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Abstract

Thisarticle discussesthebasiccapabilitiesneededto enablerobotsto operatein human-populateden-
vironmentsfor accomplishingbothautonomoustasksandhuman-guidedtasks.Thesecapabilitiesare
key to manynew emerging roboticapplicationsin service, construction,�eld, underwater, andspace.
An importantcharacteristicof theserobotsis the “assistance” ability they can bring to humansin
performingvariousphysicaltasks.To interact with humansandoperate in their environments,these
robotsmustbeprovidedwith the functionalityof mobility andmanipulation.Thearticle presentsde-
velopmentsof models,strategies,andalgorithmsconcernedwith a numberof autonomouscapabilities
that are essentialfor robotoperationsin humanenvironments.Thesecapabilitiesinclude: integrated
mobilityandmanipulation,cooperativeskillsbetweenmultiplerobots,interactionability with humans,
andef�cient techniquesfor real-timemodi�cationof collision-freepath.Thesecapabilitiesaredemon-
stratedon two holonomicmobileplatformsdesignedandbuilt at Stanford University in collaboration
with OakRidgeNationalLaboratoriesandNomadicTechnologies.

1 Intr oduction

A new �eld of roboticsis emerging. Robotsaretodaymoving towardsapplicationsbeyondthestruc-
turedenvironmentof a manufacturingplant. They aremakingtheir way into theeverydayworld that
peopleinhabit– hospitals,of�ces, homes,constructionsites[6, 22,23], andotherclutteredanduncon-
trolledenvironments.While advancinginto thesenew areas,thecurrentgenerationof serviceand�eld
robotssuffer majorshortcomingsbecauseof their limited abilitiesfor manipulationandinteractionwith
humans.Their operationsaremostlyconcernedwith transportation,andrarely involve morethanthe
simplestmanipulationtasks.

Thesuccessfulintroductionof roboticsinto humanenvironmentswill rely on thedevelopmentof com-
petentandpracticalsystemsthataredependable,safe,andeasyto use.Thevalueof their contribution
to the work environmentwill have to be unquestionableandtheir taskperformancemustbe asreli-
ableasthatof a humanworker. Typical operationsarecomposedof varioustasks,someof which are
suf�ciently structuredto beautonomouslyperformedby a robotic system,while many othersrequire
skills thatarestill beyondcurrentrobotcapabilities.Today, thesetaskscanonly beexecutedby a hu-



manworker. The introductionof a robot to assista humanin suchtaskswill reducefatigue,increase
precision,andimprovequality;whereasthehumancanbringexperience,globalknowledge,andunder-
standingto theexecutionof task. During anassistancetask,therobotmustbecapableof performing
basicautonomousoperationsinvolving bothnavigationandmanipulation.For moreelaborateanddel-
icateoperations,the assistant,in its supportingrole, mustbe ableto interactandcooperatewith the
humanwhenperforminga guidedtask. Thediscussionin this articlefocuseson thebasiccapabilities
neededfor manipulationandposturebehaviors,cooperationbetweenmultiple robots,interactionwith
thehumans,andef�cient techniquesfor real-timecollision-freepathmodi�cations.

Thedevelopmentof robotsin humanenvironmentswill dependlargely on the full integrationof mo-
bility andmanipulation.Mobile manipulationis a relatively new researcharea.Thereis, however, a
largebodyof work devotedto thestudyof motioncoordinationin thecontext of kinematicredundancy.
In recentyears,thesetwo areashave begunto merge,andalgorithmsdevelopedfor redundantmanip-
ulatorsarebeingextendedto mobilemanipulationsystems[28, 4, 19]. Typical approachesto motion
coordinationof redundantsystemsrely on theuseof pseudoor generalizedinversesto solveanunder-
constrainedor degeneratesystemof linear equations,while optimizing somegiven criterion. These
algorithmsareessentiallydrivenby kinematicconsiderationsandthedynamicinteractionbetweenthe
endeffectorandtherobot'sselfmotionsareignored.

Our effort in this areahasresultedin a task-orientedframework for thedynamiccoordination[14] of
mobilemanipulatorsystems.Thedynamiccoordinationstrategy wedevelopedis basedontwo models
concernedwith theeffectordynamics[11] andtherobotself-posturebehavior. Theeffectordynamic
behavior modelis obtainedbyaprojectionof therobotdynamicsinto thespaceassociatedwith thetask,
while theposturebehavior is characterizedby thecomplementof thisprojection.To controlthesetwo
behaviors,a consistentcontrolstructureis required.Thearticlediscussesthesemodelsandpresentsa
uniquecontrolstructurethatguaranteesdynamicconsistency anddecoupledposturecontrol[12], while
providing optimalresponsivenessat theeffector.

