ag

(19)
—2Ax

Becausdhe A z termin front of (16) andthe limits of integrationarearbitrarily chosernto be equalto the
index distancethey areconsideredo be constantsvith respecto the partialdifferentialcalculation,anddo
notyield additionaltermsin the partialcalculation.

Definec;(A z) = c¢(z + iAx), whereg; (+) is the 1D collapsefunction and the subscripti denoteshe
index variableusedin summationterms. Expanding(19), and usingthe linearity of both the integral and
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Figure11: Normalizeddeviation vs. index distanceandoffsetdistancefor a typical depositionmodelon a
flat surface. 7, is the actualoffsetdistancefrom the surfaceto emissionpoint, while € is the nominaloffset
distanceo thedepositiormodelplane.

partial differentiationoperatorsyve obtain

| e L
E Z fc1(Aw) dwch(A:c) dz (20)
PPN J(ci(an)e;(Aw))de [ 2EED dr
E Z Z fc1(A:c)dwch(Az)dzfck(Aw)dw

Thesummationgrebetweemegative andpositive N, asdefinedin (18). Looking at eachintegral term,first
notethat

80,2\, _
A = 2Az

Ocj (Azx)  .Oc;(Ax)
DY A

whichimpliesthat
Oc;j (Ax)
OAzx

/ci (Ax) %dw

dr=jcj(Ax) .

Theterm

doesnot have an analytic solution (at leastnonesolvable by Mathematic&“), but caneasily be solved by
numericintegration. Theterm

/ci (Az)cj (Az) de

hasan analyticsolution, but asmentionedbefore,the solutionis so complicatedhat numericintegrationis
alsoadvised. Becauseof the linearity, the summationtermscan be moved inside the integral to improve
the efficiency of the overall numericsolution. Denotingnumericintegration by “Int( )", and makingthe
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substitutiongjivenabove, we canrewrite (20) as

(3, 5, (a0 242 )
Ei Zj fci(Az) dzfcj'(Az) dzx (21)
—2Ax [nt (21 Ej ci(Az)e; (A z)) 2 ken(Aa)
Zi EJ. EkfCi(Az)dxch-(Am)dzfc“Az)dz’

wheretheintegral termsin the denominator&reevaluatedaccordingto (17).

%—2Am

3.2.2 Cylindrical Thickness Variation Calculation

The developmentof the above variation calculationswas presentedor planarsurfaces. To calculatethe
variationon the surfaceof a cylinder, one might imaginetaking the planar1D collapse,and projectingit
aroundthecylinder. This doesnotwork dueto thedistortionof the depositionpatternasit is projectedonto
thecurvedsurfaceof thecylinder, aswell aspaintlostdueto overspray Our approactwill betofirst calculate
the 2D depositioronthecylinder usingthe 2D depositiormodeldevelopedin Section3.1,andthencalculate
the 1D collapseof the depositionon the cylinder. We cannumericallyintegrate(8) to find numericvalues
for the paintthicknessprofile on the cylinder orthogonalto the direction of travel. Therearetwo primary
directionsto travel: eitheraroundthe cylinder andindex alongthe cylinder, or alongthe cylinder indexing
aroundthecylinderasshavn in Figure12

—
e

"

~—1 —

e

Figure 12: (l)Painting along the cylinder axis, and indexing aroundthe cylinder. (r) Painting aroundthe
cylinder, andindexing alongthe cylinder axis.

Considerthe arrangemenshawn in Figure 13, wherewe are painting the outsideof a cylinder. The
cylinderis centeredalongthey-axis,with z2 + 22 = R?, whereR, is theradiusof the cylinder. We assume
thatthe paintatomizeris orientednormalto thesurface locatedalongthey-axisatanangled from thex-axis
in thexz-plane.Specifyingtheatomizempathlocationas (R cos 8, ys, Ry sin 8), wheretheradiusof thepath
locationis definedto be R, = R, + (14, theorientationof theatomizerframeis givenas(— cos 8, 0, — sin 8).
We refer to a point s on the surfaceas beinglocatedat (R, cos ¥, y,, R, sin ¥), with an inward pointing
normalof (— cos ¥, 0, —sin ).

