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Abstract— This paper emphasizeson the capacity of a hu-
manoid robot to perform tasks that are dif�cult for other
types of robots. It deals with manipulation of bulky objects.
Such tasks require complicated manipulations involving the
whole-bodyand �ne coordination betweenlegs,arms and torso
motions. We intr oducehere a whole-body motion planner that
allows a humanoid robot to autonomously plan a pivoting
strategy that accounts for the various constraints: collision
avoidance, legs-armscoordination and stability control. Based
on a previous result by the authors [1] proving the small-time
controllability of a pivoting system, the planner is proven to
inherit fr om the probabilistic completenessof the sampling-
based motion planning method it is built on. The geometric
and kinematic capacity of the proposed planner is mainly
demonstrated thr ough simulations and experiments.

I . INTRODUCTION

Thanksto recentprogressin their hardware and control,
humanoidrobotsareexpectedto executesophisticatedtasks
to assistor substitutehumans.Oneof the importantapplica-
tions is dexterousmanipulationof variousobjects,especially
for bulky or heavy objectsthroughwhole-bodymotion. In
this researchwe investigatepivoting basedmanipulationof a
largeobjectusingbotharmsasshown in Fig. 1. This method
hasseveral advantagessuchas precisepositioning,stability
and adaptabilityover other methodslike pushingor lifting
[2], [3]. For thosereasons,pivoting basedmanipulationcan
potentiallywiden the capacityof manipulationof humanoid
robots.

This paperdealswith motion planningin sucha context.
The inputs of the problem are both a starting and a goal
con�guration of the robot facing the box to be moved. The
output is a sequenceof box manipulationsthat guarantees:

� collision avoidancewith the �x ed obstacles
� feasibilityandstabilityof therobotwhole-bodymotions
� naturalnessof the solution.

The solution we proposeis derived from two geometric
properties.

The �rst one establishesthat any collision-free path for
the free-slidingbox may be approximatedby a sequenceof
collision-free pivoting motions. Such a property has been
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(a) Start rotating (b) Finish rotating (c) Stepping

Fig. 1. Whole-bodypivoting basedmanipulation.The humanoidrobot
inclinestheobject(a)androtatesit aroundverticalaxis(b) usingthesupport
on a vertex. The robot makesa stepto advanceitself after several pivoting
operations(c).

recentlyproven by the authorsin [1]. As a consequencethe
motion planningalgorithmwe proposeconsidera two-stage
approach:a �rst collision-freepathis computed,andthenit is
iteratively approximatedby a sequenceof pivoting motions.

The secondgeometricpropertywe are consideringdeals
with the naturalnessof the targetedsolution. We want the
robot to walk either forward or backward and to avoid
sidewayssteps.Even if suchstepsaretheoreticallypossible,
they are not natural and even very dif�cult to perform by
a humanoidrobot when it manipulatesbulky objects.When
walking forward or backward the robot direction remains
tangentto the path it follows as a wheeledmobile robot
does. Such constraintsare known as nonholonomicones.
They have beenrecentlyprovenasaccountingfor thenatural
humanlocomotion[4]. Our motion planningpoint of view
thenbene�ts from well experiencedapproachesin nonholo-
nomic motion planning[5], [6], [7]. Among them we have
chosenthe probabilisticsamplingapproachwith a steering
methodcomputingReedsand Sheppcurves [8], composed
of arc of a circle and straight line segments.Reedsand
Sheppcurves possessa geometricproperty accountingfor
small-timecontrollability, a critical propertyfor theplanning
methodcompleteness.

Thanks to thesetwo propertiesit has been possibleto
devise a well-groundedmotion plannerwe presentin this
paper. SectionII dealswith the computationof a collision-
freepathwithout takinginto accountthepivotingconstraints.
It recallsa classicalmethodfor nonholonomicmotion plan-
ning for a car-like robot. Then Section III emphasizeson
pivoting sequencegenerationfrom the collision-free path
generatedby the plannerintroducedin the previous section.
The whole-bodymotion generatorto perform the pivoting



tasksis devised basedon a generalizedinversekinematics
operatorwhich is introducedin SectionIV. SectionV shows
simulationandexperimentalresultsto validatethegeometric
and kinematic planning capacity of the proposedmethod,
beforeconcludingthe paper.

