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Abstract

Manipulationis a key capability for mobile robotsto per
form agreatewariety of usefultasks.In this paperwe con-
sider mobile robots equippedwith low degree-of-freedom
“palm manipulators. The adwantageof using this sort of
nonprehensiléi.e. nongraspingynanipulatoris its simplic-
ity andversatility Althoughin generaimultiple robotsmay
be neededtheinitial work describedn this paperconsiders
only a singlerobot. We formulatethe mechanicabknalysis
for manipulatingobjectsanddescribea plannerfor a single
robotwith a palm manipulator We concludewith detailsof
our experimentaimplementatiorandpreliminaryresults.

1 Intr oduction

Mobile robotsareincreasinglyand successfullybeing sent
into ervironmentsinhospitablefor humans. However, un-
lessteleoperatedheserobotshave hadonly rudimentary(if
ary) manipulationcapabilities. Thereare numerousappli-
cationsfor autonomousnobile manipulators:planetaryex-
ploration,hazardousvastecleanup materialtransportcon-
structionassistantgersonatobots,andsoon. Theonewith
thebestcostjusti cationsis planetaryexploration;wewould
like to land robotson a planetand specify high-level tasks
involving manipulatiorfor themto perform.

Theserobotsshouldbe very robust becauseof the high
costof puttingrobotson anothermplanet.We subscribdo the
approaclof achiezing mechanicatobustnesshroughuseof
simplehardware. Applied to the manipulatoythis minimal-
ist philosophyleadsus to considerlow degree-of-freedom
(DOF) nonprehensilenanipulators.

In nonprehensilenanipulationthe manipulatordoesnot
graspthe object. The main advantagesare that it requires
only a simplemanipulatorandit permitsmanipulationof a
wide variety of objects.(A gripperlimits the sizeandshape
of objectsthat canbe manipulated.)On the otherhand,the
robotmusthave someunderstandingf the taskmechanics,
andwe mayneedmultiple nonprehensilenanipulatorgo ac-
complisha task. The challengein nonprehensilenanipula-
tion is to formulaterobustalgorithmsfor manipulatiorplan-
ning andexecution;the focusof our researchs to develop
suchalgorithmsfor nonprehensilenobile manipulators.

Figurel shavsapictureof oneof ourrobots.It isasimple
differential drive robot equippedwith a 2-DoF “palm ma-
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Figurel: Oneof our“PalmBots’
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nipulator” This manipulatorconsistsof parallelarmsthat
canberaisedor loweredanda plateat the end(the “palm”)
which canrotated.

Oureventualgoalis to createa multiple-robotsystenthat
can pick up an objecton the oor, carryit to a goal loca-
tion, and setit down in a speci ed orientation. To com-
plete this task, the robotsmay needto pick up the object,
reorientit, andtransferit to otherrobots. In additionto the
researchissuesin multiple robot cooperationwe expectto

nd a numberof researchissuesarising from the coupling
betweermanipulatiorandmobility, particularlybecauseur
mobile manipulatorsare nonredundantFor example,dead
reckoning errorsandnonholonomiamotion constraintswill
affect manipulation,and manipulationcan provide both in-
formationandconstraintghatwill affectmobility.

For now, however, we have focusedon the simpletaskof
having a singlerobotwith a palmmanipulatompick up abox
in acorner(i.e.onthe oor andagainseawall). In Section®?
and3, we describehow to analyzethemechanic®f thistask
andformulateaplannerto nd asequencef actionsfor the
robotto pick up the box. We have madesomeassumptions
in orderto simplify our initial explorationsin this domain.
The two main assumptionsare that the problemis planar
(asviewed from the side)andthatthe robot's manipulation
will be quasistatic— inertial forcesare not consideredn
our analysis.In Section4, we reportimplementatiordetails
of our plannerand experimentalresultsfrom executingan
automaticallygenerategblan.

1.1 Previouswork

Mobile manipulationand even nonprehensilenobile ma-
nipulation have previously beenstudiedin the roboticsre-



palm andthe object, shovn with the friction conesusedto
representhe contactforces.

searchcommunity Many researcherdave studied mo-
bile manipulators[2, 8, 7, 13, 17, 20], however this re-
searchhaslargely focusedon controlsformulationsfor rel-
atively high-DoF manipulators. In the realm of nonpre-
hensilemanipulation,mary researcherhiave usedmobile
robots(even multiple mobile robots)to pushobjectson the
oor [6, 14, 9, 12, 15, 16, 18]. In our researchhowever,
wewill focusonnonprehensilenanipulatiorusinglow-bor
manipulators.