When painting a cylinder, the radiusof the cylinder hasa directimpacton the depositionof paint on
the surface. This is dueto both the curvatureeffectsandthe paintlost dueto over spray Smallercylinder
radii resultin morepaintloss,asdepictedn Figure14. Note,thatour geometricprojectionmodelprecludes
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Figure 13: Painting a cylindrical surface. The atomizerlocationis specifiedby the model parametersthe
angled, andthedistancealongthecylinder axisy;. A pointonthecylinder surfaceis specifiedoy theangle
¥ andthedistancealongthecylinder axisys.

paintingmorethana 180 degreearc of the cylinder. The actuallimitation canbe calculatedgiventheradius
of thecylinder R. andthe locationof the emissionpoint, R, = R, — Q., whereR}, is theradiusof the path
locationand(2, is thedistancdrom the pathlocationto the emissionpointalongtheatomizemormal. At the
limit, the anglebetweerthe vectorfrom the emissionpointto a givensurfacepoint, andthe surfacenormal
vectoris 90 degreesasdepictedn Figure14. Thelimiting angleis givenby

R
Upimie = cos ™+ =<,

(4

Whentraveling aroundthe cylinder, we will assumehatwe are painting a half cylinder, andthat the
indexing occurson the backsideof the cylinder. In this way paintdoesnot fall on the half cylinder we are
painting(dueto the geometrigprojection),andindexing effectsarenegligible. The 1D collapseis calculated
by integratingaroundthe cylinder, from —%;;,,.;¢ t0 +¥;...:¢, Creatinga profile alongthe extrusionaxis of
the cylinder. Figure15 shaws the resulting1D collapseprofilesfor a seriesof cylinder radii. Giventhe 1D
collapseon the cylinder, the variationcalculationsareidenticalto the planarcasewhenindexing alongthe
cylinder axis of extrusion. Figure 16 shaws the resultingthicknessdeviation surfaceasboth cylinder radius
andindex distancearevaried.

Whentraveling alongthe cylinder axis, the 1D collapseis calculatedby integratingalongthe cylinder
axis, resultingin a profile on a circular slice of the cylinder. We assumehatindexing aroundthe cylinder
occursat a distanceaway from wherewe measurehe thicknessprofile, sothatthe indexing operationdoes
notimpactthethicknesrofile. Figure18 shavstheresultinglD collapseprofilesfor variouscylinder radii.

The 1D collapsethicknessvaluesare found by numericallyintegratingthe depositionas projectedonto
cylindersof variousradii. Unfortunatelyfor smallcylinder radii the 1D collapsemodeldevelopedin Section
3.2doesnot provide agoodmodelto thenumericallyobtaineddata.In otherwords,thebestparametefit for
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Figurel4: Lostpaintdueto over spray assuminggeometricprojection.
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Figure 15: 1D collapsethicknessprofiles, obtainedby integrating the depositionmodel after projec-
tion onto the cylinder, where the atomizeris painting around the cylinder and indexing along the
axis of extrusion. The graphic also shows the resultsfor a seriesof cylinders with radii of R, =
1 x 10%1 x 105,10000,3160,1000,316,100,31.6,and 10 mm. The thicknessprofile corresponding
to the largestradiusclosely matcheghat of the flat panelprofile. The thicknessdecreaseasthe radii de-
creasebecausef theincreasingamountof paintlostto over spraydueto the geometrigprojectiondeveloped
in Section3.1.2. The profile doesmaintainthe basicshapeavenasthethicknesslecreases.
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Figure 16: Normalizedthicknessdeviation asa function of both cylinder radiusandindex distancewhen
paintingaroundthe cylinder andindexing alongthe cylinder. As it moves,the atomizeris alwaysoriented
normalto the cylinder surface,at a constanbpffset.
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Figurel7: Averagethicknessvaluesfor cylinder paintingcorrespondingo Figure16.

