Development of Deposition M odelsfor Paint Application on Surfaces
Embedded in IR? for Usein Automated Path Planning

David C. Connef Prasad\. Atkar, Alfred A. Rizzi, andHowie Choset

Carngyie Mellon University, Pittsburgh, PA

Abstract

As part of an ongoingcollaborative effort with the Ford

Motor Company our reseach aimsto develop practi-

cal andefficienttrajectoryplanningtoolsfor automotive
painting This paper documentour efforts to develop
analytic depositionmodelsfor electiostaticrotating bell

(ESRB)atomizes, which haverecentlybecomewidely
usedin the automotivepainting industry Corventional
depositionmodels,usedin earlier automatictrajectory
planningtools, fail to capture the compleity of deposi-
tion patternsgeneatedby ESRBatomizes. Themodels
presentedere take into accountboththe surfacecurva-
ture and the depositionpattern of ESRBatomizes, en-
abling planningtoolsto optimizetrajectoriesto meetsev-

eral measuesof quality, sud as coatinguniformity. In

additionto thedevelopmenof our modelswepresenex-

perimentakesultsusedo evaluateour modelsandverify
theinteractionbetweerthedepositiorpattern,trajectory

andsurfacecurvature.

1 Introduction

Industrialrobotsarewidely usedfor automotve paintap-
plication. The repeatabilityof the surfacefinish, along
with the removal of humansfrom a hazardouserviron-

ment,aremajorbenefitsof roboticapplication.While ap-
plying paintis purely robotic, generatingrajectoriesor

therobotsis largely a humanendeaor basedon the ex-

perienceof skilled technicians.In the automotve indus-
try, uniformity of the final coatingthicknesss animpor-

tantmeasureof quality. Excesste variationis visible to

thehumaneye, andleadsto customerrejection[1]. Tra-

jectoriesthat are plannedfor painting robotsmustyield

paint depositionthat is both completein its coverage,
and sufficiently uniform so that the variation in thick-

nessis not noticeable,and doesnot degradethe coat-
ing performance. Sincethe final trajectoriescannotbe
generatedintil the body designis finalized,the develop-
mentof goodpaintingplansrepresentabottleneckin the
concept-to-customeime line. Any progressn automat-
ing this taskultimately decreasethe total time required
to bring anew concepto thecustomer
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In this paper we outline our first stepstoward finding
methodsto automatethe task of planning trajectories
given the complicateddepositionpatternsgeneratedy
rotating bell atomizers. Section2 coversrelevant prior
work for thisresearchln Section3, we developanalytic
modelsof the depositionpatternandvariationgenerated
by high speedotatingbell atomizers.We discussexper
imentaltestsandmethodsusedto parameterizandvali-
datethe analyticmodelsin Section4. Finally, in Section
5 we draw conclusionsrom the resultsand discussthe
futuredirectionof our work.

2 Prior Work

Thework thatwe presentn this paperis anoutgrawth of

our prior work in the areaof coverageplanning[2]. The
earlierwork developedplansfor guaranteeingomplete
coverageof anunknavn area,andwaslaterlifted to sur

facesembeddedn IR® [3]. While this prior work guar

anteedcompletecoverage,it did not necessarilyyield

uniform coverage. Our work now focuseson the task
of planningtrajectoriesin a way that guaranteesom-
plete coverage while at the sametime minimizing coat-
ing variation.

There have beensereral attemptsto develop trajectory
plannersfor paintingrobots,but nonehave beenwidely

adoptedfor industrialuse. An early attempt,the Auto-

matic Trajectory PlanningSystem(ATPS), was limited

by its useof a simplified depositionmodel[4]. Other
researcherbave proposedsystemdor generatingrajec-
tory plansbasedon CAD data,but they all requireuser
decisiongregardingthe effect of surfaceshapeon trajec-
tory parameterfb, 6]. SeveralresearcherBave proposed
high level frameworksfor solvingthetrajectoryplanning
problem,but do not include realistic modelsof the de-

position patternand its interactionwith surface curva-

ture[7, 8].

Researcton more sophisticatedlepositionpatternshas
assumedhe useof aerosolatomizerswhich generatale-
positionpatternghatarenotcompatiblewith the patterns
generatecby ESRB atomizers. Arikan and Balkan de-
velopeda paintdepositionsimulationwherethe paintde-
position modeluseda betadistribution [9]. Their work
consideredhe effect of the paint depositionpatternon



the optimal distancebetweenconsecutie passeof the
paintatomizer alongwith a preliminaryattemptat con-
sideringsurfaceeffectson the deposition.Hertling et al.
proposednorerealisticdepositiormodelsfor usein their
trajectoryplanningsystem,but specificallylimited their
work to aerosolspraysciting the inherentcomplexity of
electrostatiaepositionpatterng10].