There are several recentworks that are closely related
to our research.Sugarand Kumar[19] developeda three-
DOF compliantmanipulatomwith stiffnesscontrol. They use
this manipulatorto carry a box squeezedetweenthe ma-
nipulatorsof two mobile robots. The compliantmanipula-
tor compensatefor smallvariationsin the distancebetween
therobotswhile allowing desiredcontactforcesto be main-
tained. Sugarand Kumarformulatea controllerfor a “fol-
lower robot” to maintaina nominal distancefrom a “lead
robot” DesaiandKumar[3] addressionholonomianotion
planningandcontrol for this system.Masonetal. [11] de-
scribetwo differentdesktoprobotsthathave atight coupling
betweermanipulationrandmobility; bothrobotsusewheels
for manipulatiorandmobility.

Erdmanns study of nonprehensildwo-palm manipula-
tion [4] wasthe inspirationandfoundationfor the mechan-
ics analysispresentedhere.Erdmanndescribedanalysisand
planningfor manipulatingobjectsusingtwo at palms.His
guasistati@nalysisvasbasednfriction conesandresultant
forces.

There are several differencesbetweenErdmanns work
andthe analysispresentedhere. The basisof our quasistatic
analysisis the force dual methodof Brost and Mason[1]
which allows us to have threeor more contacts.(However,
thereareotheralternatvessuchasErdmanns con guration
spacdriction coneq5] andMasons momentlabeling[10].)
We permittypesof contactghat Erdmannexcludes,namely
betweenthe palm face or palm edgeand the object face.
In Erdmanns work, thereis always one sticking contact
whereador our problem,therearesituationswhereall con-
tactsmaybesliding. In addition,we have foundthe needto
performkinematicanalysisat several steps.

2 Multicontact quasistaticanalysis

In the courseof manipulationplanning, we will want to
know how an objectmovesin responseo a palm motion.

Figure 3: Kinematicanalysis(with Reuleauxs method)of
the wall and oor contacts. Pointsconsistentlylabeledby
bothcontactsaregroupedaccordingo thecontactmodethey
entail. In theboxesfor eachgroup,the signof therotationis
givenfollowedby thecontactmodefor thewall, thenfor the
oor. Seethetext for abbreviations.

In this section,we describeour analysiswhich proceedsy
testingthe possiblecontactimodedfor kinematicconsisteng
andthenfor stableequilibrium betweenthe frictional con-
tactsand gravity. Thoughthis analysisis more generally
applicable we illustrate the stepswith the exampletask of
pickingupaboxonthe oor in acorner

2.1 Assumptions

As statedearlier we assumethat the problemis planaras
viewedfrom theside. Thisis equivalentto assuminghatthe

objectis an extrudedplanarshape. Our analysisis instan-
taneousso thereis no needto assumea polygonalshape.
However, we implicitly assumea polygonalobjectfor mo-

tion planning.Ourexampledn this sectionusea rectangular
box.

The main assumptiorthat we malke is that the objectis
in a con guration thatis statically stable,i.e. if thereis no
palm motionthenthe objectwill remainat rest. We further
assumehatthe palmis requiredfor this staticstability. The
consequencef this assumptioris that a manipulationplan
may be stoppedat ary point.

We considerthreetypesof contactbetweerthe palmand
the object: betweenthe palm faceandan objectedge;be-
tweenthe palm edgeand an object face; and betweenthe
palmfaceandanobjectface.Theseareillustratedfor abox
in Figure2. Althoughour examplesshow only the rst type
of contact,ouranalysisonly needgo know the contactpoint
locationsandnormals soary of thesecontacttypeswill do.

2.2 Kinematic analysisof xed contacts

We rst perform a kinematic analysisto determinewhich
motions(andassociatedontactmodes)are consistentvith
the x edcontactssuchaswith the oor andwall in our ex-
ampletask. We do this by applying Reuleauxs methodfor
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Figure4: Valid velocity centerdor right sliding motion. The
velocity centerghatproducevelocityalongagivenvectorlie

on the normalto thatvector Pointsto theright arelabeled
negative, thoseto the left, positive. Sweepingthe velocity
vectorfrom oneedgeof the coneto the otherproduceghe
regionsof positve andnegative velocity centersshown.

the given objectcon guration. For eachcontact,we con-
siderevery point in the planeas a possiblevelocity center
for a motion and label the point with the signsof rotation
thatdo notviolatethe contactconstraintWe thendetermine
the setof pointslabeledconsistentlyby all contacts.If we
assumehe contactnormalpointsinto theobject,thenpoints
toitsleft will belabeledpositive; pointsto its right, negative;
andpointsonthe contactnormal,bothpositive andnegative.