Another important issuein mobile manipulationconcernsthe developmentof effective cooperation
strategiesfor multiple robots[25, 7, 24, 1, 8]. Our earlierwork on multi-armcooperationestablished
the augmentedobject model, describingthe dynamicsat the level of manipulatedobject [15], and
thevirtual linkagemodel[26], characterizinginternalforces.Effective implementationof cooperative
manipulationreliesontheavailability of ahigh-rateforcesensoryfeedbackfromthecooperatingrobots
to the controller. While force feedbackis easilyaccessiblefor multi-arm systems,the accessto this
datais dif�cult for mobileplatforms. Thearticlepresentsa decentralizedcooperationstrategy that is
consistentwith the augmentedobjectandvirtual linkagemodels,preservingthe overall performance
of thesystem.

A roboticsystemmustbecapableof suf�cient level of competenceto avoid obstaclesduringmotion.
Evenwhena pathis providedby a humanor otherintelligentplanner, sensoruncertaintiesandunex-
pectedobstaclescanmake themotionimpossibleto complete.Our researchon thearti�cial potential
�eld method[10] hasaddressedthisproblemat thecontrollevel to provideef�cient real-timecollision
avoidance. Due to their local nature,however, reactive methods[10, 17, 2, 18] are limited in their
ability to dealwith complex environments.Usingnavigationfunctions[16] theproblemsarisingfrom
thelocality of thepotential�eld approachcanbeovercome.Theseapproaches,however, donotextend
well to robotswith many degreesof freedom,suchasmobilemanipulators[5, 29]. Our investigation



of a framework to integratereal-timecollision avoidancecapabilitieswith a globalcollision-freepath
hasresultedin the elasticbandapproach[21], which combinesthe bene�ts of global planningand
reactive systemsin theexecutionof motion tasks.Theconceptof elasticbandswasalsoextendedto
nonholonomicrobots[9]. Thearticlediscussesour ongoingwork in this areaandpresentsa novel ap-
proach,theelasticstrip[3], whichallowstherobot'sfreespaceto becomputedandrepresenteddirectly
in its workspaceratherthanin its high-dimensionalcon�guration space.Theresultingalgorithmsare
computationallyef�cient andcaneasilybeappliedto robotswith many degreesof freedom.

Figure1: TheStanfordRoboticsPlatforms:two holonomicplatforms,eachis equippedwith a PUMA
560arm,varioussensors,two computersystems,a multi-axiscontroller, andsuf�cient batterypower
to allow for autonomousoperation.

The discussionin this article focuseson the variousmethodologiesdevelopedfor the integrationof
mobility andmanipulation,thecooperationbetweenmultipleroboticplatforms,theinteractionbetween
humansandrobots,andfor thereal-timemodi�cation of collision-freepaths.Thearticlealsopresents
theimplementationof thesedevelopmentson theStanfordroboticplatforms,shown in Figure1.

2 Mobility and Manipulation

The ability to interactwith the environmentis an importantcapabilityfor robotic systems;grabbing,
lifting, pushing,andmanipulatingobjects,while maneuvering to reach,avoid collision, andnavigate
in theworkspace.Thecontrolof thetwo functionalities,mobility andmanipulation,mustaddressboth
their complex kinematiccoordination,and their strongdynamicinteractionand coupling. Another
critical aspectof mobilemanipulationdynamicsis thehigherrequirementsmanipulationtaskshaveon
therobotresponsivenesscomparedwith thoseof mobility.

Mobile manipulatorsystemssharemany of thecharacteristicsof macro/ministructures[12]: coarseand



slow dynamicresponsesof themobilebase(themacromechanism),andtherelatively fastresponses
andhigheraccuracy of themanipulator(themini device). Inspiredby thesepropertiesof macro/mini
structures,we have developeda framework for the coordinationand control of mobile manipulator
systems.This framework providesa uniquecontrolstructurefor decoupledmanipulationandposture
control,while achieving optimalresponsivenessat theeffector. This controlstructureis basedon two
modelsconcernedwith theeffectordynamicbehavior andtherobotself-posturebehavior. Theeffector
dynamicbehavior model is obtainedby a projectionof the robot dynamicsinto the spaceassociated
with the effector task, and the posturebehavior model is characterizedby the complementof this
projection.