Automotive coating processesre moving increasingly
towardsthe useof ESRBatomizersin orderto increase
transferefficiencies[11, 12, 13]. Researcherdevelop-

ing modelsof the depositionof paint by ESRB atomiz-
ers have generallyfocusedon electrostaticeffects, and

theinteractionbetweertheelectricfieldsandthe chaged
paintdroplets. Early work in modelingthe electricalef-

fectsof theseESRBsystemsvasperformedoy EImoursi
[12], andlater expandedby Ellwood and Braslav to in-

cludecouplingbetweerthedropletflow andtheelectrical
field [11].

3 Deposition Modeling

The depositionmodel developedin this paperhastwo

primary purposes:i) to capturethe structureof the de-
positionpatternfor useby planningtools, andii) to sup-
portsimulationghataccuratelypredictthe resultsof spe-
cific atomizertrajectories. Thesetwo purposedead to

contradictorycriteriafor evaluatingthe model. First, the
modelmustbe accurateenoughto capturethe structure
of thedepositiorandaccuratelypredictthe depositionon

avariety of surfaceshapesHowever, the modelmustbe
tractablefrom the perspectie of the simulationandplan-
ning tools.

In anESRBatomizer paintfluid is forcedontotheinner
surfaceof a high speedrotating bell [11, 12]. The bell
is maintainedat a high voltage of 40-90kV relative to
the groundedsurface being painted. Most modernsys-
temsusenegative polarity at the atomizer[1]. The paint
flow breaksup at the edgeof the bell, forming a cloud
of droplets,asit is expelledradially due to centrifugal
force impartedto the paint by the rotating bell. Each
paintdropletis electricallychageddueto the chageon
thebell. High velocity shapingair anda chagedpattern
controlring areusedo forcethechageddropletsowards
the groundedsurface being painted. Figure 1 shows a
schematiof atypical atomizerconfiguration.

As the atomizerpasse®ver the surface,the majority of
the paintemittedby the atomizeris depositecn the sur
face,althoughsomepaint is inevitably entrainedin the
shapingair andlost. For the ESRBatomizersstudiedin
this paper the overall shapeof the depositionpatternis
roughlycircularwhenthebell is orientednormalto aflat
panelandtheatomizelis stationarywereferto thisasthe
2D depositionpattern As the bell movesrelative to the
surface the 2D depositiorpatternmovesoverthesurface
and paintis accumulatedn the surface. The resulting
paintthicknessprofile, which we referto asthe 1D col-
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Figure 1. Electostaticrotatingbell atomizerwith paint
particle trajectoryandshapingair flow linesshown.

lapse is equivalentto thatobtainedby integratingthe de-
positionmodelalongthedirectionof travel [14]. Figure2
shavstherelationshipbetweerthe 2D depositionpattern
andtheresulting1D collapsegeneratedby the motion of
theatomizer

3.1 Deposition Flux M odéel

We seeka depositionmodelthatassigngherateof paint
depositionor depositionflux at a given point on an ar
bitrary surface,given a specificlocationand orientation
of the atomizer[10]. The modelwe developed,denoted
D(s,p), is of theform D : {IR? x S?} x SE(3) — R,
wheres is a pointandunit surfacenormalon the surface
beingpaintedandp € SE(3) is thelocationandorienta-
tion of the bell atomizer We referto D(s, p) asthe 2D
depositiormode]| or simply thedepositionrmodel

Parameterizingthe depositionmodel for arbitrary sur
faceds difficult at best. Sinceexperimentaldatafor pla-
narsurfaceds readilyavailable we developedananalytic
modelfor the depositionflux on a planarsurface.We pa-
rameterizethis model basedon experimentaldata, and
thenusethe parameterizeglanarmodelto predictpaint
depositionflux on the surface being painted. We refer
to theanalyticmodelfor the planarsurfaceasthe planar
depositiormodel Theplanarsurface,orientednormalto
the atomizerandlocateda fixed distancefrom the atom-

Bell Atnmizerﬁ) Travel

Thickneés Profile Deposition Pattern

Figure 2: Painting a flat panel,with detail of the 1D col-
lapse(l) andtheandthe 2D Depositionpattern(r).



izeremissiorpoint, is referredto asthedepositiormodel
planeandis shown in Figure3.

