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ABSTRACT
TheMarsScienceLaboratory(MSL)CuriosityRoveriscur-

rentlyexploringthesurfaceofMarswithasuiteoftoolsandin-
strumentsmountedtotheendofafivedegree-of-freedomrobotic
arm.Toverifyandmeetasetofend-to-endsystemlevelaccu-
racyrequirements,adetailedpositioninguncertaintymodelof
thearmwasdevelopedandexercisedoverthearmoperational
workspace.Errorsourcesateachlinkinthearmkinematicchain
wereestimatedandtheireffectspropagatedtothetoolframes.A
rigoroustestandmeasurementprogramwasdevelopedandim-
plementedtocollectdatatocharacterizeandcalibratethekine-
maticandstiffnessparametersofthearm.Numerousabsolute
andrelativeaccuracyandrepeatabilityrequirementswerevali-
datedwithacombinationofanalysisandtestdataextrapolated
totheMarsgravityandthermalenvironment.Initialresultsof
armaccuracyandrepeatabilityonMarsdemonstratetheeffec-
tivenessofthemodelingandtestprogramastherovercontinues
toexplorethefoothillsofMountSharp.

INTRODUCTION
TheMSLroboticarmistheseventharticulatedarmsuccess-

fullyoperatedonMarsbyNASA.ThetwoVikinglandersuti-
lizedatranslatingboomsamplingarminthelate1970s[1],and
in1997thePathfinder/Sojournerroverusedadeploymentmech-
anismwithapassivewristtoplaceaninstrumentonasurface

∗Addressallcorrespondencetothisauthor.

target[2].Truefivedegree-of-freedom(DOF)articulatedmo-
tionwasprovidedbytheinstrumentdeploymentdevice(IDD)
usedontheMarsExplorationRovers(MER)SpiritandOppor-
tunity[3],andthePhoenixlanderutilizedafourDOFarmand
scoopforsurfacediggingandsampledelivery[4].

The MERIDDarmswerekinematicallycalibratedusing
lasertrackermetrology[5]withtwotargetsmountedtoastand-
inturret[3]. Asetoftruth”vectors”ontheend-effectorwere
generatedandusedtodefineanoptimumsetofkinematicpa-
rametersthroughaleastsquaresfitofakinematicmodelthat
includedtorsionallinkstiffness.Asimilarmethodwasusedto
calibratethePhoenixroboticarm[4].

Kinematiccalibrationofroboticarmsisacommonandnec-
essaryprocesstoensuregoodpositioningperformance.Under-
standinghowerrorsourcesimpactoverallarmaccuracycanbe
performedwithasimplekinematicmodel[6]. Mostrobotcal-
ibrationmethodologiesassumearigidarm,highaccuracydata
collection,andsomekindofoptimizationofkinematicparame-
ters[7–9].Non-geometricparameterssuchasstiffnessareless
commonlymodeledandusedinthecalibrationprocess[3,10].

Inwhatfollows,weprovideabriefoverviewoftheMSL
RoboticArmalongwithitspositioningrequirements. Wethen
discussthedevelopmentoftheuncertaintymodelusedtoanalyti-
callysupporttheserequirements,andreviewboththecalibration
testprogramandthedataanalysisusedtovalidatethem. We
concludewithabriefdiscussionoftheperformanceofthearm
in-situ.
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FIGURE1. ARMLAYOUT

MSLROBOTICARM

TheMSLRoboticArm(RA)hasfivedegrees-of-freedom
withthemiddlethreejointsparalleltoeachotherandthefirst
andlastjointsperpendiculartothem.Thebasiclayoutofthe
armisshowninFig.1.Frombasetotooltip,thearmisover2.1
meterslong.Thiskinematicarchitectureissometimesreferred
toasaYaw-Pitch-Pitch-Pitch-Yaw(YPPPY)architectureandis
similartothatusedfortheMERIDD[3].Thisgeometriccon-
figurationofjointsprovidesasphericalworkspaceenvelopand
eightclosed-forminversekinematicssolutions.Jointlimitsare
setsuchthatjointmotioncannotcauseadjacentlinkstointerfere
witheachother.Inaddition,theelevationjointlimitissetsothat
theelbowcannotinterferewithdrivingandeffectivelyeliminates
elbowdownsolutions,thuslimitingthenumberofvalidinverse
kinematicsolutionstofour.