(11) doesnot provide a goodmatchto the data,asshowvn in Figure19. Onecould defineanew 1D collapse
for this specialcaseor solve the variation calculationsnumericallyusingthe 2D model. Sincethe current
1D collapsefits well until the cylinder radii is muchsmallerthanthe depositionpatternwidth, we will not
seekto definea new modelat this time. Solving the variation calculationsusingnumericintegrationof the
2D depositiormodelis not useddueto the computationainefficienciesinvolved. For thesereasonsye will
keepthe current1D collapse,andfocuson cylinderswith larger radii. It is expectedthat for the surfaces
of interest,namelyautomotve surfaces small radii of curvaturewill occurascharactetineson largerless
curvedsurfaceswhich will dominatethe planning.Oncethe 1D collapseis found,thevariationcalculations
areidenticalwith the index distanceassumedo be arc lengthon the cylinder surface. The corresponding
deviation surfaceis shovn in Figure20.

Sofarwe have focusedon paintingthe external(corvex) surfaceof cylinders;we now switchto painting
theinside(concave) surfaceof a cylinder asshovn in Figure21. We will restrictthe discussiorto cylinders
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Figure 18: 1D collapsethicknessprofiles when painting along the cylinder axis of extrusion and in-
dexing aroundthe cylinder. The graphic also shavs the resultsfor a seriesof cylinders with radii of
R, =1 x 108,1000,316,100,and 10 mm. The maximumthicknessdoesnot changesignificantly but
the profile getsthinnerasthe cylinder radiusdecreases.
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Figure 19: Attemptedfit of 1D collapsemodelto the numericallyintegratedcollapsewhenpaintingalong

the cylinder axis of extrusionfor R. = 100 mm. For the depositionparametewvaluesusedin thesetests the
currentlD collapsemodelprovidesagoodfit if the cylinderradiusis 500mm or greater
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Figure 20: Normalizedthicknessdeviation as a function of both cylinder radiusand index distancewhen
paintingalongthe cylinder axis of extrusionandindexing aroundthe cylinder. As it moves,the atomizeris
alwaysorientednormalto thecylinder surface,at a constanpffset.

whoseradii exceedthe offsetdistanceof theatomizeremissiorpointfrom thesurface otherwisg¢heemission
pointis beyondthe surfacefocal pointandindexing is ill defined.Note thatall of the paintsprayedon the
insidewill fall on the surface,unlike the corvex surfacewherepaintis lost dueto over spray The actual
calculationsof depositionand variationareidenticalto corvex painting, only the definition of the surface
normalschange.

deposition model plane

Figure21: Painting the inside (concare) surfaceof a cylinder. We assumehatthe radiusof the cylinder is
largerthanthe offsetof the atomizeremissionpoint from the surface.

When painting aroundthe inside of the cylinder, the depositionprofile getstaller and sharperas the
radiusdecreasessshovn in Figure22. Whenpaintingalongtheinsideof the cylinder, smallerradii tendto
magnifythe peaksdueto the offsetGaussianerms,asshovn in Figure23. The 1D collapsemodelgenerally
providesa goodfit to the integratedcollapsefor cylinderswith radii largerthanthe surfaceoffsetdistance,
whethermaintingalongor aroundthe cylinder.

While the precedingresultson cylindrical surfacesare not directly applicableto automotve surfaces,
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Figure 22: Integrated 1D thicknessprofiles for painting aroundthe inside of a cylinder, and index-
ing along the cylinder. The graphic shows the resultsfor a seriesof cylinders with radii of R, =
1 x 10%,1 x 10%,10000,3162,1000, 316.2, and 254 mm. Notice, thatwhen paintingthe inside of the
cylinder, the radiuschangeshave the oppositeeffect relative to paintingthe outside. Decreasingcylinder
radiusresultsin athicker, sharpethicknesgrofile.
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Figure 23: Integrated1D thicknessprofilesfor paintingthe inside surfaceof a cylinder alongthe axis of
extrusion,andindexing aroundthe cylinder. The graphicshavstheresultsfor a seriesof cylinderswith radii
of R. = 1 x 10%,3162, 1000, 316.2, and 254 mm. In this case decreasinghe cylinder radiusamplifiesthe
asymmetriepresenin themodel.
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they do provide insightinto the relationshipbetweenthe depositionpatternandthe surfacecurvature. Our
subsequenwork will focuson moregeneralautomotive-like” surfaces.In Sectiond, we focuson resultsof
experimentsesignedo evaluateour modelsandthe theoreticakesultspresentedn this section.

