
Proceedings of the 2003 IEEE/RSJ International Conference on Intelligent Robots and Systems

A CarryingTaskfor NonprehensileMobile Manipulators
Atin Gupta Wesley H. Huang

Departmentof ComputerScience
RensselaerPolytechnicInstitute

Troy, New York 12180USA
�

guptayy,whuang � @cs.rpi.edu

Abstract
Manipulationis an essentialcapability for mobile robots
to performmany usefultasks.Our focushasbeenon mo-
bile robotswith nonprehensile(i.e., nongrasping)manip-
ulators. Here, the robotsareequippedwith a �at “palm”
with two degreesof freedom.We havetackledtheproblem
of carryinganobjectusingtwo suchmobilemanipulators.
Sincethesemanipulatorscannotgraspanobject,eachrobot
mustsupportoneend. However, if errorscausethe sepa-
ration betweenrobotsto change,the robotswill drop the
object. In this paper, we describeanalgorithmto maintain
the object contactat a nominal position on the palmsby
performingcorrective actions.We �rst presentanalysisof
the systemmechanics,formulateboth a centralizedanda
distributedalgorithmfor this task,andthenshow resultsof
our experimentalimplementation.

1 Intr oduction
As mobile robotsrise to greaterprominence,they will be
calleduponto performa greatervariety of tasks;manip-
ulation will be a central featureof many of thosetasks.
Themanipulationcapabilitiesrequiredwill includepicking
up,transporting,reorienting,andaligningobjects.Further-
more,therewill bealargerangeof objectsizesandshapes.
Thesetaskswill occur in environmentsthat arenot engi-
neeredfor robots;insteadthey maybe in human-centered
environments(e.g.of�ce buildings,shoppingmalls,homes,
andcity streets)or in naturaloutdoorenvironments,onthis
or other planets. A capablemobile robotic systemwill
requirea wide variety of manipulationcapabilities— the
productof a versatilemanipulatorandanarrayof manipu-
lationmodesandstrategiesto applyto thatmanipulator.

We have chosen the route of simple nonprehensile
(i.e. nongrasping)manipulators. In particular, our mo-
bile robotsareequippedwith two degree-of-freedom(DOF)
“palm” manipulatorsasshown in Figure1. The palm ro-
tatesat the“wrist”, andthearmcanrotateaboutthe“shoul-
der”. A singlerobotcanmanipulatesmallobjects,andtwo
robotscancooperatively manipulatelarge objects. These
areversatilemanipulators:thepalmcanslideunder, push,
support,roll, or toppleobjects.Sincethemanipulatorsdo
not grasptheobject,theobjectcanhave a wide varietyof
shapesandsizes.

Onecanonicaltask for mobile manipulatorsis to carry
anobjectfrom onelocationto another. Previouswork with

Figure1: Two “palmbots”carryanobject.

theserobots(HuangandHolden[3]) addressedhow a sin-
gle robotcanlift anobjectby pushingit againsta wall (or
anotherrobot)andslidingthepalmbeneaththeobject.This
paperaddresseshow two of theserobotscancooperatively
carryanobject.

Oncethe object is restingon the palms,the two robots
can move togetherto transportthe object. However, be-
causeof errorsor noisein thecontrolof therobot,thesep-
arationbetweenthe two robotsmaychange.Additionally,
if the robotsdrive over a bump,theobjectmaybe jostled.
In eithercase,theobjectcanslideoff oneof thepalmsand
fall to the ground. Therefore,the main goal for this car-
rying task is to maintainthe objectat a nominalposition
relative to thepalmsusingfeedbackfrom tactilesensors.

The effect of a robot's actionsdependsupon the me-
chanicsof this system.Becausetheobjectcanslideon the
palms,predictingtheobjectmotionfrom therobot'saction
is not trivial. Thispaperpresentstwo algorithms,acentral-
ized anda distributedalgorithm,to correctany deviations
from nominalobjectcontactlocationson thepalms.After
purveying a brief review of relatedwork andour assump-
tions, we presentthesealgorithmsand demonstratetheir
correctnessthroughanalysisof thetaskmechanics.Thepa-
perconcludeswith thedetailsof our hardwareandresults
of our experimentalimplementation.

