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Abstract

As part of an ongoingcollaborativeeffort with the Ford
Motor Company, our research aims to develop practi-
cal andefficienttrajectoryplanningtoolsfor automotive
painting. This paper documentsour efforts to develop
analyticdepositionmodelsfor electrostaticrotating bell
(ESRB)atomizers, which have recentlybecomewidely
usedin the automotivepainting industry. Conventional
depositionmodels,usedin earlier automatictrajectory
planningtools, fail to capture the complexity of deposi-
tion patternsgeneratedby ESRBatomizers. Themodels
presentedhere take into accountboth thesurfacecurva-
ture and the depositionpatternof ESRBatomizers, en-
ablingplanningtoolsto optimizetrajectoriesto meetsev-
eral measuresof quality, such as coatinguniformity. In
additionto thedevelopmentof our models,wepresentex-
perimentalresultsusedto evaluateourmodels,andverify
theinteractionbetweenthedepositionpattern,trajectory,
andsurfacecurvature.

1 Introduction

Industrialrobotsarewidely usedfor automotivepaintap-
plication. The repeatabilityof the surfacefinish, along
with the removal of humansfrom a hazardousenviron-
ment,aremajorbenefitsof roboticapplication.While ap-
plying paint is purely robotic,generatingtrajectoriesfor
the robotsis largely a humanendeavor basedon the ex-
perienceof skilled technicians.In theautomotive indus-
try, uniformity of thefinal coatingthicknessis animpor-
tantmeasureof quality. Excessive variationis visible to
thehumaneye, andleadsto customerrejection[1]. Tra-
jectoriesthat areplannedfor paintingrobotsmustyield
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
generateduntil thebodydesignis finalized,thedevelop-
mentof goodpaintingplansrepresentsabottleneckin the
concept-to-customertime line. Any progressin automat-
ing this taskultimatelydecreasesthe total time required
to bringanew conceptto thecustomer.�

correspondingauthor:dcconner@cmu.edu

In this paper, we outline our first stepstoward finding
methodsto automatethe task of planning trajectories
given the complicateddepositionpatternsgeneratedby
rotatingbell atomizers. Section2 coversrelevant prior
work for this research.In Section3, we developanalytic
modelsof thedepositionpatternandvariationgenerated
by high speedrotatingbell atomizers.We discussexper-
imentaltestsandmethodsusedto parameterizeandvali-
datetheanalyticmodelsin Section4. Finally, in Section
5 we draw conclusionsfrom the resultsanddiscussthe
futuredirectionof ourwork.

2 Prior Work

Thework thatwepresentin thispaperis anoutgrowth of
our prior work in theareaof coverageplanning[2]. The
earlierwork developedplansfor guaranteeingcomplete
coverageof anunknown area,andwaslaterlifted to sur-
facesembeddedin � �
	 [3]. While this prior work guar-
anteedcompletecoverage,it did not necessarilyyield
uniform coverage. Our work now focuseson the task
of planning trajectoriesin a way that guaranteescom-
pletecoverage,while at thesametime minimizing coat-
ing variation.

Therehave beenseveral attemptsto develop trajectory
plannersfor paintingrobots,but nonehave beenwidely
adoptedfor industrialuse. An early attempt,the Auto-
matic TrajectoryPlanningSystem(ATPS),was limited
by its useof a simplified depositionmodel [4]. Other
researchershave proposedsystemsfor generatingtrajec-
tory plansbasedon CAD data,but they all requireuser
decisionsregardingtheeffect of surfaceshapeon trajec-
tory parameters[5, 6]. Severalresearchershaveproposed
high level frameworksfor solvingthetrajectoryplanning
problem,but do not include realistic modelsof the de-
position patternand its interactionwith surfacecurva-
ture[7, 8].