EachjointofthearmispoweredbyabrushlessDCmotor
actuatorwithamulti-stageplanetarygeartrainandabrake.The
firstthreejointsuseoneactuatorstylereferredtoastheLPHTA,
andthelasttwojointsuseanotherreferredtoasthe WATER.
Table1showsthebasichighlevelspecificationsofeachactu-
atortype.Themaximumoutputtorqueforeachactuatorfam-
ilyisbasedoncurrentlimitingcontrolto5Aand3Aforthe
LPHTAandWATERactuatorsrespectively,onanominally28V
bus.Eachjointhasaknownbacklashattheoutput.Jointposi-
tionismeasuredonthemotorsidebyencodersandontheoutput
sidebyresolvers.

Customizedflexcablerunsfromtheshoulderofthearm,
aroundeachjoint,andendsattheturretinterfacebringingpower
totheactuators,heaters,turrettoolsandinstruments,andsensing

TABLE1. LPHTAANDWATERACTUATORSPECS

Parameter Units LPHTA WATER

GearRatio none 7520 4624

MaxOutputTorque Nm 1143 259

MaxCurrentLimit A 5 3

Backlash mrad 3.64 4.36

Mass kg 7.8 4.24

linesbacktotheroverprocessors.Themassofthearmfrom
shoulderbrackettoturretinterfaceis∼65kg.Themassofthe
flexcablealoneislargerthaneithertheMERIDDorthePhoenix
RA.Foradditionaldesigndetails,see[11].

Mountedtotheendoftheroboticarmisa∼30kgturret
composedofapowderingdrill,abrush,amicroscopicimager,
aspectrometer,andascoopingandsampleprocessingdevice.
SeeFig.2.Forthepurposesofkinematiccalibration,whatis
importantabouttheturretisthatithasaprecisioninterfacewith
theroboticarm,andasetofwell-definedtoolframes.Kinematic
frameswillbedescribedinmoredetailinalatersection.

Atthebaseoftheroboticarmisashoulderbracketthatpro-
videsmountingpointstothefrontpaneloftheCuriosityroveras
wellasstowrestraintstosupporttheturretduringlaunch,land-
ing,anddrivingactivities.Thefinaldimensionsofthearmwere
drivenbyatradebetweenpackagingforstow,reachabilityovera
primaryworkspaceinfrontoftherover,andaccesstohardware
onthefrontpanelandtopdeckoftherover.

Theprimaryworkspaceofthearmisan80cmdiameter100
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FIGURE2. TURRET

cmtallcylinderlocated110cminfrontoftheroverandposi-
tionedtoextend20cmbelowthenominalgroundplane.The
armisdesignedtoperformsamplingandscienceoperationsany-
wherewithinthiscylinder,showninFig.3.Targetsinfrontofthe
roverareidentifiedbystereoimagerywhichconstrainsthesetof
possiblesurfacenormalsthatcanberesolved.Becauseofthis,
thearmisdesignedtoaligntoolswithinwhatwecallawedge
ofapproachvectorsthatextendfromhorizontaltovertical,and
±45degreessidetoside.

PositioningRequirements

TheRAhasfiveprimaryandnumeroussecondaryfunctional
requirements.Theprimaryfunctionsthearmmustsupportare:

1.ContactScience:thearmmustplaceinstrumentsontargets
intheprimaryworkspacewithaprescribedaccuracyand
repeatability

2.Sampling:thearmmustplaceadrillonatargetinthepri-
maryworkspaceandpreloaditto300N

3.SampleProcessing:thearmmustcontroltheflowofsam-
pleoversievesandthroughchambersbycontrolledmotions
withrespecttogravity

4.SampleDelivery:thearmmustpreciselypositionaportion
tubeaboveinstrumentinletswhileaccountingforgravity

5.BitExchange:thearmmustpreciselydockwithandloada
bitboxinsupportofautonomousbitexchange