We denote the planar deposition model as d(q) =
d(z,y), whered : R*> — R, andq = (z,y) is the point
onthedepositionrmodelplane.The pointq is dependent
on the depositionmodelplane,the locationandorienta-
tion of the atomizer andthe surfacepoint. The planar
depositionmodelthatwe developedusestwo Gaussians:
one offset 1D Gaussiarrevolved aroundthe origin and
one 2D centeredsaussian.The resultingplanardeposi-
tion model, similar to the asymmetricvolcanoshawn in
Figure2, is givenby

dwy) = K ((1-K) f@.y) a(zy)+ )
K2 92(55';:1])) ’

whereK, weightstherevolvedGaussiaragainsthecen-
teredGaussiarand0 < K> < 1.

To accountfor asymmetryin the depositionpattern,the
revolvedoffsetGaussiang; : R? — IR, is scalecby the
function f : IR* — R. We definef to be

f(may) = (1 + K3 sin(atan?(y,:v) - ¢)) )

whereK 3 weightstheasymmetnscalingfunctionfor the
revolvedGaussiarand0 < K3 < 1. Thephaseangle,¢,

allowstheasymmetnyto belocalizedrelative to theatom-
izer referencedrame. K; scalesthe resultingdeposition
patternto give the paintdepositionflux in units of thick-

nesspersecond.

TherevolvedoffsetGaussiang, , is definedto be

a(z,y) = 3 (eXP (— M) +
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wherer is the offsetradius,o; is the standarddeviation

of the Gaussianand~ normalizegherevolved Gaussian
depositionpatternsuchthattheintegral of g, overz and

y equalsone. Thescalingfactory is givenby

r2 r
=27 (202 exp| ——= ) + 1o 27rerf( ))
v=n (0t e (=) +rorvBnent (5

The centeredGaussiang, : R?> — IR, which is also
normalizedjs definedto be

1 $2 + y2
g2 (m;y) = DY) exp | — 252 s
2 2

whereos is the standarddeviation of the centeredGaus-
sian.

We extendthe planardepositionmodelto arbitrary sur
faces,located at varying offset distancesand orienta-
tions, by projectingthe depositionflux from the deposi-
tion modelplaneontothe surfacein away thatpreseres

Deposition Model Plane

Figure 3: Projectionof depositionmodelonto arbitrary
surface Althoughthe vectoss are in reality threedimen-
sional, this simplefigure corveysthe basicresults.

the total paint volume. The projectionmodel, shovn in

Figure3, is developedby assuminga pointsourcecalled
the emissionpoint, constrainedo lie along the bell to

surfacevector, Z. Note, this emissionpoint, denotedo

(for origin) in Figure 3, is a theoreticalemissionpoint,

not necessarilycoincidentwith the bell atomizercenter
point. Theemissionpoint is locatedrelative to the atom-
izer pathlocation. The depositionmodelplaneis defined
to beadistance2 from the emissionpoint alongthe bell

to surfaceunitvector z. A vectorfrom theemissiorpoint
to apoints on the surfacepasseshroughthe deposition
modelplaneat pointq. It is assumedhatthe planarde-
positiond(q) = d(z,y), asdefinedin (1), is known for

agivenpoint(z, y, Q) onthedepositiormodelplanede-
finedin Figure 3. Furthermorewe assumehatthe x-y

frameof the planardepositionmodelis alignedwith the
x-y planeof theatomizermreferencdrame.

A differential elementon the depositionmodel plane
givesa paintsolidsvolumeof V = d(q) dvdy. As this
differential elementis projectedonto the surfaceabout
points, thetotal volumemustremainunchangedh order
to presere mass(assumingconstansolidsdensity). We
will derivetherequiredrelationshipusingthedifferential
geometryconceptof areamagnification15].

Givenapathlocationp which determines andz, asur
facepoints, andsurfacenormalii, we candetermines,
q, andL = ||os||. Usingthesewe definethe deposition
flux, D(s,p), at points on the surfacebeing paintedto
beequivalentto thedepositiorflux atpoints ontheplane
tangento thesurfaceats. It followsthatD(s, p) is given
by
02%(8, 1)

D(s:8) = Lz 7@, @)
whered(q) is thedepositiorflux at pointq on thedepo-
sition modelplane! Thereaderis referredto [14] for a

1The< -,- > notationrefersto the standardnnerproduct.
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Figure 4: Painting a flat panelwith 3 passes.

detailedderivationof this result.