Researchon moresophisticateddepositionpatternshas
assumedtheuseof aerosolatomizers,whichgeneratede-
positionpatternsthatarenotcompatiblewith thepatterns
generatedby ESRB atomizers. Arikan and Balkan de-
velopedapaintdepositionsimulationwherethepaintde-
positionmodeluseda betadistribution [9]. Their work
consideredthe effect of the paint depositionpatternon



the optimal distancebetweenconsecutive passesof the
paint atomizer, alongwith a preliminaryattemptat con-
sideringsurfaceeffectson thedeposition.Hertling et al.
proposedmorerealisticdepositionmodelsfor usein their
trajectoryplanningsystem,but specificallylimited their
work to aerosolspraysciting the inherentcomplexity of
electrostaticdepositionpatterns[10].

Automotive coatingprocessesare moving increasingly
towardsthe useof ESRBatomizersin orderto increase
transferefficiencies[11, 12, 13]. Researchersdevelop-
ing modelsof the depositionof paint by ESRBatomiz-
ers have generallyfocusedon electrostaticeffects, and
theinteractionbetweentheelectricfieldsandthecharged
paintdroplets.Early work in modelingtheelectricalef-
fectsof theseESRBsystemswasperformedby Elmoursi
[12], andlaterexpandedby EllwoodandBraslaw to in-
cludecouplingbetweenthedropletflow andtheelectrical
field [11].

3 Deposition Modeling

The depositionmodel developedin this paperhas two
primary purposes:i) to capturethe structureof the de-
positionpatternfor useby planningtools,andii ) to sup-
portsimulationsthataccuratelypredicttheresultsof spe-
cific atomizertrajectories. Thesetwo purposeslead to
contradictorycriteria for evaluatingthemodel.First, the
modelmustbe accurateenoughto capturethe structure
of thedepositionandaccuratelypredictthedepositionon
a varietyof surfaceshapes.However, themodelmustbe
tractablefrom theperspectiveof thesimulationandplan-
ning tools.

In anESRBatomizer, paintfluid is forcedontotheinner
surfaceof a high speedrotatingbell [11, 12]. The bell
is maintainedat a high voltageof 40-90 kV relative to
the groundedsurfacebeingpainted. Most modernsys-
temsusenegative polarity at theatomizer[1]. Thepaint
flow breaksup at the edgeof the bell, forming a cloud
of droplets,as it is expelled radially due to centrifugal
force impartedto the paint by the rotating bell. Each
paintdropletis electricallychargeddueto thechargeon
thebell. High velocity shapingair anda chargedpattern
controlring areusedto forcethechargeddropletstowards
the groundedsurfacebeing painted. Figure 1 shows a
schematicof a typicalatomizerconfiguration.

As the atomizerpassesover the surface,the majority of
thepaintemittedby theatomizeris depositedon thesur-
face,althoughsomepaint is inevitably entrainedin the
shapingair andlost. For theESRBatomizersstudiedin
this paper, the overall shapeof the depositionpatternis
roughlycircularwhenthebell is orientednormalto aflat
panelandtheatomizeris stationary;wereferto thisasthe
2D depositionpattern. As thebell movesrelative to the
surface,the2D depositionpatternmovesoverthesurface
andpaint is accumulatedon the surface. The resulting
paint thicknessprofile, which we refer to asthe 1D col-
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Figure 1: Electrostaticrotatingbell atomizerwith paint
particle trajectoryandshapingair flow linesshown.

lapse, is equivalentto thatobtainedby integratingthede-
positionmodelalongthedirectionof travel [14]. Figure2
showstherelationshipbetweenthe2D depositionpattern
andtheresulting1D collapsegeneratedby themotionof
theatomizer.

3.1 Deposition Flux Model

We seeka depositionmodelthatassignstherateof paint
depositionor depositionflux at a given point on an ar-
bitrary surface,given a specificlocationandorientation
of the atomizer[10]. Themodelwe developed,denoted�����������

, is of theform
����� � ��	 �"!$#&%'�)(+* � � �-, � � ,

where
�

is a point andunit surfacenormalon thesurface
beingpaintedand

�/. (+* � � � is thelocationandorienta-
tion of the bell atomizer. We refer to

�����0�1�2�
asthe2D

depositionmodel, or simply thedepositionmodel.