Thekeysystemrequirementsonthepositioningperfor-
manceoftheroboticarmareasfollows.Themaximumtotal
positionerrorshallbe±20mm.Themaximumtotalplacement
error(orlateralpositionerror)shallbe±15mm.Therepeata-
bilityshallbelessthan±10mm.Thesystemshallaccommo-
datethefreespacepositioningofinstrumentsatrovertiltsupto
30◦.Thesystemshallaccommodatesamplingactivities(preload,
drilling,andprocessing)atrovertiltsupto20◦
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FIGURE3. PRIMARYWORKSPACE

Numerouscharacteristicsworkedagainstbeingabletoboth
satisfythefunctionalrequirementsandachievetheaccuracyre-
quirements.Theyincludejointbacklash,massconstraints,vol-
umeconstraints,stiffnesspropertiesdrivenbylaunch,landing,
anddrivingdynamics,largeambienttemperatureswings,andan
inabilitytocalibratethesysteminalowgravityenvironment.
Todealwiththevarietyofuncertaintiesinthesystemandtheir
potentialimpactonarmperformance,wedevelopedadetailed
modelofthearmkinematicsandstatics,andusedittobothpre-
dicttheeffectsofuncertaintyonarmaccuracyandrepeatabil-
ityandtounderstandthedrivinguncertainties.Thisallowedus
todevelopacalibrationandtestprogramaswellasdatareduc-
tionstrategiestominimizetheaccumulationofknownerrors,
andbound,asmuchaspractical,theunknownerrors.

UNCERTAINTYANALYSIS
Inthissectionweprovideabriefoverviewofthearmkine-

matic,statics,anddeflectionmodelwhichweuseinitsdiffer-
entialformtoanalyzehowdifferenttypesoferrorsatdifferent
pointsalongthearmimpactarmaccuracyandrepeatability. We
identifyvarioussourcesoferrorfromtheroverandarmstructure,
armactuatorsandarmavionics,andprovideabasisofestimate
forthem. Wethendiscusshowthoseerrorsarepropagatedto
definearmtoolframeerrors.

ArmKinematic,Static,andDeflectionModel
Adetailedkinematic,static,anddeflectionmodelofthearm

wasformulatedforboththeoperationalloadsanalysisandthe
uncertaintyanalysis. Likeanykinematicmodel,webeginby
definingasetoflinkandtoolreferenceframesalongthelines
oftheDenavit-Hartenbergconvention[12],butdeviatingwhere
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TABLE2. SUMMARYOFERRORSOURCES

SourceName Description Type

Assembly Assemblyknowledgeerror(kinematicparameter
knowledge)

Systematic

Backlash Freeplayintheactuatortransmissionduetogear
mesh

Random

Deflection Uncompensateddeflectionduetostiffnessmodel
uncertainty

Systematic

Distortion(Bulk) Uncompensateddistortionduetobulkthermal
modeluncertainty

Systematic

Distortion(Grad) Unmodeleddistortionduetothermalgradients Systematic

Encoder Controlerrordueto10quadratureencodercounts Random

Slop Freeplayinthemechanicalassembly Random

Windup Torsionaldeflectionofthegear-trainduetointernal
friction

Random

Wobble Precessionandnutationofjointaxisduetobearings Random

ZeroOffset Errorinzeropositionknowledgeduetohardstop
calibration.Zerooffseterrorisafunctionofcurrent
andtorqueuncertainty

Random

SystematicSources. Bysystematicerrorswemeaner-
rorsthatarebasicallyrepeatableunderthesamesetofenviron-
mentalconditions.Theseerrorseffectaccuracyresults,buthave
lesserornoeffectonrepeatabilityresults.Theirimpactisde-
pendentonhowwellwecanmodelthemandhowmuchwecan
compensateforthem.ThesystematicerrorsarelistedinTab.2.

Assemblyerrorsrepresentthebuildupofdimensionalerror
inthelinksthatdefinethebasickinematicsofthearm.Forstiff
armsincontrolledtemperatureenvironments,thisistheprimary
sourceoferrorthatisthetargetofkinematiccalibration.