1.1 Relatedwork
Onecommonapproachto mobilemanipulationis to usea
mobile robot to pushan object on the �oor . Shakey [2]
wasthe�rst, andmany othershavefollowed.Themorere-



centworkshavefocusedonthemechanicsor kinematicsof
pushing(e.g.Rusetal. [7] andSudsangetal. [9]) or frame-
worksfor collaborativebehaviors(e.g.KubeandZhang[5]
andMataríc et al. [6]).

Otherresearchershave usedsix-DOF industrialmanipu-
latorsmountedon mobileplatforms.They take a feedback
controlsapproach,implementingforce or compliantcon-
trol, andutilize redundanciesdueto themobilebase.This
work includesKhatib et al. [4], YamamotoandYun [12],
Seraji[8], andTanandXi [11].

The work mostclosely relatedto ours is that of Sugar
andKumar [10]. They developeda three-DOF compliant
manipulatorwith stiffnesscontrolwhich they usedto carry
a box squeezedbetweenthe manipulatorsof two mobile
robots.Themanipulatorcompensatesfor variationsin the
robotseparationin orderto maintaintheobjectin a stable
squeezegrasp.Themotionof therobotsis coordinatedby
controllersthatimplementa“leader-follower” architecture.

The friction coneanalysisfor two-palmtaskspresented
in this paperis baseduponwork by Erdmann[1] who pre-
sentedanalysisandanof�ine planningmethodfor manip-
ulationtasksusingtwo �at palms.His experimentalimple-
mentationusedtwo six-DOF manipulators.In contrastto
Erdmann's work, our presentalgorithmis an online algo-
rithm whichusesfeedbackfrom a tactilesensor.

1.2 Assumptions
We treatthis systemquasistatically, meaningthataccelera-
tionsarelow enoughthat inertial forcesmaybeneglected.
Hencegravity and frictional contactforcesmustbalance.
Our algorithmmaintainstheobjectin this quasistaticequi-
librium.

Theobjectis assumedto beanextrudedpolygonalshape
sothattheanalysismaybedonein theverticalplane(i.e.as
viewed from the side). We presentlyassumethat all rele-
vant propertiesof the objectareknown: its shape,center
of mass(COM), andcoef�cient of friction with thepalms.
Towardsthe endof our analysis,we addressthe rangeof
COM locationsfor whichouralgorithmis applicable.

We have restrictedtherobot'sactionsto tilting thepalm
(to aspeci�edangle)andincreasingor decreasingits veloc-
ity. Thearmsremainin a �x edpositionsothat thepalms'
pivot pointsareatequalheightsabovetheground.For pur-
posesof analysis,the tactilesensorreturnstheexact loca-
tion of thecontactpointonthepalm.Therearesomediffer-
encesbetweenour actualhardwareandtheseassumptions
which we addressin Section5. We presumeto know the
lengthof therobot'spalmsandtheir orientation,but we do
notneedto know therobots'positionor velocity.

2 Centralized algorithm
Our centralizedalgorithmtakesthe form of a simplepol-
icy: theglobalstate,asdeterminedby tactilesensorread-
ings from bothrobots,triggersexecutionof a sequenceof
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Figure2: Geometriccon�gurationof thesystem

actions. Figure2 shows our basicnotation. Thoughthis
approachis applicableto objectswith any polygonalcross
section,we will usethe rectangularobjectshown to illus-
tratethispaper.

The nominalobjectcon�guration is for both palm con-
tactsto beatthepalmpivot point,i.e., pL �

pR �

0. Table1
detailsour policy; thereare8 casesthataredeterminedby
thetactilesensormeasurementspL andpR. Thesequences
of actionsfor cases1–4and7–8aredesignedto completely
correcttheobjectcontactcon�guration. For cases5 and6,
thesystemwill bebroughtto oneof cases1–4.

We will useonly two palm angles,qshallow andqsteep,
wherethe palmsarenormally held at qsteep. Whensome
actionis taken,oneof thepalmsmaybe“tilted up” to the
qshallow orientation.We choosevaluesfor theseanglesso
thatthefollowing two propertieshold:

1. If palm separationis decreased,the contacton the
shallow palm will slide up while the contacton the
steeppalmwill stick.