We �rst presentthebasicmodelsassociatedwith theendeffector. In a subsequentsectionwe present
thevehiclearmcoordinationstrategy andposturecontrolbehavior.

2.1 Effector Dynamic Behavior

Thejoint spacedynamicsof amanipulatoraredescribedby

��������� �
	��������� ����	��������������

(1)

where
�

is the � joint coordinates,
�������

is the ����� kinetic energy matrix,
���� ��� ���

is the vectorof
centrifugalandCoriolis joint forces,

�������

is the vectorof gravity, and
�

is the vectorof generalized
joint forces.

For a non-redundantrobot, theeffectordynamicbehavior is describedby theoperationalspaceequa-
tionsof motion[11] !
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forcevectoractingin operationalspace.

Basedon thismodel,thecontrolstructurefor end-effectordynamicdecouplingandmotioncontrolis
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is the identity matrix. Theuseof the forcesgeneratedat theendeffector to controlmotions
leadsto anaturalintegrationof motionandforcecontrol[11].



2.2 Vehicle/Arm Dynamics

An importantcharacteristicof mobile manipulatorsystemsis the macro/ministructurethey possess.
Our studyhasshown [12] that, in any direction, the inertial propertiesof a macro/mini-manipulator
systemare smallerthanor equalto the inertial propertiesassociatedwith the mini structurein that
direction.A moregeneralstatementof this reducedeffective inertial propertyis thattheinertial prop-
ertiesof a redundantrobotareboundedabove by theinertial propertiesof thestructureformedby the
smallestdistalsetof degreesof freedomthatspantheoperationalspace.

Thereducedeffectiveinertialpropertystatesthatthedynamicperformanceof avehicle/armsystemcan
bemadecomparableto and,in somecases,betterthanthatof themanipulatorarmalone.A dynamic
coordinationstrategy that allows full utilization of the mini structure's high bandwidthis essential
for achieving effective taskperformance,particularly in compliantmotion operations.The dynamic
behavior at the end-effector of a mobile manipulatoris obtainedby the projectionof its joint-space
dynamics(1) into operationalspace
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In thecaseof non-redundantmanipulators,thematrix
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The increasein the responsivenessof the robotic systemis achieved by a control structureidentical
to theoneusedin thenon-redundantcase.For redundantrobots,this controlstructureproducesjoint
motionsthatminimizetherobot's instantaneouskineticenergy. As aresult,ataskat theeffectorwill be
carriedout by thecombinedactionof thesetof joints thatpossessthesmallesteffective inertial prop-
erties.Thisgivesaprominentrole to thearmof amobilemanipulatorfor performingtheeffectortask.
However, typicaloperationsof amobilemanipulatorextendmuchbeyondthelimited workspaceof the
arm,giving themobilebaseanimportantrole in providing coverageof wideareasof theworkspace.

2.3 Posture Control Behavior

The posture,the robot's relative con�guration to the mobile base,is key to extendingthe workspace
of a mobilemanipulator. An importantconsiderationin thedevelopmentof posturecontrolbehaviors
is the interactionsbetweenthe postureand the effector. It is critical for the effector to maintainits
responsivenessand to be dynamicallydecoupledfrom the posturebehavior. The posturecan then
be treatedseparatelyfrom the effector task,allowing intuitive taskspeci�cationsandeffective robot
control. In our approach,theoverall controlstructurefor theintegrationof mobility andmanipulation
is basedon thefollowing decompositionof joint torques
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This relationshipprovidesa decompositionof joint forcesinto two control vectors: joint forcescor-
respondingto forcesactingat the effector,
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dientof apotentialfunctionconstructedto meetthedesiredposturespeci�cations.Theinterferenceof
thisgradientwith theend-effectordynamicsis avoidedby projectingit into thedynamicallyconsistent
null spaceof
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Collision avoidancecanbe alsointegratedin theposturecontrol asdiscussedin section4. With this
posturebehavior, theexplicit speci�cationof theassociatedmotionsis avoided,sincedesiredbehaviors
aresimply encodedinto specializedpotentialfunctionsfor varioustypesof operations.This is illus-
tratedin thesimulationresultsfor a24-degree-of-freedomhumanoidsystemshown in Figure2, whose
taskwasgeneratedfrom simplemanipulationandposturebehaviors.