For eachconsistentlffabeledpoint,we canthendetermine
the contactmodeof eachcontact.If the velocity at the con-
tact point is zero, thenit is a sticking (sT) contact. If the
velocity is perpendiculato the contactnormal,thenit is ei-
therleft sliding (sL) or right sliding (sR). If thevelocity has
arny componenglongthe contactnormal,thenit is a break-
ing (BR) contact.Figure 3 shows the resultsof this analysis
for ourbox example.

2.3 Addition of the palm motion

We mustnow considerthe constraintghat the palm motion
placesuponthe possiblevelocity centersand, moreimpor-
tantly, uponthevalid contactmodes.The palmvelocity and
thevelocity of the contactpoint (ontheobject)canbediffer-
ent; giventheformer, thelatteris determinecdy the contact
mode.Sincewe have assumedhatthepalmis necessarjor
staticstability, this contactcannotbe a breakingcontact. If
the contactis sticking, thenthe velocity of the contactpoint
is thesameasthatof the palm.

If the contactmodeis right or left sliding, thenthe veloc-
ity of the contactpointwill bea positive linearcombination
of the palmvelocity andvelocity alongthe palm (in the ap-
propriatedirection). The exact velocity will be determined
by theactualobjectmotion. At this point, we canonly elim-
inatethe kinematicallyinconsistentontactmodesandmust
wait for the stableequilibrium analysisto determinewhat
motionoccurs.

We canlabelthe pointsin the planewith the sign of the
rotation(if ary) thatproducesa velocityin theconede ned
by the palm velocity andvelocity alongthe palm. Figure4
givesanexampleof this setof labeledpointsfor asinglesr
palmcontact.In Figure5, thislabelingis combinedwith the
labelsfor the x edcontactdrom Figure3.

Figure 5: Kinematic analysisfor the x ed contactsand a
SR palm contact(for a palm velocity to the left). The la-
beledvelocity centersarethosethatare consistentiylabeled
in Figures3 and4.
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Figure 6: Constructinga force dual. For the given force
vector we constructthe normalfrom the origin to theline
de ned by theforce. If the lengthof this normalis , then
thedualis thepointadistanceof ontheothersideof the
origin.

2.4 Stableequilibrium analysis

We now testeachkinematicallyconsistentontactmodefor
quasistaticstability and usethe resultsof this testto deter
minethe objectmotion.

We test for quasistaticstability using the force dual
methodof Brostand Mason[1]. The advantageof using
this methodare that any numberof contactforcescan be
easilycombinedandthatbothtaking a force dualandcom-
bining two force dualscanbe describedassimplegraphical
operations.We useforce dualsto computea representation
of all possiblewrencheghe contactforcescanexerton the
object. It is thensimpleto testwhetherthe negative gravi-
tationalforce lies within this set. If so,the objectwill bein
staticequilibriumunderthe givencontactmode.

We addressletermininghe objectmotionfrom the stable
contactmodeatthe endof this section.

2.4.1 Forceduals

The force dual methodmapsa planarwrench(a force and
a torqueaboutthe origin) to a point which is labeledpos-
itive or negative accordingto the sign of the torque. In
practice, constructinga force dual is very easy; seeFig-
ure 6 for an example. More formally, the force dual
mapsa wrenchto the orientedplane:

; seeMason[10] for further de-
tails.
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Figure7: Forcedualanalysisor the sT-ST—ST contactmode
(i.e. a sticking contactat the wall, oor, and palm respec-
tively). This con guration is stablebecausehe negative
gravity dual(which producegositive rotationaboutthe ori-
gin) lies in the region of force dualswith positive rotations
from the contactforces.

Combiningforce dualsis donewith the corvex hull oper
ation. The corvex hull of two forcedualsrepresentsll pos-
itive linear combinationsof two wrenches.The force dual
of afriction coneis a line — a friction coneis the positive
linear combinationof two forcesde ning the edgesof the
cone;the force dual of eachof theseforceswill be a point;
andtheir corvex hull will be aline. For multiple frictional
contactsthe force dual of all possiblecontactwrenchess
formed by taking the corvex hull of the lines representing
theforce dualof thefriction coneat eachcontact.