Parameterizingthe depositionmodel for arbitrary sur-
facesis difficult at best.Sinceexperimentaldatafor pla-
narsurfacesis readilyavailable,wedevelopedananalytic
modelfor thedepositionflux onaplanarsurface.We pa-
rameterizethis model basedon experimentaldata,and
thenusetheparameterizedplanarmodelto predictpaint
depositionflux on the surfacebeing painted. We refer
to theanalyticmodelfor theplanarsurfaceastheplanar
depositionmodel. Theplanarsurface,orientednormalto
theatomizerandlocateda fixeddistancefrom theatom-

Figure 2: Paintinga flat panel,with detail of the1D col-
lapse(l) andtheandthe2D Depositionpattern(r).
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izeremissionpoint, is referredto asthedepositionmodel
planeandis shown in Figure3.

We denote the planar deposition model as 3 �546�873 �59��1:;� , where 3 � � � # , � � , and
4<7=�>9��1:;�

is thepoint
on thedepositionmodelplane.Thepoint

4
is dependent

on the depositionmodelplane,the locationandorienta-
tion of the atomizer, and the surfacepoint. The planar
depositionmodelthatwe developedusestwo Gaussians:
oneoffset 1D Gaussianrevolved aroundthe origin and
one2D centeredGaussian.The resultingplanardeposi-
tion model,similar to the asymmetricvolcanoshown in
Figure2, is givenby3 ��9$��:+�?7 @BAB�1��C-DE@ # �GF��>9��1:;�IH&AJ�59$�1:;�LK@ # H # �59��1:;�M�N� (1)

where
@ # weightstherevolvedGaussianagainstthecen-

teredGaussianand OQP @ # P C .
To accountfor asymmetryin the depositionpattern,the
revolvedoffsetGaussian,

H A � � � # , � � , is scaledby the
function

F"� � � # , � � . We define
F

to beF��59$�1:;�R7S�TCUK/@ 	WV1XZY ��[J\][ Y_^ ��:`�19L�aDcb`���M�
where

@ 	 weightstheasymmetryscalingfunctionfor the
revolvedGaussianand OWP @ 	 P C . Thephaseangle,

b
,

allowstheasymmetryto belocalizedrelativeto theatom-
izer referenceframe.

@BA
scalesthe resultingdeposition

patternto give thepaintdepositionflux in unitsof thick-
nesspersecond.

TherevolvedoffsetGaussian,
H A

, is definedto beH A �>9$��:;�?7 Ad eLfhg+ije Dlknm oqp1r6stpvuLwyx p#]z p{ | Kfhg+i e D k m o p r6s p r6w x p#]z p{ |�| �
where } is theoffset radius, ~ A is thestandarddeviation
of theGaussian,and � normalizestherevolvedGaussian
depositionpatternsuchthat theintegral of

H A
over

9
and:

equalsone.Thescalingfactor � is givenby� 7 ^J�E��^ ~ #A fhg+i � D }J#^ ~ #A_� K }J~ A m ^J� ft��� � }m ^ ~ A �E�c�
The centeredGaussian,

H # � � � # , � � , which is also
normalized,is definedto beH # �59$��:+�U7 C^J� ~ ## ftg+i � D 9 # K�: #^ ~ ## � �
where ~ # is thestandarddeviation of thecenteredGaus-
sian.