I I . COLLISION-FREE MOTION PLANNING

The �rst stageof the algorithm is dedicatedto the com-
putation of a collision-free nonholonomicpath. For this
stagewe make useof a standardtechnique[5], [6], [7] we
summarizehere.

The robot togetherwith the box is modeledas a rigid
bodywhosegeometryis their boundingvolume.Sucha rigid
body is modeledasa car-like robot that is submittedto two
constraints:its wheelsshouldroll and not slide (this is the
nonholonomicconstraint),andthecurvatureof anadmissible
pathatany pointshouldbegreaterthansome�x edthreshold.
The shortest length paths for such a system are the so-
calledReedsandSheppcurves[8]. ReedsandSheppcurves
are madeof a sequenceof arcs of a circle with minimum
radiusandstraightline segments.The interestof Reedsand
Sheppcurves is the following: their length tendsto zero as
soonas the goal con�guration (xg; yg; � g) tendsto the start
con�guration (xs; ys; � s).

To computea collision-freenonholonomicpathwe usea
probabilisticroadmapmethod(PRM) thatconsistsis building
a graphwhosenodesare collision-freecon�gurations.Two
nodesin the graphare linked by an edgeif and only if the
Reedsand Shepppath betweenboth correspondingcon�g-
urations is collision-free. The graph is built incrementally
by shooting con�gurations at random. Con�gurations are
includedin thegraphassoonasthey arecollision-free(from
a practical point of view we use a more sophisticatedand
ef�cient variant describedin [9]). This constructionof the
graphis called the learningphase.Oncethe graphis built,
thenthequeryphaseconsistsin �rst addingbothstartingand
goalcon�gurationsof thegivenproblemto theroadmap,and
thensearchthe graphfor a path.

In that way, the motion plannereventually�nds collision-
freepathsasconnectedcomponentsof elementarymotionsof
thesteeringmethod.However, they areoftenredundantsince
thesampling-basedmethodsamplescon�guration randomly.
For manipulationto bemoreef�cient, redundantcomponents
are removed or shortened.The path optimizer plays this
role. It searchesshorterpathsby connectingcon�guration
pairsrandomlysampledon the initial path.In this studywe
employ the “adaptive shortcut” path optimizationalgorithm
proposedby [12].

Figure 2 shows an exampleof optimizedpath. The ma-
nipulatedobject is placednearthe wall andsupposedto be
displacedon the other side of an obstacle.We modeledas
a boundingbox including the humanoidandthe objectwith
sometolerancenecessaryfor the pivoting basedmanipula-
tion. As can be seen,the backward motion of Reedsand
Sheppcurve is utilizedappropriatelyto move theobjectaway
from the wall. Thenthe pathswitchesto forward motion to
reachthe goal by avoiding the obstacle.

(a) Initial state (b) Goal State

Fig. 2. Optimized collision-free path for a manipulatedbox object and
the humanoidrobot using Reedsand Sheppcurves. The path allows the
humanoidto move the object away from the wall startingfrom the initial
state(a) by taking advantageof backward motion. Then the pathswitches
to forward motion to avoid obstacleandto move the objectto the goal (b).

I I I . PIVOTING SEQUENCE GENERATION

In this sectionwe presenthow to convert the collision-
free path computedat the �rst stage into a sequenceof
collision-freepivoting sequences.The path to be converted
is a sequenceof Reedsand Shepppath, i.e. a sequenceof
straightline segmentsandarcsof a circle. The pivoting se-
quencegenerationis thenbasedon two elementaryoperators:
pivoting alonga straightline segmentandpivoting alongan
arc of a circle.

Let us�rst analyzetheeffective strategy usedby therobot
to perform an elementarypivoting motion. The robot starts
inclining the box to realizea single contactpoint between
the box and the �oor . The contactpoint is a cornerof the
box. Then the robot performsa vertical rotation of the box
centeredat that corner. Then it setsthe object horizontally
alongthebox edge.Suchanedgeis saidto bethesupporting
edge.Thereforewe modeltheproblemof 3D box pivoting as
the problemof pivoting a 2D segmentaroundits endpoints
(seeFig. 3). Sucha modelingdoesnot reducethe scopeof
the generalproblem1.