The corvex hull operationfor force dualsrequiressome
explanation.If two pointshave the samelabel (i.e. rotation
sign), the corvex hull consistsof the (closed)straightline
segmentbetweerthem.If thetwo pointshave oppositerota-
tion signs,thenthe corvex hull consistsof all pointson the
line connectinghemexceptfor the (open)segmentbetween
thetwo points. Thecorvex hull of two setsof forcedualscan
be found by taking all possiblepairsof pointsandforming
the unionof their convex hulls.

Figure7 shavsanexampleof thisanalysis We choosehe
origin to bethecornerof thewall andthe oor. This simpli-
es the computationof the force dualsof thefriction cones
for thewall and oor contact— they arehorizontalandver-
tical linesrespectiely. The force dual of the gravitational
forcewill lie onthenegative axis.

2.4.2 Determining the motion

Of all the kinematically feasiblecontactmodes,only one
shouldbe stablefor a given con guration and palm veloc-
ity. However, it is possiblethatthis stablecontactmodecor-
respondgo a setcontainingmorethanonevelocity center
This occurswhenall contactsareeithersliding or breaking;
theexactmotionof the objectwill bedeterminedy therel-
ative velocitiesat the sliding contacts.Onesituationwhere
this occursin the box exampleis whenthe palm moveshor-
izontally to the left andthe contactmodeis SL—BR-SR, i.e.
the box is sliding up the wall andthe palm, andthe oor
contactis breaking.Essentiallythe box is being“squeezed”
upwards,andthe exact motion dependson the relative ve-
locitiesatthewall andpalmcontacts.

Sincethe stateof the objectis unknavn atthe endof such
anaction,wewill only consideractionsthatresultin motion
abouta single velocity center Note that this doesnot pre-
cludeall contactdrom sliding simultaneously Our actions
thereforeresulteitherin translationof the objectalongthe
wall or oor, orin rotationaboutthewall contact, oor con-
tact, or the intersectionpoint of the wall and oor contact
normals.

3 Manipulation planning

For planningmanipulatiortasks we needto understandiow
therobot's actionsaffectthecon guration of the object. We
will thensearchhroughpossiblesequencesf actionsto nd
onethataccomplisheshetask.

Wewill requiretheactionghatwe useto maintainasingle
contactmode. We must rst determinewhat actions(i.e.
palmvelocities)areinstantaneouslgonsistentvith a given
contactmodeandobjectcon guration. Thenwe mustensure
thatthis contactmodeis maintainedover the courseof the
action,evenasthecon gurationsof the palmandthe object
change.

3.1 Determining possiblepalm velocities

In Section2, we shavedhow to determingheinstantaneous
object motion and contactmodesgiven the palm velocity.
Here, we will shav how to determinethe allowable palm
velocitiesfor a givencontactmode.

Givena contactmode we candeterminghevelocity cen-
ter for the objectmotion andtherebycalculatethe instanta-
neousvelocity of the object-palmcontactpoint.

If the palm contactmodeis sticking, thenthe palm ve-
locity mustbe exactly the sameasthe contactpoint veloc-
ity. If the contactis sliding, thenthe contactpoint velocity
mustbea positive linear combinationof thesliding velocity
(alongthe palm) andthe palmvelocity. Therefore the pos-
siblepalmvelocitiesarecontainedn theinterior of thecone
de ned by thenegative sliding velocity andthe contactpoint
velocity. Figure8 shovsanexample.



Figure 8: Determiningthe possiblepalm velocitiesfor the
SR—SR—SR contactmode. Thevelocity centeris attheinter
sectionof the oor andwall contactnormals. The contact
mustslideright alongthe palm,andthe contactpoint veloc-
ity ( ) mustbe containedwithin aconede ned by the palm
velocity andthesliding velocity ().

3.2 Continuous actions

Thusfar, all our analysishasbeeninstantaneous.To en-
surethatanactionhasthe desiredeffect, at every instantthe
object statemust be stableand the palm velocity mustbe
consistentvith thecontactmode.

If theregion of stablecon gurationsunderacontactmode
were convex andour actionsfollowed straightline pathsin
the con guration spacejt would sufce to checkthe stabil-
ity of the endpointsof arny potentialpath generatedy the
action. (The validity of the palmvelocity would have to be
checledseparately Although neitherof theseassumptions
is strictly true, we have found that the con guration space
pathsfor oursimpleactionsarecloseto linear, andthestable
con gurationregionsarecornvex in our regime of operation.