3.2 Thickness Variation Model

In orderto controlthe amountof variationin the coating
thicknessthetrajectoryplannermustknow the relation-
ship betweenthe depositionpatternof the atomizerand
the depositionon the surfacebeing painted. For paint-
ing specialiststhis knowledgeis intuitive and basedon
yearsof experience.To automatehe procesof generat-
ing thesetrajectorieswe needa computablainderstand-
ing of the relationshipbetweendepositionpatternsand
thicknessvariation.

Typically, the depositionpatternis narrov comparedo
thewidth of the surfacebeingpainted,andrequiresmul-
tiple passedo completelycover the surfaceasshawn in
Figure4. In orderto develop plansin a systematianan-
ner, it is desiredto know the thicknessvariationfor var-
iousindexes. Initially, we will restrictoursehesto a flat
panel. We assumehatthe robotis moving in a straight
line, andthat the pathis sufficiently long so that effects
dueto turningarenegligible

Unfortunately the compleity of the analyticmodelren-
dersthe calculationof an analytic integral intractable.
Instead,we directly definethe 1D collapsemodelusing
threeseparatésaussiansTwo Gaussiansireoffsetfrom
thecenterlineto allow asymmetriesn thedepositiornpat-
ternto be modeled while the third Gaussians centered.
ThecompletelD collapsemodelis givenby

o (&K exp (- gt )
- D EC

2
- K3 exp(—%g) )

wherer; representtheoffsetradii, o; representthestan-

éKQ exp(

2The question,What is sufficiently long?’, is answeredelative to
thediameterof the depositiorpattern.
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Figure5: (I) Asymmetrid D collapsemodelwith compo-
nentGaussianshown. (r) Deviation vs. index distance
for typical 1D collapsemodelon a flat surface

dard deviations, and K; representshe gainsspecifying
thepaintthicknesgor eachGaussianFigure5 shavsthe
componenGaussiangndthe compositefilm build for a
particularparameterizationf (3).

To determinghevariationasa function of theindex dis-
tancebetweenconsecutie paint passesye will assume
aninfinite planepaintedby aninfinite numberof passes
with the atomizerat a consistentorientationrelative to
the planeand moving at a constantspeed. For a given
locationz on the interior of the plane,alonga line per
pendicularto thedirectionof travel, thetotal thicknesds
givenby

oo

T(z)= Y clz+ilr), (4)

i=—00

where Az is theindex distance and¢(-) is the 1D col-
lapsemodelfor the given speedand orientationrelative
to thedirectionof travel.

Looking atthethicknessmeasurementaswe vary x, the
thicknessprofile is periodic with a period equalto the
index distance Thenormalizedvariationoveroneindex,
with respecto the averagethicknessT, is givenby

A 2
U%zi[%($—1> dx. (5)

Theintegral is tractableandleadsto termsinvolving the
error function, erf(-). We areableto evaluatethe struc-
tural effectsof agivenmodelon variationaswe vary the
index distancesising(5). A typical normalizeddeviation
(o) versusindex distancecurve is shavn in Figure5.
The full developmentof thesevariation calculationsfor
planarsurfaces,along with the extensionto cylindrical
surfacescanbefoundin [14].

4 Results

To validatethe developedmodels,a seriesof testswere
conductedn anindustrialpaintshop,usingan ABB S3
robot with an ABB 50 mm Micro-Micro Bell atomizer
attached. The applied paint was a solvent basedauto-
motive paint. The operatingconditionsof the application
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Figure 6: Depositionsimulationusingtriangulatedsur-
faceelementsat 577 mmindex. Thesimulationcaptures
the inherent structuie of the actual depositionpattern.
(standad deviation= 1.31 microns)

processvere80-90kV electrostaticvoltage(negative po-
larity), 150 cc/minfluid flow, 2501/min shapingair flow,
andabell speedf 30kRPM.

4.1 Deposition Model Parameterization

In orderto parameterizeéhe 1D collapseand 2D depo-
sition models,experimentaldatawas gatheredrom flat
panelspaintedby threepasses.We choseto parameter
ize our modelsusing a 577 mm index distancefor this
threepasstest. Giventhe 577 mm index data,we used
numericoptimizationto determinethe parametersf the
1D collapse. The maximumof the two offsetradii and
maximumstandardleviationfrom the1D collapsemodel
werethenusedto initialize the 2D depositionmodelpa-
rameters.

Givenaparameterizatioof the 2D depositiormodel,we
calculatedthe 1D collapsethicknessvaluesfor the pa-
rameterized?D model using numericintegration. The
1D collapsevalueswerethencomparedo theexperimen-
tal data. We againusednumericoptimizationto find the
2D depositionmodel parameteiset that minimized the
sumsquarecerror betweerthe experimentadataandthe
numericallyintegrated1D collapse. The parameterized
modelswereshavn previously in Figures 2 and5. Fig-
ure 6 shaws the resultingprofile (1D collapse)obtained
from a simulationusingthe 2D depositionmodelagainst
the datato which it wasfit. The simulationresultswere
obtainedthrough numeric evaluation of our deposition
models,andgive agoodmatchto the experimentaldata.