Thecomputationof thepivoting sequencealonga straight
line segmentis illustratedin Fig. 3. Let l bethelengthof the
segmentcorrespondingto the “supportingedge” and L the
length of the straight line segment of the path to follow.
Consideringthe constraintof the reachablearea of robot
arms,we introducean angle � such that the robot is able
to perform an elementarypivoting motion of total angle
2� . After initializing the processby a pivoting of angle � ,
we then apply n times the elementarypivoting motion of
angle 2� , n being de�ned as the greaterinteger verifying
L > nl sin � . Then for the last part an adjustmentpivoting
motion is addedto reachthe �nal goal.

The sameprinciple applies to the arcs of a circle (see
Fig. 4). Let R and � denotethe radiusand the angleof the
arc. We apply a regular sequenceshown in Fig. 4 with a
symmetricalmotion suchthat the centerof the line segment

1Notice that we do considerthe caseswherethe robot would overcome
small obstacleson the �oor by pivoting the box above the obstacles.
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Fig. 3. Transforminga straightline segmentpathinto a pivoting sequence.
The pivoting sequenceis plannedusing rotation of the endpointsof the
supportingedge(left). During theregularsequence,rotationsof sameangles
are repeatedbeforeadjustmentsequencethat positionsthe line segmentat
the endpoint.

comeson the arc with perpendicularorientation,after two
times � rotation at the left cornerand one � 2
 rotation at
the right corner. The angle� and 
 can be computedfrom
l, R, and � as:

� = arctan(
l sin �

R � l
2 + l cos�

);


 = � � � : (1)

In the regular sequence,elementarymotionsarerepeatedm
times alternatively on the eachedge,while � > m� . Then
the adjustmentsequenceis applied in a similar mannerto
the computationfor the straightline path.

We introducedthe angle � as half the maximum angle
the robotmay realizeby a singlepivoting. We shouldnotice
that this anglemaybe tunedfor obstacleavoidancepurpose.
Indeedthe �rst stageof the algorithm provides a collision-
free path that guaranteescollision-freenessfor the sliding
supportingedge.Moving by pivoting alongtheplannedpath
introducessomegap (seeFig. 5) with respectto the volume
sweptby the supportingedgewhen sliding along the path.
More the rotation angle decreases,more the �nal swept
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Fig. 4. Transformingan arc of circle path into a pivoting sequence.The
regularsequenceis composedof symmetricrotations.Thecenterof pivoting
line segment arrives at the end point of the arc with the perpendicular
orientationafter adjustmentsequence.
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Fig. 5. Thesweptvolumeof pivoting. It convergesto thesweptvolumeof
thesupportingedgealongthestraightline segmentby reducingtherotation
angles.Therefore,the original collision-freeReedsandShepppathcanbe
convertedinto a collision-freepivoting sequence.

volumeconvergesto the initial one.This propertyaccounts
for the small-timecontrollability of the pivoting systemwe
consider [1]. The 3D collision detectioncan be done by
estimating the swept volume of the box attachedto the
supportingedgeduringtherotationalmotion.Theinclination
for pivoting canbe taken into accountby usinga bounding
volume including the inclining motion of the box.

As a consequencethetwo stepstrategy we have developed
inherits from the probabilistic completenessof the motion
plannerusedat the �rst stage.The approximationscheme
by on pivoting sequencegenerationdoesnot introduceany
incompleteness.

IV. WHOLE-BODY HUMANOID MOTION GENERATION

Thegeneratedpivoting sequenceshouldberealizedby the
humanoidrobotby usingits two arms.Thehumanoidmotion
should be generatedin such a way that constraintslike
dynamicbalancingandarmmanipulationmotionaresatis�ed
at thesametime.Moreover, steppingmotionshouldbeadded
in order to continuethe manipulationwhennecessary.