4 Experimental Validation

The 2D depositionand 1D collapsemodelswere validatedby conductinga seriesof testsat ABB Process
Automationin Auburn Hills, Michiganon SeptembeP6-27,2001. The experimentsusedan ABB S3robot
with anABB 50 mm Micro-Micro Bell atomizerattachedo applya solventbasedautomotve paintto phos-
phatecoatedtest panels. The operatingconditionsof the applicationprocesswere 80-90kV electrostatic
voltage, 150 cc/min paint flow, 2501/min shapingair flow, anda bell speedof 30 000 RPM. The total film
thicknessof the oven curedtest panelswas measuredvith an Elcometer355 coatingthicknessmeasuring
device. Five measurementweretakenfor eachdatapoint, with thelow andhigh discardecandthe average
of the remainingthreerecorded. The averagephosphatehicknesswasthen subtractedrom the total film
thicknesdo give the paintthickness.

4.1 Deposition Model Parameterization

In orderto parameterizehe 1D collapseand 2D depositionmodels,experimentaldatawas gatheredrom
flat panelspaintedby threepasses@sshowvn in Figure5. Threedifferentindicesweretested:525mm, 577
mm, and625 mm. We choseto parameteriz&ur modelsusinga 577 mm index distancefor this threepass
testbecausehe obsened variationwas sufficient to discernthe structuraleffects of the offset radii needed
for the modelparameterizationFigure 24 shaws the stepsthatwe followed. Usingthe 577 mm index test
data,we useda standarchumericoptimizationroutinein MATLAB ™to determinethe bestparametewvalues
(K1, K2, K3,T1,T2, 01,02, 03) for thelD collapsemodeldefinedin (11). Themaximumof thetwo offsetradii
andthe maximumstandardieviationfrom the1D collapsemodelwerethenusedto initialize theoptimization
of the2D depositiormodelparameteralues.

Givenaninitial parameterizatiomf the 2D depositionmodel, we calculatedthe 1D collapsethickness
valuesfor the parameterize@D modelusingnumericintegration. The integrated1D collapsevalueswere
thencomparedo the experimentaldata. Numeric optimizationwas usedto find the 2D depositionmodel
parametewvalues(K1, Ko, K3, ¢, r, 01, 02) thatminimizedthe sumsquarecerror betweerthe experimental
dataandthe numericallyintegratedlD collapse.The parameterizethodels both 2D and1D collapse were
shawvn previouslyin Figure3. Figure25 shavstheresultingprofile (1D collapse)btainedrom a simulation
usingthe 2D depositionmodel againstthe datato which it wasfit. The simulationresultswere obtained
throughnumericevaluationof our depositiormodels,andmatchthe experimentaldatawell.

4.2 Planar Deposition Results

Usingthe 2D depositiormodelparameterizetly the577 mmindex threepasgest,the depositiongenerated
by 525 and 625 mm index testswere simulated. The resultsare shavn in Figure 26. The model gives
a good prediction of both averagefilm build andthe structureof the variation for theseflat paneltests.
Mostimportantly themodelcapturedboththeasymmetriesandthe structuralvariationdependencenindex
distance.

24



Fit 1D collapseto 577
mm index 3-pass
experimental data

Y

Fit 2D deposition to
577 mm index 3-pass
experimental data

Y

Y

Simulate 525 mm
index using 2D model
and compare
resulting profileto
525 mm 3-pass
experimental data

Simulate 577 mm
index using 2D model
and compare
resulting profileto
3-pass experimental

data

Simulate 625 mm
index using 2D model
and compare
resulting profileto
625 mm 3-pass
experimental data

Figure24: Stepsin fitting andverifying modelperformance.
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Figure25: Flat paneltestresultsusinga 577 mmindex distancgavg. error= —0.12 microns,standardlevi-
ation=1.31 microns). The depositionsimulationusestriangulatedsurfaceelementdo modelthe thickness
depositionata givenpointonthe surface.