We extendthe planardepositionmodel to arbitrarysur-
faces, locatedat varying offset distancesand orienta-
tions,by projectingthe depositionflux from the deposi-
tion modelplaneontothesurfacein a way thatpreserves
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Figure 3: Projectionof depositionmodelontoarbitrary
surface. Althoughthevectors are in reality threedimen-
sional,thissimplefigureconveysthebasicresults.

the total paint volume. The projectionmodel,shown in
Figure3, is developedby assumingapointsource,called
the emissionpoint, constrainedto lie along the bell to
surfacevector, �� . Note, this emissionpoint, denoted�
(for origin) in Figure3, is a theoreticalemissionpoint,
not necessarilycoincidentwith the bell atomizercenter
point. Theemissionpoint is locatedrelative to theatom-
izerpathlocation.Thedepositionmodelplaneis defined
to bea distance� from theemissionpoint alongthebell
to surfaceunit vector, �� . A vectorfrom theemissionpoint
to a point

�
on thesurfacepassesthroughthedeposition

modelplaneat point
4

. It is assumedthat theplanarde-
position 3 ��46�G7 3 �>9$��:;� , asdefinedin (1), is known for
a givenpoint

��9$��:L� � � on thedepositionmodelplanede-
fined in Figure3. Furthermore,we assumethat the x-y
frameof theplanardepositionmodelis alignedwith the
x-y planeof theatomizerreferenceframe.

A differential elementon the depositionmodel plane
givesa paint solidsvolumeof � 7 3 ��46� 3 9 3 : . As this
differential elementis projectedonto the surfaceabout
point

�
, thetotalvolumemustremainunchangedin order

to preserve mass(assumingconstantsolidsdensity).We
will derivetherequiredrelationshipusingthedifferential
geometryconceptof areamagnification[15].

Givenapathlocation
�

whichdetermines� and �� , asur-
facepoint

�
, andsurfacenormal �Y , we candetermine�f ,4

, and � 7�� � V � . Using these,we definethedeposition
flux,

�����0�1�2�
, at point

�
on the surfacebeingpaintedto

beequivalentto thedepositionflux atpoint
�

ontheplane
tangentto thesurfaceat

�
. It followsthat

�����������
is given

by �)���0�1�2�R7 ��#����f � �YL�� # ���f � �� � 	 3 ��46�`� (2)

where 3 �546� is thedepositionflux at point
4

on thedepo-
sition modelplane.1 The readeris referredto [14] for a

1The �����T��� notationrefersto thestandardinnerproduct.
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Figure 4: Paintinga flat panelwith 3 passes.

detailedderivationof this result.

3.2 Thickness Variation Model

In orderto control theamountof variationin thecoating
thickness,thetrajectoryplannermustknow therelation-
ship betweenthe depositionpatternof the atomizerand
the depositionon the surfacebeingpainted. For paint-
ing specialists,this knowledgeis intuitive andbasedon
yearsof experience.To automatetheprocessof generat-
ing thesetrajectories,we needa computableunderstand-
ing of the relationshipbetweendepositionpatternsand
thicknessvariation.

Typically, the depositionpatternis narrow comparedto
thewidth of thesurfacebeingpainted,andrequiresmul-
tiple passesto completelycover the surfaceasshown in
Figure4. In orderto developplansin a systematicman-
ner, it is desiredto know the thicknessvariationfor var-
ious indexes. Initially, we will restrictourselvesto a flat
panel. We assumethat the robot is moving in a straight
line, andthat the pathis sufficiently long so that effects
dueto turningarenegligible.2

Unfortunately, thecomplexity of theanalyticmodelren-
ders the calculationof an analytic integral intractable.
Instead,we directly definethe 1D collapsemodelusing
threeseparateGaussians.Two Gaussiansareoffsetfrom
thecenterlineto allow asymmetriesin thedepositionpat-
ternto bemodeled,while thethird Gaussianis centered.
Thecomplete1D collapsemodelis givenby¡ �>9`�¢7 A	y£ #]¤ � Az { @ A fhg+iB¥ DS¦ o�uLw {�§ p#]z p{©¨ KAz p @ # fhg+iB¥ D ¦ oqr6w p § p#]z pp ¨ KAz«ª @ 	 ftg¬i ¥ D o p#]z pª ¨ �`� (3)

where}q­ representstheoffsetradii, ~_­ representsthestan-

2The question,‘What is sufficiently long?’, is answeredrelative to
thediameterof thedepositionpattern.
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Figure 5: (l) Asymmetric1D collapsemodelwith compo-
nentGaussiansshown. (r) Deviation vs. index distance
for typical1D collapsemodelon a flat surface.

darddeviations,and
@ ­ representsthe gainsspecifying

thepaintthicknessfor eachGaussian.Figure5 showsthe
componentGaussiansandthecompositefilm build for a
particularparameterizationof (3).