2. If palm separationis increased,the contacton the
steeppalm will slide down while the contacton the
shallow palmwill stick.

The readercaneasilyverify that the centralizedpolicy is
correctgiventheseproperties.Cases1and2useproperty2,
cases3 and4 useproperty1, andcases7 and8 useboth
properties.Cases5 and6 rely uponthekinematics,rather
thanthemechanics.(Notethatanappropriatechoiceof two
palmanglesavoidswedgingandjammingconditions.)

We now turn our attentionto showing whentheseprop-
ertiesholdbaseduponthetaskmechanics.

3 Palmar manipulation mechanics
A contactbetweentheobjectandapalmcaneitherbestick-
ing (ST) or sliding to the left (SL) or to the right (SR).
With quasistaticstability analysis,we determinewhether
thecontactforces(giventhecontactmodefor bothpalms)
canbalancethegravitational force. Whenthe left palm is
shallow palm, the �rst propertyabove correspondsto SL–
ST, i.e., sliding left contacton the left palm andsticking
contacton theright palm,thesecondproperty, to ST–SL.

We �rst describea simplegeometrictestfor quasistatic
stabilitywith two pointcontactsfromErdmann[1] andthen
usethis testto establishconditionsfor our two properties.



Case Contacts Actions

1 pL
� 0, pR �

0 tilt upR, separateuntil pL
�

0, restoreqR

2 pL �

0, pR
� 0 tilt upL, separateuntil pR

�

0, restoreqL

3 pL �

0, pR �

0 tilt upL, move closeruntil pL �

0, restoreqL

4 pL �

0, pR �

0 tilt upR, move closeruntil pR �

0, restoreqR

5 pL
� 0, pR

� 0 separateuntil pL
�

0 or pR
�

0

6 pL �

0, pR �

0 move closeruntil pL �

0 or pR �

0

7 pL
� 0, pR �

0 tilt upR, move closeruntil pR
�

0, separateuntil pL �

0, restoreqR

8 pL �

0, pR
� 0 tilt upL, move closeruntil pL �

0, separateuntil pR
�

0, restoreqL

Table1: Our policy for correctingerrorsin theobjectcon�guration. Note that “tilting up” refersto thebottomhalf of the
palm;thustilting theright palmup reducestheqR value.
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Figure3: Geometrictestsfor quasistaticstability

3.1 Quasistaticstability analysis
We will assumethat cornersof the object (actuallyedges
in threedimensions)arein contactwith the palms,so the
orientationof thepalmdeterminesthecontactnormal.We
candetermineif a con�gurationis quasistaticallystableby
�rst drawing the friction cones(i.e. the locus of contact
forces � ft �

fn �

whereft �

mfn accordingto Coulomb'slaw)
at eachcontactpoint. For ST–ST contact,theline of action
of gravity mustpassthroughtheintersectionof thetwo fric-
tion conesasshown in Figure3(a). For a sliding contact,
only oneedgeof the friction coneis used: the right edge
for SL andthe left edgefor SR. For example,Figure3(b)
shows thestability testfor SL–ST.

Kinematicanalysisalsoplaysa role in this analysis.In
Figure3(b),wemight try moving thepalmsclosertogether
to make the right palm contactslide up the palm. Of the
9 possiblecontactmodes,3 arequasistaticallystable,and
5 are kinematically consistent;only the SL–ST mode is
both. Thus,if thepalmsarepushedtogether, the left con-
tactwill slideup thepalm.

This secondexamplealso illustratesthat knowledgeof
the mechanicsis necessaryto control this system. To re-
store the right palm contactto the centerof the palm, a
sequenceof actionswill beneeded.

3.2 The SL–ST stableregion
The�rst propertyof themechanicsis basedon thestability
of the SL–ST contactmode. In this section,we determine
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Figure4: Geometricconditionfor stabilityof SL–ST

theshapeof thestableregion in thespaceof possiblecon-
tactsonthetwo palms(in thepL–pR plane).Thisgivesusa
testto determineif a con�guration is quasistaticallystable
for givenpalmanglesqshallow andqsteep.