However,forarelativelycompliantarmoperatinginaMars
environment,errorsinthestiffnessmodelleadtodeflectioncom-
pensationerrors,anderrorsinthethermalmodelleadtothermal
compensationerrors.Inaddition,somethermaldeflectiondue
totemperaturegradientsinthehardwarecannoteffectivelybe
modeled,butonlybounded.Basedonourexperiencewithde-
flectionandthermalmodels,weassumedwecouldcompensate
forgravitydeflectionerrorswithin20%andbulkthermaldis-
tortionerrorswithin50%.Theseturnedouttobeconservative
boundingestimatesoftheseerrorsources.

RandomSources. Randomerrorsareerrorsthatarenot
repeatableandcantakeonanyvaluebetweensomebounds.We
cannotcompensateforrandomerrors,andingeneral,theirexact
valueisnotknown.Alloftherandomsourcesoferrorareasso-
ciatedwiththeactuatorsandtheinterfacesbetweentheactuators
andthelinkstructure.

Withtheexceptionofslopandwobble,whichareestimated
tobeverysmall,therandomerrorsourceslistedinTab.2are
actuatorlevelsourcesthateffectourknowledgeandcontrolof
thearmjointangles.Backlash,encoder,windupandzero-offset
errorsalladdtogethertoproducearesultantuncertaintyinjoint

position.Whatisinterestingtonoteisthatforanarmofthissize,
1mradoferrorinanyjointpositionleadsto∼1-2mmerrorsin
toolposition.Becauseofthis,wedeveloped(andultimatelyim-
plemented)abacklashcompensationstrategyandaprocessto
improvetheaccuracyandrepeatabilityofourhard-stopcalibra-
tionandincrementalencoderinitialization.Wewilldiscussthese
inmoredetailinalatersection.

PropagatingSourceErrors
Asdiscussedinthelastsection,errorsourcesaredefined

ascausingsmallrotationalandtranslationaldisplacementsabout
individualcoordinateframesinthekinematicchain.Thesesmall
displacementspropagatetoerrorsinthepositionandorientation
ofatoolframe. Howindividualerrorspropagateisdependent
upontheposeofthearm.Usingthecoordinatetransformations
definedforeachlink,weconstructthemappingbetweencompo-
nentsofthesourceerrorstopropagatederrorsatthetoolframe
asfollows.
Firstwetransformj−1Jjintoacommontoolframetogetthe

setToolJj.Then,foragivensourceerrorvectoratagivenframe,
wecanrepresentthetoolframeerroras

uj,i=Jjθj,i (7)

wherethefirstsubscriptjdenotestheframeunderconsideration
andthesecondsubscriptidenotestheerrorsource. Wehave
droppedtheToolsuperscriptforconvenience. Thefirstthree
componentsofuj,irepresenttheangularerrorsatthetoolframe
causedbythei-thsourceatthej-thframe,andthelastthree
componentsofuj,irepresentthetranslationalerrorsatthetool
frame.θj,iisthe6vectoroferrorsourcecomponents

θj,i=(rx,ry,rz,tx,ty,tz)
T
j,i

whererx,ry,rzarethesmallrotationsandtx,ty,tzarethesmall
translationscausedbythei-thsourceatthej-thframe.
Deflectionduetogravityisafunctionofarmposeandthe

gravityvector.Giventhemagnitudeanddirectionoftheaccel-
erationduetogravityandtheposeofthearm(jointangles)we
cancomputetheforcesandmomentscausedbygravityineach
coordinateframej. Wecanthenrepresentthedeflectionofthe
j-threferenceframeusinga6×6compliancematrixCjas

θj,deflection=Cjgj (8)

wheregj={fj,mj}isthevectorofgravityforcesandmoments.
Werepresenttheuncompensateddeflectionatthetoolduetode-
flectionatthej-thframeas

uj,deflection=εsJjθj,deflection=εsJjCjgj (9)
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whereεsisthepercentuncertaintyinthestiffnessmodel(0per-
centmeansperfectcompensation,while100percentmeansno
compensation).
Bulkthermaldistortionisafunctionofthechangeintemper-

aturefromEarthambient(wherethekinematiccalibrationwas
performed). Werepresenttheuncompensateddistortionatthe
toolduetodistortionatthej-thframeas

uj,distortion=εtJjVj(∆t)

whereεtisthepercentuncertaintyinthethermalmodel,Vjisa
thermalexpansionvectorcorrespondingtotheappropriatelink,
and∆tisthechangeintemperatureindegreesCelsius.
Wearecurrentlytrackingn=7referenceframesandm=10

sourceserrorintheend-to-endaccuracyanalysis.Thepropa-
gatederrorscanbecombinedtoproduceatotalerrorbudgetina
varietyofways.
Fornotationalconveniencewedefineanorderedarrayof

coordinateframes(whoseelementsaredenotedbyj)