Figure2: ManipulationandPostureBehaviors: a sequenceof threesnapshotsfrom thedynamicsimu-
lationof a24-degree-of-freedomhumanoidsystem,whosetaskis generatedfrom simplemanipulation
andposturebehaviors.

3 CooperativeManipulation

Thedevelopmentof effective cooperationstrategiesfor multiple robotplatformsis animportantissue
for both theoperationsin humanenvironmentsandthe interactionwith humans.Humanguidedmo-
tionsmayinvolve tightly constrainedcooperationperformedthroughcompliantmotionactionsor less
restrictedtasksexecutedthroughsimplerfree-spacemotioncommands.Severalcooperativerobots,for
instance,maysupporta loadwhile beingguidedby thehumanto anattachment,or visually following



theguideto adestination.In thissection,wefocusonconstrainedcooperationbetweenmultiplerobots
anddescribeourapproachfor a decentralizedstrategy for robotcooperation.

Our approachis basedon the integrationof two basicconcepts:The augmentedobject [15] andthe
virtual linkage[26]. Thevirtual linkagecharacterizesinternalforces,while theaugmentedobjectde-
scribesthesystem'sclosed-chaindynamics.Thesemodelshave beensuccessfullyusedin cooperative
manipulationfor variouscompliantmotion tasksperformedby two andthree�x ed-basePUMA 560
manipulators[27]. First we will presentthesetwo modelsandthecorrespondingcooperationcontrol
strategy. Theextensionto mobilemanipulators,presentedin asubsequentsection,is basedonadecen-
tralizedcooperationstrategy thatis consistentwith theaugmentedobjectandvirtual linkagemodels.

Figure3: TheVirtual Linkage:for a three-graspmanipulationtask,a twelve-degree-of-freedommech-
anism(threesphericaljointsandthreeprismaticjoints) is usedto describetheinternalforces.

3.1 AugmentedObject

Theaugmentedobjectmodelprovidesadescriptionof thedynamicsattheoperationalpoint for amulti-
armrobotsystem.Thesimplicity of theseequationsis theresultof anadditivepropertythatallowsusto
obtaintheoveralldynamicmodelfrom theequationsof motionof theindividualmobilemanipulators.
Theaugmentedobjectmodelis
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Thedynamicdecouplingandmotioncontrolof theaugmentedobjectin operationalspaceis achieved
by selectinga control structuresimilar to that of a singlemanipulator. The dynamicbehavior of the
augmentedobjectof equation(10) is controlledby thenetforce

-

� . Dueto theactuatorredundancy of
multi-effectorsystems,thereis anin�nity of joint-torquevectorsthatcorrespondto this force.

3.2 Virtual Linkage

Objectmanipulationrequiresaccuratecontrolof internalforces.We haveproposedthevirtual linkage
[26], asa model of object internal forcesassociatedwith multi-graspmanipulation. In this model,
grasppoints are connectedby a closed,non-intersectingset of virtual links (Figure 3.) For an
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graspmanipulationtask,thevirtual linkagemodelis a
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internalmomentsat thesphericaljoints. Internalforcesin the objectarethencharacterized
by theseforcesandtorquesin a physicallymeaningfulway. Therelationshipbetweenappliedforces,
their resultant,andinternalforcesis
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is theresultantforcesat theoperationalpoint,
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is theinternalforces,and
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is theforces
appliedat thegrasppoint � .
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is thegraspdescriptionmatrix. It relatesforcesappliedateachgraspto
theresultantandinternalforcesin theobject.

3.3 DecentralizedControl Structure

Thevirtual linkageandaugmentedobjectmodelshave beensuccessfullyusedin thecooperative con-
trol of two andthree�x edPUMA arms.For these�x ed-base(non-mobile)robots,thecontrolstructure
wasimplementedusingacentralizedcontrolscheme.In acentralizedcontrolsetup,eacharmsendsits
sensorydatato acentralcontrollerwhichthencommandsthemotionof eacharmbasedon information
from all the armsin the system.However, this type of control is not suitedto the moreautonomous
natureinherentin mobilemanipulationsystems,wherea decentralizedcontrolschemeis moreappro-
priate.