We �rst write an expressionfor (the sineof) the object
anglein termsof thepalmanglesqL, qR, contactpoint lo-
cationspL and pR, and object width w (seeFigure 2 for
notation):

sinq
�

E pL sinqL F

pRsinqR

w �

z
w

(1)

We de�ne z G

�

E pL sinqL F

pRsinqR for laterconvenience.
Theline of actionof gravity intersectstheloweredgesof

theleft andright friction conesatpointsL1 andR1 (respec-
tively) andtheupperedgeof theright friction coneatpoint
R2 asshown in Figure4. Note that the anglesintroduced
in this �gure, a1, b1, andb2 aredeterminedby known pa-
rameters:the palm orientationsandangularfriction cone
widths.They coordinatesof thesepointsare:

L1y �

qcos� q
F

g
�

tana1 F

CLy (2)

R1y �

scos� d E q
�

tanb1 F

CRy (3)

R2y �

scos� d E q
�

tanb2 F

CRy (4)

whereq, s, g, andd aretheparametersspecifyingtheCOM

locationasillustratedin Figure4.
In orderfor thiscon�gurationto bestableunderSL–ST,
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Figure5: Thestableregionandoperatingregion

the line of action of gravity must intersectthe line seg-
mentBD. This implies that L1 is to the right of B andto
the left of D. This can be checked with the conditions:
R1y �

L1y andR2y



L1y.
Making substitutionsin the�rst condition,weobtain:

scos� g E arcsin
z
w �

tanb1 F

z
�

qcos� arcsin
z
w F

g
�

tana1

(5)
Solvingthis inequalityfor z resultsin:

z
�

kB G

�

f � w
�

s
�

q
�

g
�

d
�

a1 �

b1 �

(6)

The right handsideof this inequality is a function of the
palm anglesand the object geometry, COM location,and
coef�cient of friction, but not thecontactlocationspL and
pR whichappearonly in z.

Substitutingfor z, we get:

pR �

sinqL

sinqR
pL F

kB

sinqR
(7)

which de�nes a half planein the pL–pR spaceasshown in
Figure5(a).

Applying thesameprocessto the secondcondition,we
get:

pR



sinqL

sinqR
pL F

kD

sinqR
(8)

wherekD G

�

f � w
�

s
�

q
�

g
�

d
�

a1 �

b2 �

. This also representsa
half planein the pL–pR spaceasshown in Figure5(b).

Note that the boundingedgesof thesehalf planesare
parallelandhavepositiveslopes(for q � L � R���

�

0
�

p � 2� ). The
intersectionof thesehalf planesis the in�nite bandshown
in Figure5(c).

3.3 Stability over �nite palms
The points in the pL–pR spacecorrespondingto �nite
lengthpalmsform a squarecenteredat theorigin. For the
SL–ST case,weareconcernedonlywith caseswhenpL �

0,
sowe needonly theleft half of this squareto becontained
in thestableregion. Becauseof convexity of thestablere-
gion andbecauseits boundingedgeshave positive slope,
we needonly checkthe two pointsE andF shown in Fig-
ure5 (c).

This is a testfor the �rst propertywhenthe left palm is
the“shallow” palm.Thecasefor theright palmis symmet-
ric, andthesecondpropertycanbedemonstratedusingthis
sameprocedure.Thus,this testenablesus to pick values
for qshallow andqsteepthatsatisfythetwo properties.

� ���� ��� � ���

Figure6: Rangeof centersof massfor stability of (a) SL–
ST (b) ST–SL (c) bothmodes,shown on theobject

3.4 Robustnessto COM location
Since the location of the COM is typically not exactly
known,wedid furtheranalysisto determine,for qshallow �

5� andqsteep�

15� , wheretheCOM couldbelocated.Our
resultsareshown in Figure6. For bothpropertiesto hold,
the COM mustbe in a vertical bandnearthe centerof the
object.