{Arm1,Arm2,Arm3,Arm4,Arm5,Arm6,Tool}

andanorderedarrayoferrorsources(whoseelementsarede-
notedbyi)

{assembly,graddistortion,encoder,slop,windup
wobble,zerooffset,backlash,deflection,distortion}

Wecannowdefinethreecombinederrorcases.
Togettheworstcaseerrorboundsweaddalltheerrorsto-

gether.Forasinglesource,wecanaddalltheresultsfromeach
frametogether.Thenwecanaddallthesourceresultstogether
toget

utotal=
m

∑
i=1

n

∑
j=1

sj,iuj,i (10)

wheresj,iiseither0or1dependingifwhetherweincludethat
particularpropagatederrorinthetotal.Thisallowsustoturn
on/offerrorsasneeded.
Togetthebestcasetotalerrorwetaketherootsumsquare

(RSS)ofalltheerrorstogether.Forasinglesource,wecanRSS
theresultsfromeachframetogether.ThenwecanRSSallthe
sourceresultstogether.

utotal=
m

∑
i=1

n

∑
j=1

(sj,iuj,i)
2 (11)

Aconservativeyetbalancedapproximationoftheerrorisa
combinationofthesumoferrorsandtheRSSoferrors.Forthis
analysis,foreachsourceweaddthecontributionofeachframe
togetasourceerror.

ui=
n

∑
j=1

sj,iuj,i (12)

Fortheresultspresentedhere,weaddtheresultsofbacklash,
uncompensateddeflectionanduncompensateddistortiontothe
RSSofalltheothersources.Theargumentisthatbacklashis
nottrulyrandomandwilllikelybeontheouterlimitsofthe
range. Deflectionanddistortionuncertaintiesareasystematic
andcouldalwayslieontheirouterlimits.

utotal=
m−3

∑
i=1

u2i+ubacklash+udeflection+udistortion (13)

AnalyticalResults

Theinitialmotivationfordevelopingthearmuncertainty
modelwastounderstandthesensitivityofthearmaccuracyand
repeatabilitytosourceerrorsandtodeterminewhetherornot
therequirementswererealistic. Forarmaccuracystudieswe
includedallerrorsources,assumeda20%deflectioncompensa-
tionerror,a50%thermalcompensationerrorwitha100Ctem-
peraturechange,andexercisedthemodeloverasetof∼15000
armposesintheprimaryworkspace.Forarmrepeatabilitystud-
ies,weexcludedtheeffectsofassembly,backlash,deflection,
windupandzerooffseterrors,andreducedtheerrorsduetother-
malchangesforactivitiesthatoccurtogetheronthesameday
(forexample,toolchange).Weagainexercisedthemodelovera
setof∼15000armposesintheprimaryworkspace.Acompari-
sonofrequirementsandestimatedworkspacecomponenterrors
areshowninTab.3.Theestimatedbudgetsusethreesigmaval-
uesinallcases.