To determinethevariationasa functionof theindex dis-
tancebetweenconsecutive paint passes,we will assume
an infinite planepaintedby an infinite numberof passes
with the atomizerat a consistentorientationrelative to
the planeandmoving at a constantspeed. For a given
location

9
on the interior of the plane,alonga line per-

pendicularto thedirectionof travel, thetotal thicknessis
givenby ® �>9`�¯7 °±­Z² u ° ¡ �>9QK�³+´a9L�`� (4)

where
´µ9

is the index distance,and ¡ �T¶�� is the 1D col-
lapsemodel for the given speedandorientationrelative
to thedirectionof travel.

Lookingat thethicknessmeasurementsaswevary
9
, the

thicknessprofile is periodic with a period equal to the
index distance.Thenormalizedvariationoveroneindex,
with respectto theaveragethickness

®
, is givenby~ #· 7 C´a9"¸º¹«»pu ¹_»p �

® �>9`�® D¼C � # 3 9 � (5)

The integral is tractableandleadsto termsinvolving the
error function,

f«�1� �1¶ �
. We areableto evaluatethe struc-

tural effectsof a givenmodelon variationaswe vary the
index distancesusing(5). A typicalnormalizeddeviation
( ~ · ) versusindex distancecurve is shown in Figure5.
The full developmentof thesevariationcalculationsfor
planarsurfaces,along with the extensionto cylindrical
surfaces,canbefoundin [14].

4 Results

To validatethe developedmodels,a seriesof testswere
conductedin an industrialpaint shop,usingan ABB S3
robot with an ABB 50 mm Micro-Micro Bell atomizer
attached. The appliedpaint was a solvent basedauto-
motivepaint.Theoperatingconditionsof theapplication

4
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Figure 6: Depositionsimulationusingtriangulatedsur-
faceelementsat 577mmindex. Thesimulationcaptures
the inherent structure of the actual depositionpattern.
(standard deviation=

C � � C microns)

processwere80-90kV electrostaticvoltage(negativepo-
larity), 150cc/minfluid flow, 250l/min shapingair flow,
anda bell speedof 30kRPM.

4.1 Deposition Model Parameterization

In order to parameterizethe 1D collapseand2D depo-
sition models,experimentaldatawasgatheredfrom flat
panelspaintedby threepasses.We choseto parameter-
ize our modelsusinga 577 mm index distancefor this
threepasstest. Given the 577 mm index data,we used
numericoptimizationto determinetheparametersof the
1D collapse. The maximumof the two offset radii and
maximumstandarddeviationfrom the1D collapsemodel
werethenusedto initialize the2D depositionmodelpa-
rameters.

Givenaparameterizationof the2D depositionmodel,we
calculatedthe 1D collapsethicknessvaluesfor the pa-
rameterized2D model using numeric integration. The
1D collapsevalueswerethencomparedto theexperimen-
tal data.We againusednumericoptimizationto find the
2D depositionmodel parameterset that minimized the
sumsquarederrorbetweentheexperimentaldataandthe
numericallyintegrated1D collapse. The parameterized
modelswereshown previously in Figures 2 and5. Fig-
ure 6 shows the resultingprofile (1D collapse)obtained
from a simulationusingthe2D depositionmodelagainst
the datato which it wasfit. Thesimulationresultswere
obtainedthroughnumeric evaluationof our deposition
models,andgiveagoodmatchto theexperimentaldata.