For systemsof a mobilenature,a decentralizedcontrolstructureis neededto addressthedif�culty of
achieving high-ratecommunicationbetweenplatforms.Wehavedevelopedanew controlstructurefor
decentralizedcooperative mobile manipulation[14]. In this structure,the object level speci�cations
of the taskaretransformedinto individual tasksfor eachof the cooperative robots. Local feedback



control loopsarethendevelopedat eachgrasppoint. The tasktransformationandthe designof the
localcontrollersareaccomplishedin consistency with theaugmentedobjectandvirtual linkagemodels
[15, 26].

4 Path Modi�cation Behaviors

To performmotiontasks,a robotmustcombinetheabilitiesof planningmotionsandexecutingthem.
Sincea plannedmotion is basedon a priori knowledgeof theenvironment,it is dif�cult to carryout
sucha motionwhenuncertaintiesandunexpectedobstaclesareto beconsidered.Reactive behaviors
soughtto deal with dynamicenvironmentsare, by their local nature,incapableof achieving global
goals. Our investigationof a framework to connectreal-timecollision avoidancecapabilitieswith a
global planningsystemhasresultedin a new approachbasedon the elasticbandconcept[21]. This
approachbecomescomputationallydemanding,however, asthedimensionof thecon�guration space
associatedwith the robot increases.the speci�cation of tasksfor robots is most naturally donein
workspace.Elasticbands,however, representapathin thecon�gurationspace.

Figure4: ElasticTunnel: theprotective hulls coveringa trajectoryfor theStanfordplatformsform an
elastictunnelof freespace.

The elasticstrip [3] operatesentirely in the workspace.The characterizationof free spacebecomes
moreaccuratein theworkspacethanthatin con�gurationspace,resultingin amoreef�cient description
of trajectories. In addition, by avoiding con�guration spacecomputation,the framework becomes
applicableto robotswith many degreesof freedom.Thetrajectoryandthe taskarebothdescribedin
workspace.An elasticstrip representstheworkspacevolumethatis sweptby theentirerobotalongits
trajectory. Thebasicideaof theelasticstrip is to incrementallymodify this workspacevolumeasif it
wereelastic,expandingandcontractingin orderto maintaina shortandsmoothpath. Objectsin the



environmentexert repulsive forces,ensuringasafedistanceto obstacles.

Figure 5: Interactionbetweenthe two Platforms: the elasticstrip of the �rst platform is modi�ed
incrementallyin orderto maintainavalid pathwhile avoiding thesecondmoving platform.

An elasticstrip canbe seenasa grid of links andsprings. The internal forcesactingon the elastic
strip aregeneratedby thevirtual springsattachedto controlpointsin subsequentcon�gurationsalong
thetrajectory. Theseforcescausetheelasticstrip to contract,maintaininga constantratio of distances
betweeneverythreeconsecutivecon�gurations.Theexternalforcesarecausedby arepulsivepotential
associatedwith theobstacles.

4.1 Motion Behaviors

Givenaplannedmotion,theelasticstripallowsarobotto dynamicallymodify its motionto accommo-
datechangesin theenvironment.For amobilemanipulatorthismodi�cation is notuniquelydetermined
andmaybechosendependingonthetask.A transportationtaskfor amobilemanipulator, for instance,
canbedescribedby themotionof themobilebase,while only a nominalpostureof thearmandload
arespeci�ed.For amanipulationtask,thedescriptionconsistsof themotionof theendeffectorandits
contactforces,while only a nominalpostureof themobilebaseandarmis given. In bothcasessome
degreesof freedomareusedfor taskexecution,while otherscanbeusedto achieve task-independent
motionbehavior.

Theelasticstripalsoprovidesaneffectiveapproachfor executingpartiallydescribedtask.If only those
degreesof freedomnecessaryfor executionhavebeenspeci�ed,reactiveobstacleavoidancecombined
with anattractive potentialto thedesiredposturecancompletethe robotcontrol in real-time. With a
partialplan,however, theelasticstripcanbesubjectedto local minima.

Theframework for combiningmotionbehavior andtaskexecutionreliesontheeffector/posturecontrol



structurediscussedabove in 2.3. Simple obstacleavoidancebehavior can be easily augmentedby
specifyinga desiredposturefor therobot. This posturecanbechosenaccordingto someoptimization
criterion.This is achievedby selecting
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and projectingthesetorquesin the dynamicallyconsistentnull spaceto guaranteethat the posture
controltorqueswill notaltertheend-effector's dynamicbehavior.