4 Distrib uted algorithm
In many respects,our distributedalgorithmfor this taskis
similar to the centralizedapproach.Although thereis no
longer a centralcontroller that appliesa policy basedon
theglobalstate,thetwo robotsareableto communicateex-
plicitly. They maysendmessagesto requestthat theother
robottilt its palmupordown(TiltUp andTiltDown ) or
to acknowledgethelastmessage(Ack ). However, thepalm
contactcoordinateof theotherrobot is nevershared.Both
robotsrun thesamealgorithmwhich is shown in Table2.

Thebasisof thedistributedapproachis thata robotcan
correcta negative palm contactby itself, but to correcta
positive palm contactrequirescooperationfrom the other
robot. Thereare four casesin the distributed algorithm:
Cases(a), (b), and(d) arecorrective while Case(c) is as-
sisting.

Whenthereis a deviation on only a singlerobot,theal-
gorithm is straightforward. A robot with a negative palm
contactexecutesCase(d) to correctits own palm contact
while theotherrobotdoesnothing.A robotwith apositive
palmcontactwill executeCase(a) to correctits own palm
contact;it sendsa TiltUp messagewhich putstheother
robotin Case(c) in orderto assist.

Whenbothrobotshave somedeviation, thentheremust
besomecoordinationbetweencorrective andassistingac-
tions. If bothrobotshave a positive contact,thenthey will
both executeCase(b) which coordinatestheir corrective
actions. If both robotshave a negative contact,thenthey
will individually correcttheir own contact.

If onerobothasapositivecontactandtheother, negative,
thenwhicheverrobot�rst detectsthecontactdeviationwill
correctits contact�rst. If thatcontactis positive, thenthe
�rst robotwill executeCase(a)andtheotherrobotwill ex-
ecuteCase(c) to assist.After thepositivecontacthasbeen
corrected,the otherrobot will executeCase(d) to correct
its negativecontact.If thenegativecontactis detected�rst,
the robotwill executeCase(d) to correctits own negative
contactandwill thenexecuteCase(c) to assistthe other
robotwhich executesCase(a). Thestepsin thealgorithm
thatwait for messagesensurethis coordination.



If p � 0 else(p
�

0)
SendTiltUp Checkfor message
Wait for message If message==TiltUp otherwise

message==Ack message==TiltUp If p
�

0
SendAck
Wait for Ack

Move away until p
�

0 Move awayuntil p
�

0
Tilt Up Tilt Up Tilt Up

SendTiltDown SendTiltDown SendAck Move closeruntil p
�

0
Wait for TiltDown Wait for TiltDown
Tilt Down Tilt Down Tilt Down

(a) (b) (c) (d)

Table2: Distributedalgorithm
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Figure7: Tactilesensorlayout. Eachrectangleis a switch
that is eitheron or off. If any of theswitcheslabeled“+”
areon, then p � 0. If any of the “-” labeledswitchesare
on, thenp

�

0, andif eitherof the“0” labeledswitchesare
on, thenp

�

0.

5 Experimental implementation
We implementedboththecentralizedanddistributedalgo-
rithms on mobile robots. We �rst describedetailsof our
hardwareandthenpresentour results.

5.1 Hardwaredetails
Our robots are small differential drive robots, approxi-
matelythesizeof a 20 cm cube. They have on-boardmi-
crocontrollerandcommunicatevia RFpacket transceivers.
Their palmsare�at platesapproximately15 cm deepand
7 cm wide with membraneswitcharraysthatwerecustom
madeby MemtronTechnologies.Themembraneswitches
did not prove entirelysatisfactoryastactilesensors,sowe
placedan aluminumstrip on two edgesof the box to im-
prove the sensorreadings. The layout of the switchesis
shown in Figure7.

Theobjectweusedwasarectangularcardboardbox,ap-
proximately25cm wide,16cm high,and10 cmdeep.We
placeda weight insidethebox to raiseits massto approxi-
mately0.5kg. The COM was4 cm above thebottomedge
(centeredfrom sideto side).

Our palm angleswereqshallow �

5� andqsteep �

15� .
Thesewerechosento bewell within thestableregionsthat
guaranteethetwo propertiesof themechanicsbut shallow
enoughthat our systemwould have enoughtime to react
to contactdeviations.Someamountof differencebetween
thetwo anglesis importantto guaranteerobustnessto vari-
ationsin thefriction betweentheobjectandthepalms.