For this purposewe adopta generalframework of whole-
body motion generation[13] including dynamic stepping
motion. Based on a generalizedinverse kinematic (IK)
method(e.g.,[14], [15]), suchtasksascenterof mass(CoM)
position,steppingandhandmotionaretreatedwith priorities.
Sinceall the joints are involved to make thosecomplicated
combinedmotions,we canexpectbetterperformancein the
senseof reachablespacethan a functional decomposition
utilized in [3].

Themethodis illustratedin Fig. 6. In thecaseof pivoting,
the solver is given trajectoriesof hands,feet or CoM as
well astheirpositionandorientationconstraintsasprioritized
tasks.The generalizedIK solver computesthe whole-body
motion as joint angletrajectories.

In this framework thereis a motion managerthat updates
the con�guration of the robot and objectsduring the com-
putation.Hand trajectoriesfor pivoting are suppliedto the
managerto organize how the next motions are generated.
The motion generationprocessis branchedinto two cases
dependingon thedistancebetweenrobotandtheobject.Note
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Fig. 6. Usageof generalizedinversekinematicsutilized for whole-body
motion for pivoting basedmanipulation.

that we usethe sameframework of generalizedIK solver is
utilized for both cases.

If the object stayswithin the rangewhere the manipu-
lation is feasible,the generalizedIK solver takes the hand
trajectoryand the CoM constraintas inputs. It thenoutputs
a whole-bodymotion that allows the humanoidto perform
the manipulationkeepingthe balanceas shown in the left
sideof Fig. 6.

The robot takes forward or backward steppingmotions
when the object is located too far or too near. The hand
positionsarekeptconstantduringthesteppingmotion,which
is given to the generalizedIK solver as constraints.The
dynamically stablesteppingmotion is generatedas trajec-
tories of CoM and foot using Zero Moment point (ZMP)
basedpreview controller proposedin [16]. The generalized
IK solver takesthosetrajectoriesandconstraintsas input to
obtain a steppingmotion keepingthe handpositions(right
side of Fig. 6). This processis applied to each pivoting
operationin the sequence.

V. SIMULATIONS AND EXPERIMENTS

The proposedplanningschemeis appliedto the pivoting
basedmanipulationby humanoidrobotHRP-2[17] by using
the motion planning software kit KineoWorksTM [18] and
the dynamicrobot simulatorand controller OpenHRP[19].
We have been developing a common software framework
“Humanoid Path Planner” (Fig. 7) that implementsbasic
functionalities of motion planning for systems like hu-
manoidsor digital actors[20]. Its object-orientedarchitecture

allows the usersto de�ne our planner of the whole-body
pivoting motion as an inherited class of a general robot
motion planner. The plannertakes care of interactionwith
basicfunctionssuchasroadmapbuilder, pathoptimizerand
collision checker. We alsoimplementedthesteeringmethods
speci�c to the pivoting planningproblem.

A. PlanningResults

The sameenvironmentas in Fig. 2 is utilized for whole-
bodymotionplanningfor pivotingof aboxobject.Theradius
is �x ed as0.5m for ReedsandSheppcurvesandthe width,
depthand height of the box is 0.35m,0.3m and 1.2m. The
robot holds the object by point contacton the side facesat
the point at 0.8mand0.05mfrom the bottomandfront face
respectively. The rotationangle� is set to 15� .

Fig. 8 shows somesnapshotsof plannedresultof motion
planning for pivoting basedmanipulation.We can observe
the whole-bodymotion where overall joints participatein
pivoting or stepping.Thehumanoidrobotmakesa backward
motion to move the box objectaway from the wall alongan
arcof circle. As theuppersnapshotsshows, therobotmoves
the object backward by combiningmotionsof pivoting and
steppingback. The lower snapshotshows forward pivoting
alonga straightline segment.

Thecomputationtime is in theorderof severalhundredsof
millisecondsfor eachof ReedsandSheppcurve andpivoting
sequencegenerationusing a PC of Pentium M 2.1GHz.
The computationof whole-bodymotion takes abouthalf of
the manipulationtaskdurationtime including calculationof
generalizedinversekinematicsis for the control command
(joint anglesand referenceZMP) of the hardware robot at
the samplingtime of 10 ms.