4 Implementation

We have implementedhe above analysisanda plannerthat
createsa sequencef actions.This sectiondescribeshede-
tails of our implementatiorand our experimentalresultsin
accomplishinghetaskof pickingupaboxin acorner

4.1 Action set

Any combinationof robot, arm, and palm motion could be
usedasan action, but for simplicity we have chosento use
thesix decoupledactions:

PUSH andpuLL whichtranslatehepalmby driving the
robotforwardsandbackwards;

LIFT andLOWER which move the armwithout chang-
ing the palmangle;and

TILT-UPandTILT-DOWN whichrotatethepalmtowards
andaway from therobot, respectiely.

For the task we considerhere, we only incorporatedthe
PUSH, LIFT, TILT-UP, andTILT-DOWN actionsinto our plan-
ner. We restrictthe contactmodesfor theseactionsto sR—
SR—SR for PUSH, LIFT, and TILT-DOWN; to SL—SL—sL for
TILT-UP.

4.2 Planner details

Our plannersearchei therobotcon gurationspacewhich
is speci ed by the palm angle,the arm angle,and the dis-
tanceof therobotfromthewall. A uniqueboxcon guration
andpalm contactcanbe determinedor eachrobotcon gu-
ration. The appropriatecon guration spaceis thenusedto
checkwhich contactmodesarestable.

In orderto pick up a box from a corner we seeka goal
statewith a stablecontactmodesL—BR-SR wherethe palm
faceis in contactwith the boxface.Oncethis con guration
and contactstatehave beenreached postprocessingteps
canbeaddedto slidethe palmunderthebox (alsosliding it
up the wall) until a TILT-uP canbe doneto breakthe wall
contactandleave the box restingon the palm.

A discretizedversionof the con guration spaceis used
for the search. One dif culty with this is that this dis-
cretizedversioncannotrepresenthe exact set of con gu-
rationswherethefaceof the palmis in contactwith anedge
of the box. We circumwentthis issueby using goal states
thatarelessthana “whole step” away from the actualgoal
state.Theremainingactioncanthenbe computedasa post-
processingtep.

The goal statesform a surfacein the robot con guration
spaceandwe seekthe shortesipathfrom the startcon gu-
rationto any goalcon guration. We usethe A* searchwith
the following heuristic. A boundingbox is createdfor the
goal states. For con gurations outsidethe boundingbox,
the heuristicvalueis the distanceto the closestpoint on the
boundingbox. Insidethe boundingbox, the heuristicvalue
is zero.

We have implementeda basic version of the analysis
methodsand a plannerin C++. Finding a plan takesless
than15second®naSunSRARC Ultra 10.

4.3 Experimental results

Figure 9 shavs the computedplan and picturesof its exe-
cution on our robot. The automaticallygenerateglan has
threemain actions: TILT-UP, PUSH, andLIFT. Therearea
smallLIFT andPusH at the endof the planwhich bring the
palmcloserto afull facecontactwith thebox. After theplan
hasbeenexecuteda combinationof LIFT andPUSH actions
from the postprocessingre executedto bring the palmun-
derthe centerof massof thebox. The nal TILT-UP action
resultsin thebox restingsolelyon the palm.

5 Conclusions

We have outlined an approachto nonprehensilananipula-
tion from mobile robots using robots equippedwith low-
DOF “palm manipulators. Our analysisof the mechanics
of this modeof manipulationcharacterizesbjectmotionin
responseo palmmotionandalsodeterminesvhatpalmve-
locities are permissiblefor a given contactmode. We have
usedthe resultsof this analysisto formulatea plannerand
have demonstrategicking up abox from a cornerusingan
automaticallygenerategblan.



Figure9: A planfor lifting abox out of a cornerandpicturesof its executionon our robot. The rst four columnsshaw steps
from the plan generatedy our planner The nal columnis the con guration after someof the postprocessingtepshave
beenexecuted.The nal actionis aTILT-uP whichwill breakcontactwith thewall, leaving the box restingon the palm.

Therearemary directionsfor our futurework. Our anal-
ysis caneasilybe extendedto the two robot case,andwith
multiple robots,we will needto addressssuesin coopera-
tive actions. We expectthereto be mary interestingissues
in thecourseof thiswork regardingthe closecombinatiorof
manipulatiorandmobility.
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