An exampleof the theelasticstrip implementationis shown in Figure5. In this example,all links of
therobotaresubjectedto themoving obstacle.Theelasticstrip is representedby a setof intermediate
con�gurations,displayedaslinesconnectingjoint frames.Theapproachingobstacledeformstheelastic
strip to ensureobstacleavoidance.As theobstaclemovesaway, internalforcescausetheelasticstrip
to assumethestraightline trajectory.

5 Stanford Mobile Platforms

In collaborationwith OakRidgeNationalLaboratoriesandNomadicTechnologies,we designedand
built two holonomicmobilemanipulatorplatforms.Eachplatformis equippedwith aPUMA 560arm,
varioussensors,two computersystems,amulti-axiscontroller, andsuf�cient batterypowerto allow for
autonomousoperation.Thebaseconsistsof three“lateral” orthogonaluniversal-wheelassemblies[20]
whichallow thebaseto translateandrotateholonomicallyin relatively �at of�ce-lik eenvironments.

The StanfordRoboticPlatformshave beenusedin the implementationandveri�cation of the differ-
entstrategiesdiscussedabove. We have demonstratedreal-timecollision avoidancewith coordinated
vehicle/armmotion,andcooperative tasksinvolving operator-directedcompliantmotion[13].

The elasticstrip framework wasalsoimplementedandtestedon the Stanfordrobotic platforms. For
example,onerobotwascommandedto performastraightline motion,while keepingthearm'sposture.
During theexecutionof this plananunforeseenobstacle,thesecondplatform,forcesthe�rst robotto
deviatefrom its originalplan.Two differentperspectivesof thesimulatedmodi�cation of thetrajectory
areshown in Figure5.

TheStanfordroboticplatformshavebeenalsousedin avarietyof mobilemanipulationtasksincluding
ironing, openinga door, and vacuuming,as illustratedin Figure 6. The dynamicstrategy for inte-
gratedmobility andmanipulationdiscussedabovehasallowedfull useof thebandwidthof thePUMA
manipulator. Objectmotion and force control performancewith the Stanfordrobotic platformsare
comparablewith theresultsobtainedwith �x edbasePUMA manipulators.

6 Conclusion

Advancestowardthechallengeof roboticsin humanenvironmentsdependon thedevelopmentof the
basiccapabilitiesneededfor bothautonomousoperationsandhuman/robotinteraction.In this article,
we have presentedmethodologiesfor the integrationof mobility andmanipulation,the cooperation
betweenmultiple robots,theinteractionbetweenhumanandrobots,andthereal-timemodi�cation of
collision-freepathto accommodatechangesin theenvironment.



Figure6: Experimentswith theStanfordRoboticPlatforms:Vacuuming, openinga door, and ironing
areexamplesof tasksdemonstratedwith theStanford roboticplatforms.

For vehicle/armcoordinationandcontrol,we presenteda framework that providesthe userwith two
basictask-orientedcontrolprimitives,end-effectortaskcontrolandplatformself-posturecontrol. The
majorcharacteristicof this controlstructureis thedynamicconsistency it guaranteesin implementing
thesetwo primitives: therobotposturebehavior hasno impacton theend-effectordynamicbehavior.
While ensuringdynamicdecouplingandimprovedperformance,thiscontrolstructureprovidestheuser
with ahigherlevel of abstractionin dealingwith taskspeci�cationsandcontrol.

For cooperativeoperationsbetweenmultipleplatformswehavepresentedadecentralizedcontrolstruc-
ture. This structurerelieson the integrationof the augmentedobject which describesthe system's
closed-chaindynamics,andthevirtual linkagewhich characterizesinternalforces.This decentralized
cooperationapproachprovidesthebasisfor aneffectivestrategy for human/robotinteraction.

Thenotionof anelasticstripencapsulateswhatmustbeknown abouttheenvironmentfor bothexecut-
ing globalmotionsandadjustingthemto dynamicchangesandunforeseencircumstancesquickly and
safely. Thegeneralityof thisnotionmakesit theappropriateabstractionat all levelsin thecontrolof a
teamof cooperatingrobots.An elasticstrip representstheworkspacevolumesweptby a robotalong
a pre-plannedtrajectory. This representationis incrementallymodi�ed by external repulsive forces
originatingfrom obstaclesto maintaina collision-freepath. Internalforcesact on the elasticstrip to
shortenandsmoothenthetrajectory.

Vehicle/armcoordination,cooperative operations,human/robotinteraction,and the elasticstrip ap-
proachhavebeendemonstratedonthemobilemanipulatorplatformsdevelopedatStanfordUniversity.
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