B. ExperimentalResults

We hereshow an experimentalresult of plannedwhole-
body pivoting motion. The generatedmotions are sent to
the onboardcomputer that takes charge of real-time mo-
tion control for the humanoid.The controller and stabilizer
implementedon OpenHRP[19] �nally executethe planned
motionson the humanoidhardware.
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Fig. 7. Architectureof HumanoidPath Plannerframework that facilitates
implementationof robotic motion planneraccordingto speci�c problems.



Fig. 8. Snapshotsof the plannedresult.The manipulatedobject is drawn transparentlyto show the robot motion. The ReedsandShepppathallows the
robot to usebackwardmotionsto move theobjectcloseto thewall. Thesnapshotsshow how thehumanoidrobot transportstheobjectthroughcombination
of pivoting andsteppingmotionsalong the plannedoptimizedReedsandShepppath.

We have veri�ed the generatedwhole-body motion for
pivoting basedmanipulationusing a straight line segment
path.The samesizeof the box asthe planningis usedwith
theweightof 1.5kgandthe lengthof the testpathis 0.35m.
In this examplewe reduced� to 5� for security. The incline
angleandthemaximumvelocity at thehandare5� and0.15
m/s respectively. The sequencein the experiment includes
12 pivoting operationsandthe total tasktime is 80 seconds.

As a result, the objecthasbeensuccessfullydisplacedto
the goal position.Figures9 and10 show somepicturesof a
pivoting sequenceandsteppingmotion in theexperiment.In
thosepictureswe cancon�rm that the whole-bodymotions
generatedby the proposedmethodhave beensmoothlyper-
formedby the hardwarerobot. In Fig 9, the robot displaced
the box object by supporting it on its right corner. The
steppingmotion is performedin sucha way that the relative
handpositionsand orientationswith respectto the box are
maintainedin Fig 10.

The whole-body motion can be clearly observed
in the movies of the experiment is available on
(http://www.laas.fr/%7Eyoshida/icra2008/pivot/ ).

VI . CONCLUSIONS

Moving large objects is one of the capabilitiesoffered
by human-sizehumanoid robots. In this paper we have
seen it is possible to bene�t from well-grounded robot
algorithmsand software to addressrobot autonomyin such
a dif�cult context. Basedon a formal analysisof the taskto
be performed,we have devised an integratedapproachfor
manipulationtask planningand control that accountsfor a

largeclassof constraintsrangingfrom obstacleavoidanceto
whole-bodymotion control. The approachtakes advantage
of a controllability analysispreviously publishedin [1] that
reducesthe problemof existenceof a manipulationpath to
that of the existenceof a path that ignores manipulation
constraints.Thenwe have shown thatthecollision avoidance
strategy may bene�t from well-experiencedtechniquesin
nonholonomicmotionplanning,includingprobabilisticsam-
pling approaches.As dynamicmotion control is concerned
we bene�t from a generalizedinversekinematic approach
that accountsfor ZMP control [13], and also from the
dynamicmotion simulatorOpenHRP[19].

This paperconcentrateson the geometricand kinematic
aspectof whole-body manipulationplanning and dynami-
cally stable robot motions for manipulationand stepping
have beensuccessfullygenerated.Physical aspectsfor ma-
nipulation of heavier objectswill be addressedin the next
developments.Furtherworks alsoopenquestionsof manip-
ulationplanningwhengraspingchanges[21] or environment
rearrangements[22] arerequired.Suchquestionsstartbeing
to beaddressedin humanoidrobotics[23]. They arepromis-
ing routesfor thefutureapplicationsputtinghumanoidrobots
at work.
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(a) Initial state (b) Inclining (c) Rotation (d) Inclining back

Fig. 9. A sequenceof threeelementaryrotation realizedby whole-bodymotion in pivoting basedmanipulationin the experiment.The object is �rst
inclined to supporton onecorner(a) andnext rotatedalong the vertical axis (b) and �nally inclined back to go back to the horizontalposition.

(a) Beforestepping (b) Startstepping (c) Singlesupportphase (d) End stepping

Fig. 10. Steppingmotion betweentwo pivoting operationin the experiment.The robot goesto single supportphase(b). Dynamic steppingmotion is
generated(c) beforegoing back to doublesupportphase(d). The relative handpositionandorientationto the box aremaintainedduring stepping.
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