4.2 Planar Deposition Results

The parameterizedmodel, fit from the 577 mm index
threepasstest,wasusedto predictdepositionfor other
indices. Testsfor both 525 and 625 mm indiceswere
conductedwith theresultsshown in Figure7. Themodel
gives a good predictionof both averagefilm build and
the structureof the variation for theseflat panel tests.
Most importantly, themodelcapturedboththeasymme-
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Figure 7: Depositionsimulationsat (l) 525mmindexand
(r) 625mmindex bothusingmodelobtainedby 577mm
index test.In bothcases,thesimulationcapturesthevari-
ationdueto thestructureof thedepositionpattern.(stan-
dard deviation= ^ � ½ C and

C � ¾�¿ micronsrespectively)

triesandthestructuralvariationdependenceonindex dis-
tance.

4.3 Surface Deposition Results

Thenext stepin theprocesswasto verify theprojection
of the planardepositionmodel from flat panelsat con-
stantoffsetto arbitrarysurfaces.To testthedepositionon
curvedsurfaces,we usedtruck doors. Figure8 shows a
CAD modelof thetruck doorused,with a representative
pathshown. Thedoorhasa line of convex curvaturenear
themiddle,with a pronouncedconcave curvatureon the
bottomthird of thedoor. A seriesof testswereconducted
usingboth horizontalandvertical passesover the door.
For thehorizontalpasses,film build measurementswere
taken in four vertical columnsof dataspreadacrossthe
door, numberedtop to bottom. For the vertical passes,
the measurementsweretaken from six rows spreadver-
tically over thedoorspaningleft to right acrossthedoor.
Figure8 shows typical resultsfor thefirst horizontaltest,
alongwith the simulateddepositionfor eachindividual
pass.

Near the top of the door, in the relatively flat portion,
thesimulationgivessomewhatreasonableresults.How-
ever, thesimulationfails to accuratelypredictpaintthick-
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Figure 8: (l) Door with horizontalpaintpathshown.The
robot paints left to right starting at the left of pass#1,
thentravelsright to left alongpass#2,finishingbygoing
left to right alongpass#3. (r) Horizontalpaintingmotion
on doorshowingdepositionof each pass.
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nessin the highly curvedsectionnearthe bottomof the
door. Clearly the passalong the lower portion of the
doordepositsmorepaint thanthesimulationpredicts.It
is theorizedthatwhenthe surfacecurvesaway from the
bell, electrostaticeffectsdominateinvalidatingthe geo-
metricprojectionmodeldevelopedin Section3.1. Simi-
lar tests,with comparableresults,wereconductedfor ver-
tical paintingmotions.The readeris referredto [14] for
a completediscussionof theresults.

5 Conclusions

Theresultsof our experimentalstudiesconfirmboth the
structureof our planardepositionmodelandthe depen-
denceof the thicknessvariation on that structure. The
modelswe developedaccuratelypredict depositionon
planarsurfaces,wheretheatomizeris orientednormalto
thesurface.Additionally, ouranalytic1D collapsemodel
effectively predictsthedependenceof thethicknessvari-
ationontheindex distancebetweenpasses.Furthermore,
the experimentalresultsfrom depositionon the curved
surfaceof the door confirmsthe interactionof the sur-
facecurvaturewith theplanardepositionpattern,andthe
resultingchangein thedepositionpatternon thesurface.

Despitethe shortcomingsof our 2D depositionmodel,
whichresultfrom thesimplifiedgeometricprojectionde-
velopedin Section3.1,themodelsufficientlycapturesthe
structuralaspectsof the depositionpatternwhile main-
tainingananalyticform. By usingananalyticmodel,we
areableto develop our understandingof the interaction
betweenthesurface,thedepositionpattern,andtheatom-
izer path. This enablesour explorationof pathplanning
techniquesto influenceoverall quality measuressuchas
thicknessvariation,cycle time, andefficiency. Sincethe
main focusof our researchis on pathplanning,we will
continueto usetheseanalyticmodelsduringthedevelop-
mentphaseof our planningtools. Becauseour planning
tools rely only on the structureof the depositionon the
surface,andnot on the underlyingdetailsof the model
usedto determinethat structure,the needfor more ex-
pensive modelsor experimentaldatais delayeduntil the
implementationstage.
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