TABLE 3. ACCURACY/REPEATABILITY REQUIREMENTS

ANDBUDGETS

Component RequiredValue EstimatedBudget

TotalPositionAccuracy ±20mm ±26.2mm

LateralPositionAccuracy ±15mm ±23.2mm

AxialOrientationAccuracy ±9.8◦ ±1.2◦

LateralPositionRepeatability ±10mm ±11.2mm

NormalPositionRepeatability ±10mm ±7.2mm

AxialOrientationRepeatability ±2◦ ±0.7◦
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Whiletheprecedinganalysisgavewhatwebelievetoberea-
sonable,traceableboundsonthepositionerrors,italsorevealed
waystoimprovethesystemlevelperformanceofthearm.Itwas
clearthatthermalcompensation,evenwithalargeuncertainty
inthemodelhelpedtoreduceerrorsontheorderofmillimeters.
Thetwoothersignificantsourceswereroverstiffnessuncertainty
andzerooffsetuncertainty,bothofwhichcouldbeimprovedby
testingandcarefulprocedures. Roverstiffnesswascharacter-
izedontheengineeringrovermodelspecificallyforarmbased
loads.Zerooffsetuncertaintywasalsoexpectedtobeimproved
usingas-builtactuatorandcurrentsensingparameters. Addi-
tionalimprovementsinaccuracywerealsoachievedusingback-
lashcompensationandrelativedeflectioncompensationcontrol
modesbeingimplementedinflightsoftware.Intheend,asuc-
cessfulcalibrationtestprogramanddatareductionbothvalidated
andprovedtheconservatisminourmodels.

ARMPARAMETERCALIBRATION
TheFlightModel(FM)roboticarmwasdesigned,assem-

bledandunit-testedbyMDARobotics(formerlyAllianceSpace
Systems,Inc.).TheunitwasdeliveredtotheJetPropulsionLab-
oratoryforintegration,systemleveltesting,andcalibration.Cal-
ibratingtheMSLroboticarmrequiredfourkeysteps:

1.Detailedtestplanning
2.Testexecutionanddatacollection
3.Dataprocessingandparameteroptimization
4.Calibrationparameterverification

KinematicCalibrationDataCollection

!"##$%&'(%)*+,%-.%

Thegeneralphilosophyfordevelopingthetestplanforarm
calibrationwastocollectpositionandorientationdataformulti-
plearmposes(includingposesfromdifferentinversekinematic
branches)overtheprimaryworkspace,withmultipleloading
conditionstoexercisethestiffnessanddeflectionmodel.Analy-
sishadshownthatcalibratingthefullyintegratedarmandturret
systeminEarthgravitywouldrequiremoderatetoheavyloads
thatwouldlimitthelifeoftheactuatorsaswellascausedeflec-
tionslargerthanwhatwouldbeseenonMars.Becauseofthis,
twolightweightturretsweredesignedtoaccommodatemultiple
SphericallyMountedRetroreflector(SMR)neststoallowthe6
DOFpositionandorientationoftheturrettobemeasuredbya
lasertracker[5],whilereducingloadsontheactuatorsandpro-
vidingdeflectionsmoreinlinewithMarsoperations.
Thekeytobeingabletodesignandintegrateastand-inturret

withmultiplemassconfigurationswasthewell-definedprecision
turretmountinginterface.Intheend,8kgand19kgstand-in
turrethardware(seeFig.5)wasusedtocollectcalibrationdata
inadditiontoverificationdataultimatelycollectedwiththe30kg
full-massintegratedturret.Evenmultipleturretmasseswerenot
enoughtofullyexercisethestiffnessmodelundergravitywith

!"##$%&'(%)*+,*%-.%

(a)8KGCONFIGURATION (b)19KGCONFIGURATION

FIGURE5. FMARMLIGHTWEIGHTTURRETS

theroveronflatground,soatilttablewasdesignedtorollthe
roverto20degreestoapplyloadsequivalenttoagreaterthan30
degreerollonMars.

Withthegeneralplaninplace,adetailedprocedurewasde-
velopedsothatwhenthetimecametoexecutethetestinthe
SpacecraftAssemblyFacility(SAF)cleanroom,itwouldrun
smoothlyandefficiently.DetailedplansforsettingupSMRsto
measuretheroverbaseframe,groundreferenceframeandtur-
retframefromanyorientationwereoutlined.160armposes
werechosenfromasetofrandomlygeneratedposesoverthepri-
maryworkspace.Approximately30percentoftheposesuseda
shoulder-inkinematicconfigurationwhiletheremaining70per-
centusedashoulder-outkinematicconfiguration.The160poses
werefurtherbrokendowninto4groupsof40poses.Thefirst
twogroupsofposesweretoberunwiththetwolightweighttur-
retswiththeroveronlevelground.Thesecondtwogroupsof
posesweretoberunwithtwolightweightturretswiththerover
onits20degreerolltable.Eachtimethearmwastobeposed,
thelasertrackerwouldbeusedtomeasurethelocationsofthe
ground,rover,andturretmountedSMRs.