Giventherelatively goodresultsof theflat paneltests theprojectionof the planardepositiormodelontoarbi-
trary surfaceswastested.A representatie automotie surfacewasobtainedby usingatruck door. Figure27
shavs a CAD modelof the truck door used,with an examplepathshovn. The door hasa line of corvex




40 40
35 35
% 30 % 30 X
c c < <
) o R X
825 825 % X b %
E E
5 20 5 20
=) =)
Q15 Q15
£ £
L 10 L 10
5t| = simulation 5' = simulation
Y x data x data
0 0
-1000 -500 0 500 1000 -1000 -500 0 500 1000
Distance (mm) Distance (mm)

Figure26: Flat paneltestresults:(l) 525mmindex test,and(r) 625mm index test.Both () and(r) usedthe
modelparameterizethy the datafrom the 577 mm index test. Both simulationscapturethe variationdueto
the structureof the depositionpattern.(averageerror: | = —0.69 andr = —1.05 microns,standardieviations:
| =2.41 andr = 1.68 microns).

cunvaturenearthe middle, with a pronouncedconcare curvatureon the bottomthird of the door. A series
of testswere conductedusing both horizontaland vertical passe®ver the door. For the horizontalpasses,
film build measurementseretakenin four verticalcolumnsof dataspreadacrosghe door, numberedopto
bottom. For the vertical passesthe measurementweretaken from six rows spreadvertically over the door
spaningleft to right acrossthe door. For the first horizontaltest, resultsfor a typical columnareshavn in
Figure27. Thesimulateddepositiorfor eachpassndividually is alsoshowvn.

Nearthetop of the door, in therelatively flat portion, the simulationgivessomevhatreasonableesults.
However, the simulationhasdifficulty predictingpaintthicknessn the highly curvedsectionnearthe bottom
of thedoor. Clearlythe passalongthelower portionof thedoordepositanorepaintthanthe simulationpre-
dicts. It istheorizedasshavnin Figure28, thatwhenthesurfacecurvesaway from theatomizerelectrostatic
effectsdominateinvalidatingthe geometrigprojectionmodeldescribedn Section3.

Similar testswere conductedor vertical painting motions,with comparableesults. For datacollected
on the upperrelatively flat portion of the door, the simulationresultswerereasonableHowever, for results
onthelower portionof thedoor, the simulationagainpredictedool little paintdeposition.

44 Miscellaneous Results

It wasalsodesiredo verify thatourdepositiormodelsscalewith applicatorspeed.To thisend,two additional
testswereconductedThesetestsuseda singlepasswith therobotpaintinghorizontally, attip speed®f 100
mm/secand250 mm/sec.It wasintendedto compareheseresultsto the 50 mm/sec3-pasgesults. The 250
mm/sedestresultedn significantspatteringatthenominalpaintflow ratesbeingused.Sincethe sensomwas
notdesignedo measuraliscretedropsof paint,theresultsweredeemednadmissible Theresultfor the 100
mm/sectestis shavn in Figure30. As shavn, the simulationpredictedmuchgreaterpaint depositionthan
actuallymeasured It hasbeentheorizedthat the transferefficienciesincreasevhen paintingwet surfaces,
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Figure27: () Doorwith horizontalpaintpathshovn. Therobotpaintsleft to right startingat theleft of pass
#1,thentravelsright to left alongpass#2, finishing by going left to right alongpass#3. (r) Simulationof a
horizontalpaintingmotionover the door, with depositionby individual passeshowvn.
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Figure28: Theorizedwarpingof paintparticletrajectoriesdueto electrostatieffects.

becausesomepaintinitially bounceff of the dry surfaces.Slower tip speedsllow morewet paintfilm to
build up, therebyincreasinghe averagetransferefficiency [1, 18].

Also noticethatthe datasetin Figure 30 exhibits anasymmetrywhile the simulationdoesnot. During
this test,the orientationof the atomizerwasconsistentvith the previous 577 3-pasgest,while the direction
of travel was orthogonalto the 577 mm index testusedin the model parameterization.The deposition
modeldevelopedin Section3 hasa hemispheri@asymmetry This testimpliesthe needfor amorelocalized
asymmetrytermin the 2D model,asis definedin AppendixA. Sincethe 1D collapsemodelis dependent
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Figure30: SingleHorizontalpasswith V=100 mm/sec.Simulationpredictshigherpaintdepositiorthandata
shawsfor this higherspeedlik ely dueto changesn wet/drytransferefficiency.