4.2 Planar Deposition Results

The parameterizednodel, fit from the 577 mm index

three passtest, was usedto predictdepositionfor other
indices. Testsfor both 525 and 625 mm indiceswere
conductedwith theresultsshovn in Figure7. Themodel
gives a good predictionof both averagefilm build and
the structureof the variation for theseflat paneltests.
Most importantly the modelcapturedboththe asymme-
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Figure 7: Depositionsimulationsat (I) 525mmindexand
(r) 625 mmindex bothusingmodelobtainedby 577 mm
indextest.In bothcasesthesimulationcapturesthevari-
ationdueto thestructue of thedepositiorpattern. (stan-
dard deviation= 2.41 and1.68 micronsrespectively)

triesandthestructuralvariationdependencenindex dis-
tance.

4.3 Surface Deposition Results

The next stepin the processwasto verify the projection
of the planardepositionmodelfrom flat panelsat con-
stantoffsetto arbitrarysurfaces.To testthedepositioron
curved surfaces,we usedtruck doors. Figure 8 shavs a
CAD modelof thetruck doorused with arepresentatie
pathshovn. Thedoorhasaline of corvex curvaturenear
the middle, with a pronouncectoncase curvatureon the
bottomthird of thedoor. A seriesof testswereconducted
using both horizontaland vertical passesver the door.
For the horizontalpassesfilm build measurementsere
takenin four vertical columnsof dataspreadacrossthe
door, numberedop to bottom. For the vertical passes,
the measurementweretaken from six rows spreadver-
tically overthe doorspaningleft to right acrosshedoor.
Figure8 shavstypical resultsfor thefirst horizontaltest,
alongwith the simulateddepositionfor eachindividual
pass.

Near the top of the door, in the relatively flat portion,
the simulationgivessomavhatreasonableesults. How-
ever, thesimulationfailsto accuratelypredictpaintthick-

200 400 600
Vertical Position from Top (mm)

Figure8: (I) Door with horizontalpaint pathshown.The
robot paints left to right starting at the left of pass#1,
thentravelsright to left alongpass#2, finishingby going
leftto right alongpass#3. (r) Horizontalpaintingmotion
on door showingdepositionof eat pass.



nessin the highly curved sectionnearthe bottomof the
door. Clearly the passalong the lower portion of the
door depositamore paintthanthe simulationpredicts. It
is theorizedthat whenthe surfacecurvesaway from the
bell, electrostaticeffects dominateinvalidating the geo-
metric projectionmodeldevelopedin Section3.1. Simi-
lar testswith comparableesults wereconductedor ver
tical paintingmotions. The readeris referredto [14] for
acompletediscussiorof theresults.

5 Conclusions

The resultsof our experimentalstudiesconfirm both the
structureof our planardepositionmodelandthe depen-
denceof the thicknessvariation on that structure. The
modelswe developedaccuratelypredict depositionon
planarsurfaceswherethe atomizeris orientednormalto
thesurface.Additionally, ouranalytic1D collapsemodel
effectively predictsthe dependencef thethicknessvari-
ationontheindex distancebetweerpasseskurthermore,
the experimentalresultsfrom depositionon the curved
surface of the door confirmsthe interactionof the sur
facecurvaturewith the planardepositionpattern,andthe
resultingchangean thedepositionpatternon the surface.

Despitethe shortcomingsof our 2D depositionmodel,
whichresultfrom the simplified geometrigprojectionde-
velopedn Section3.1,themodelsufiiciently captureghe
structuralaspectsof the depositionpatternwhile main-
tainingananalyticform. By usingananalyticmodel,we
areableto develop our understandingf the interaction
betweerthesurface thedepositiorpattern andtheatom-
izer path. This enablesour explorationof pathplanning
techniquego influenceoverall quality measuresuchas
thicknessvariation, cycle time, andefficiengy. Sincethe
main focus of our researchis on path planning,we will
continueto usetheseanalyticmodelsduringthedevelop-
mentphaseof our planningtools. Becauseour planning
toolsrely only on the structureof the depositionon the
surface,and not on the underlyingdetailsof the model
usedto determinethat structure,the needfor more ex-
pensve modelsor experimentaldatais delayeduntil the
implementatiorstage.
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