Thetwo maindifferencesbetweenthemodelof oursys-

temandtheactualrobotsarethediscretizationof thesensor
informationandthefactthatthepalmpivot is offsetslightly
from thepalm.

5.2 Results
Figure8 shows datacollectedfrom onerun of our system
usingthedistributedalgorithm. In this run, therobotscar-
ried theobjectfor adistanceof approximately1.5m overa
periodof 25 seconds.Only the �rst 6.5secondsof therun
aredepicted.

Therobotsexecuted6 correctiveactionsin this time pe-
riod. In CorrectionA, the right robot correcteda positive
contactwith the assistanceof the left robot. In this cor-
rection,theright robotdetectsa positivecontactandenters
Case(a). It sendsa messageto the left robot which en-
tersCase(c) andtilts its palmup (i.e., decreasesthepalm
angle). Uponreceiving theacknowledgmentfrom the left
robot,theright robotspeedsup to increaseseparationuntil
its palmcontactreaches0. Theright robot resetsits com-
mandedvelocity to thenominalvalueandsendsa message
to theleft robotto tilt its palmdown.

In CorrectionsB–D, theright robotcorrectsits own neg-
ative contactwithout involving the left robot. The right
robot has not yet correctedits negative contact in Cor-
rection D when the left robot seesa negative contactin
CorrectionE. During this time, both robotsare indepen-
dently trying to correct their own negative contact. The
right robot correctsits deviation �rst, followed shortly by
theleft robot.

Theright robotthenseesapositivecontactwhichis Cor-
rection F. It correctsthis with the assistanceof the left
robot. The left robot getsa negative contactalmost im-
mediatelyat thestartof this correction.However, it must
�rst completeits role in assistingtheright robotwith Cor-
rectionF. Whenthis is complete,the left robotstartsCor-
rectionG to correctits negativecontact.

5.3 Discussion
We found that the distributedalgorithm performedbetter
than the centralizedalgorithm, primarily due to the de-
creasedlatency. The centralizedapproachrequireseach
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Figure8: Datafrom onetrial run usingthedistributedalgorithm.Recallthat tilting a palmup changesthepalmanglefrom
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�
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�
. Therobotsweremoving from left to right, soto decreaseseparation,theright robotmustslow down whereasthe

left robotmustspeedup,andviceversafor increasingseparation.

robotto transmitits contactstateto thecentralcontroller(a
desktopPC)andthenfor commandsto betransmittedback
to the robots. Underthe distributedapproach,robotscan
start reactingto contactdeviationsimmediatelyandcom-
municatedirectlywith eachother.

6 Conclusions
In this paper, we have presentedan algorithmicapproach
for two mobilerobotsequippedwith nonprehensile“palm”
manipulatorsto cooperatively carry an object. By de�ni-
tion, thesenonprehensilemanipulatorscannotgrasptheob-
ject, so they must rely uponan understandingof the task
mechanicsin ordermaintainthe object in a nominalcon-
tact con�guration as the robotsmove. Basedon analysis
of the taskmechanics,we devisedboth a centralizedand
a distributedalgorithmfor this task. Thecentralizedalgo-
rithm takestheform of a policy thatmapstheglobalstate
to a sequenceof actionsdesignedto correctany deviation.
Thedistributedalgorithmis a transformationof this policy
designedsothateachrobotcanoperateindependently, but
coordinatewith theotherrobot(throughexplicit communi-
cation)whennecessary.

We havesuccessfullyimplementedandtestedbothalgo-
rithms;wefoundthatthedistributedalgorithmworksbetter
primarily becausethereis lessoverhead— thecentralized
algorithmmustreceive datafrom the robotsto determine
theglobalstateandthensendcommandsto bothrobotsbe-
fore any correctiveactionscanoccur.

In ourfuturework,weplantoexpandthescopeof thisal-
gorithmby allowing curvedrobotpathsandabroaderclass
of objects.Wealsohopeto formally expandandextendthe
basicapproachusedin this paperof transforminga global
policy into a distributedalgorithm.
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