on the directionof travel anyway, no changeto the 1D collapsemodelis needed.With the additionof this
morelocalizedasymmetrycomponentthe modelerrorwould needto be calculatedagainstboth horizontal
andverticalmotionsduringthe parametepptimization.
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5 Conclusions

Theresultsof our experimentaktudyallow usto concludethatourmodelscapturetherelevantstructureof the

planardepositionpattern,andthe dependencef thethicknessvariationon thatstructure.lt is alsoapparent
thattheinteractionof the paintdropletsemittedfrom theatomizerandthe surfacecurvaturehasa significant
impacton the actualdepositionpatternon curved surfaces.Thesepreliminaryconclusionslsoindicatethe

needfor additionaltestsregardingthe dependencef the depositionpatternand transferefficiency on the

speedf theatomizerasit movesrelative to the surface.

Themodelswe developedaccuratelypredictdepositioron planarsurfaceswheretheatomizeris oriented
normalto thesurface.Additionally, ouranalytic1D collapsemodeleffectively predictsthedependencef the
thicknessvariationon theindex distancebetweerpassesAlthoughthe experimentakesultsfrom deposition
on the curved surfaceof the door point to shortcomingswith the simple geometricprojectiondevelopedin
Section3, the experimentsdo confirm the interactionof the surface curvaturewith the planardeposition
pattern.

Despitetheshortcoming®f our 2D depositiormodel,themodelsareusefulfor ourresearchBy usingan
analyticmodel,we areableto developourunderstandingf theinteractiorbetweerthesurface thedeposition
patternandtheatomizerpath. This enable®ur explorationof pathplanningtechniqueshatinfluenceoverall
quality measuresuchasthicknessvariation,cycle time, andefficiency. Sincethe mainfocusof ourresearch
is on path planning,we will continueto usetheseanalytic modelsduring the developmentphaseof our
planningtools. Sinceour planningtools rely only on the structureof the depositionon the surface,and
not on the underlyingmodel,the needfor more expensive modelsor experimentaldatais delayeduntil the
implementatiorstage.

During our next roundof experimentswe will validatethe modificationsto the asymmetrytermsin our
planardepositionmodel. This will requirethreepasstestsin both the horizontaland vertical directions,
with theresultingmodelfit from the combinationof both datasets.Experimentswill be conductedo more
rigorouslyevaluatethe dependencef the depositionrateon the speedf the atomizer For this we will need
to differentiatebetweeneffectsdueto speedalone,andeffectsdueto a prior build up of wet painton the
surface.We will alsobegin the preliminaryvalidationof someof our pathplanningtechniquesvith respect
to openingdn the surfaceandsurfacecurvature.
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A Revised Asymmetry Term for 2D Deposition M ode

The planardepositiormodeldevelopedin Section3.1.1failedto capturethebidirectionalasymmetryexhib-
ited in our experiments.Therevision to this modelpresentedhereis designedo allow the modelto capture
themorelocalizedasymmetryevidentfrom the bidirectionaltests.

For corveniencethebasicform of the planardepositionfirst givenin (1) is repeatedere:

d(z,y) = K1 (1 - K») f(z,9) g1(2,9) + K2 g2(2,9) ) -
Theoriginalasymmetryfunction,givenin Section3.1.1,wasdefinedto be
f(z,y) = (1 + K3 sin(atan2(y,x) — ¢)) .

We now expandthis definition to include the bidirectionalasymmetry and definethe new asymmetry
functionas

2
2ap

2
f(zy) = (1+K3 sin(8 — @) + Ka exp— (B =P 1) ) , (22)

whereS = atan2(y, ), K, weightsthe new asymmetryterm, p is thelocationof the nev asymmetryterm,
ando ., isthestandardieviation of thenew asymmetryterm. Theoriginal normalizingtermfor therevolved
Gaussiary, mustberedefined Thenew ~ will be determinedy numericalintegrationsuchthat

- [ [ 1@ oGy dyds.

Figure 31 represents potentialinstanceof this newv depositionmodel. As of this writing, the updated
modelgivenherehasnot beenexperimentallyvalidated.
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Figure31: 2D Depositionmodelwith bilateralasymmetry
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