Acriticalpartofthecalibrationprocesswasperformedeven
beforethecalibrationdatacollectionbegan.Thisinvolvedthe
initializationoftheincrementalencoders.OnallJPLflightarms,
includingMSL,encodersareinitializedthroughhardstopcali-
bration,thatis,byrunningajointintooneofitshardstopsuntil
itstalls,thusdefiningispositionwithinsomesmalluncertainty.
Tomaximizetherepeatabilityofthehardstopcalibrationofthe
MSLarmintheeventitmighthavetobeperformedonMars,
aspecialno-turretconfigurationofthearmwasused.Analysis
wasperformedwiththearmwithnoturretonEarth,andwiththe
turretonMars.Armconfigurationswereplannedthatprovided
bothaccesstothehardstopsandequivalenttorquesbetweenthe
EarthandMarsposesandconfigurations.Inthisway,thetotal
loadandwindupontheactuatorwouldbeasrepeatableaspos-
sible.Inaddition,eachjointwascalibratedagainstitsnegative
hardstoptoputeachactuatorinthesameinitialbacklashstate
toensureastandardrelationshipbetweenencoderposition,joint
loading,andfuturebacklashstatesnecessaryforbacklashstate
estimationandcompensation.
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(a)HARDSTOPCAL (b)LEVELCALPOSE (c)TILTEDCALPOSE

FIGURE6. FMARMCALIBRATIONTESTING

Oncetheplanwasinplaceandtheprocedureswritten,the
wholeprocesswasexecutedwiththeflighthardwareinSAF.
Manyteamswereinvolvedinthetest,includingthesystems
teamwhichsentthearmmotioncommandsandmonitoredthe
telemetry,themechanicalteamwhichhelpedreconfigurethetur-
rethardwareandultimatelyliftedtheentireroverontothetilt
platform,themetrologyteamthatsetupthelasertracker,placed
andmeasuredtheSMRlocations,andloggedthedata,andlast
butnotleast,thearmteamthatcoordinatedthewholeactivity.
Figure6showssomekeyhighlightsofthetest.Thecalibration
testwasrunover8shiftson4consecutivedays. Withthat,the
firsttwostepsintheprocesswerecompletedinSeptember2010.

CalibrationDataProcessing
Rawmetrologydataconsistingofcoordinatesofroverand

turretmountedtargetswasprocessedasfollows.Firsttheloca-
tionoftheroverandtheturretframewereconstructedfromthe
correspondingvisiblemeasuredtargets.Thenroverframemo-
tionwasfactoredoutandtheresultingrovertoturretposition
andorientationwascomputedforeacharmpose.
Foreachpose,weassumethat

DmodeledDerror=Dmeasured (14)

where

Dmodeled=DrigidDdeflected (15)

Thenwecomputetheerroras

Derror=D
−1
modeledDmeasured (16)

SinceDerrorrepresentsasmalldisplacement,weconvertittoa
screwrepresentationdenotedTerror={ω,v},withmagnitude

|Terror|= w1ω2+w2v2 (17)

wherew1andw2areweightingfactors.
Weformulatethecalibrationequationsbyconstructingthe

followinglinearsystemwhereiistakenoverthenumberofposes
andjistakenoverthesetofkinematicframes.

Terror,i=[Ji]̇θkin (18)

where

[Ji]=[JArm1JArm2JArm3JArm4JArm5JArm6JTool] (19)

θ̇kin={̇θArm1θ̇Arm2θ̇Arm3θ̇Arm4θ̇Arm5θ̇Arm6θ̇Tool}
T (20)

and

θ̇j= rxryrztxtytz
T

j
(21)

Thecalibrationproblemthenbecomesoneofsolvingthefollow-
ingfoṙθkin.






T1
T2
T3
...
Tn






=










J1
J2
J3
...
Jn










θ̇kin (22)

Figure7showsthetotalpositionandorientationerrorsbefore
andafterthecalibratedparameterswereapplied.Ineachcase,
wegenerallysawafactoroffiveimprovementinaccuracy.Itis
interestingtonotethatthefourclustersofposeswithhigherthan
averageerrorsbeforethecalibrationcorrespondtoshoulder-in
poseswheremultiplejointsfelltotheothersideiftheirback-
lashfromtheirinitializedstates.Backlashstatepredictionwas
includedaspartofthedeflectedposeestimateandconsistently
helpedreducebacklashrelatederrors.
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VerificationandProjectionsforMars

ThefinalstepinthecalibrationprocesswasanEarthbased
verificationofthecalibratedparametersandzero-offsets.The
zero-offsetswereappliedtotheflightsystemattheencoderlevel,
andthehardstoplocationswereupdatedwiththesamecorre-
spondingoffsets.Then,afterbeingintegratedwiththefull-mass
turret,thearmwascommandedtomovetoasetofturretframe
positionswithdeflectionandbacklashcompensation.Thetur-
retlocationwasagainmeasuredusingSMRsgluedontheflight
turrethardwareandregisteredwithspecialsetoftargetsonthe
turretinterfaceplate.Theresultswerestatisticallyequivalentto
theinitialcalibrationresults,demonstratingEarth-basedarmac-
curacyoflessthan5mm.

Inordertopredictthefinalexpectedaccuracyandrepeata-
bilityresultsfortheturrettoolsandinstrumentsonMars,we
neededtoaddinadditionalerrorsourcesthatwouldeffectper-
formanceonMars.Thesesourcesincludedorientationinduced
positionerrorsatthetoolframes,instrumentisolatorhystere-

sis,thermallyinducederrors(duetotheresidualuncertaintyin
themodelandtheun-modeledgradientdistortions),deflection
compensationerrorsduetoresidualerrorsinthestiffnessmodel,
andmotorcontrollererrorsduetofinaltunedmotorparameters.
Withtheseerroraccountedfor,ourfinalpredictedaccuracyand
repeatabilityonMarswasshowntosatisfyourrequirementsand
aresummarizedinTab.4.

TABLE 4. ACCURACY/REPEATABILITY REQUIREMENTS

ANDESTIMATESFORMARS

Component RequiredValue EstimatedValue

TotalPositionAccuracy ±20mm ±14.0mm

LateralPositionAccuracy ±15mm ±12.7mm

AxialOrientationAccuracy ±9.8◦ ±1.1◦

LateralPositionRepeatability ±10mm ±7.7mm

NormalPositionRepeatability ±10mm ±5.0mm

AxialOrientationRepeatability ±2◦ ±1.0◦

PERFORMANCEONMARS

ThefirstinstrumentplacementonMarstookplaceonSol
46whentheAPXSinstrumentwasplacedincontactwithsur-
facetargetJakeMatijevic,namedforthelatesystemsengineer
whomadepioneeringcontributionstoeveryroversurfacemis-
sionatJPL.Figure8showsthearmunstowedandinitsstaging
posereadyforplacement,therocktargetbeforeplacement,and
thearmwithitsmicroscopicimagerincloseproximitytothetar-
getafterarelativetoolchangemovefromAPXScontact.This
setofmotionsqualitativelyandsuccessfullydemonstratedthe
systemend-to-endaccuracyandrepeatabilitytobeoperationally
acceptableandconsistentwithpredictions.

CONCLUSIONS

TheMSLroboticarmwasdesignedwithbothhighaccuracy
andlowstiffnessascompetingrequirements.Adetaileduncer-
taintymodelofthearmalongwithboundingestimatesofsource
errorsprovidedconservativepredictionsofarmperformanceand
providedinsightintothesensitivityofkeyparameters.Detailed
armcalibrationtestplanning,carefultestexecution,rigorouscal-
ibrationdataanalysis,andfollowuphardwareverificationtesting
resultedinafinalcalibratedparametersetandvalidatedmodel
thatdemonstratedeffectivearmpositioningperformance.Sys-
temlevelperformanceisstillbeingevaluatedonMarswitheach
setoftargetplacementactivitiesprovidingadditionaldatathatis
beingassessed.Theoperationalaccuracyandrepeatabilityofthe
systemcontinuestoberefinedasCuriosityslowlyclimbsMount
Sharpinsearchofevidenceofhabitability.
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