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Abstract—In order to enhance whole body motion capabilities Humanoids/androids are ideally conceived to be advanced
of humanoids or androids, we study the whole-body contact manipulators performing a large variety of tasks in a stan-
planning and motion generation problem which allows them 4a15ne o collaborative way. They are shaped as human-kind

taking supports by contacting any possible location on any of - .
their parts, with any permissible location of their surround- not only for the very reason that our environment infrastruc

ing environment. Here, the environment is seen both as (i) a tures are shaped according to our physical, mobility, nmotio
supporting mean, on which supporting motion contacts can be and cognitive capabilities, but also because anthroponiemp

formed and generated, and (ii) an obstacle to be avoided for the can make any person guess easily what s/he might expect from
remaining parts of the robots —that are not in contact—during the - g, ropots, namely in terms of task capabilities and diexter
tra_nsmon motion between two SUCCESSIVQ co_ntact COhfI_gUI’a'[I(S’.I Whole-body motion mobility is obviously an important
This problem can be seen as the generalization of walking. From ) . i
our recent developments and experiments of such acyclic motion function of both systems when it comes to human assistance
generation with humanoid HRP-2 [1] [2], we discuss in this paper and service. Considerable amount of research tackled this
technical issues that need to be resolved and sophisticated, andproblem from the planning and the control viewpoints. Ef-
what are the possible extensions of this challenging problem.  f~iant and robust walking algorithms have been implemented
on humanoid platforms. But for humanoids to walk, footpsint
planning is necessary. Footprint planning received deéslica
Humanoids and androids are anthropomorphic robotic systtention in robotics and computer graphics [3]; more os les
tems. Their particular design raises various challengiredpp astute solutions have been proposed so far. Combining foot-
lems. Some of these problems are fundamental and tpaint planning and walking control strategy allow humanoid
ditionally tackled in robotics research; others are peculirobots to walk on horizontal flat soil, slightly sloped grouor
and inherent to their design and potential applicationsarNeclimb stairs. In most cases, the robot uses only its feett wha
human-size humanoids such as Honda' ASIMO or Toyota‘educes the amount of possible motions. Ground motion, such
Partner-robots are targeted toward closed-indoor enviemts as walking, is realized through physical contact inteacti
(personal houses, business or commercial buildings.s¢itee between the robot and its surrounding environment. In @mpl
as personal assistants, human servants or ICT society s@wrds, motion is generated by sequencing different comtact
vices providers. Other human-size humanoids, such astredegtween the robot body and its environment. We humans often
Kawada’s HRP-3, are clearly designed for industrial applisse other parts of the body to either help a biped motion (e.g.
cations such as large building and construction sites,syartdy increasing stability) or to perform motions that are not
nuclear power-plant maintenance, etc. Small size humanofbssible with a usual upright biped posture.
such as Fujitsu's HOAP or Sony's Qrio are targeted for Our aim is to draw solutions to accomplish similar func-
entertainment, robot companion, etc. Those are at the catienalities on humanoids or androids and increase theifanot
mercial stage of finalization. There are, several otheraek@ capabilities in non-structured environments or structupat
humanoid platforms all over the world, most of which servhighly cluttered ones. Therefore, since nearly four yemes,
mainly a wide spectrum of academia research fields. are addressing the problem of planning non-gaited acyclic
Androids are yet at the prototype stage and some armtions allowing robots to take support on any part of
advanced enough to be seen as a nearly final product. Whertbas environment with any part of their body. Main results
all humanoids’ prime function is biped mobility (walking) —dealing with this specific problem have been already pubtish
and non of them can be considered as such without havimg[1] and [2] and implemented on the HRP-2 humanoid
this functionality, androids’ prime function is the degret platform [4]. One part of this paper briefly recalls these
human anthropomorphic resemblance and theality can be results. The remaining presents the challenging techojoeth
measured in a similar way the realism of synthetic graphgroblems that need to be addressed to sophisticate nadgait
images is assessed: the more one is confused to decide whatiation of humanoids on real platform, and what are the
we are dealing with a robot or a human, the better is thpossible extensions. Because of the lack of space, we do
resemblance. None of existing androids are able to wally, theot review deep fundamental mathematical background dehin
are targeted to reception and communication services. these problems; this is left for future publications.

I. INTRODUCTION



Il. BACKGROUND IIl. SOME EXPERIMENTAL RESULTS

We performed two major experimental benchmarks on the
Several methods were inspired from fundamental robof4rP-2 robot, previously published in [1] and [2].

motion planning [5] [6], to plan footprints of multi-legged
robots [7], robotic humanoids [8]or virtual avatars [3].

Extending footprint planning to other terminal points taki

support on several (predefined) holds have been addres
first in the context of simulation. In [9], non-gaited motion
planning for humanoid avatar is made in several steps. Fi
a precursory planner finds a route using a descent gradifss
method combined with backtracking to escape eventual lo(
minim (Randomize Path Planning). Then based a finite ste'8
machine and a heuristic dictated by the current state, hol
are selected or contacts removed from predefined holds

the environment. Because the target application is virtu
animation, constraints such as torque limits, balancetaocon |
stability and its unilateral nature have not been consitlere

Our problem can find several similarities with the so calle
multi-step planningor free-climbing robots, which has been
thoroughly studied in [10] [11]. Fundamental basis havenbed
applied to humanoid non-gaited motion in [12]. An improved

version of this work using motion primitives is presentefig. 1. i COﬂtaclt Suphportshplanned for thke grasp-can expetimitn HEP-Z-
H . e yellow circles show the contact in key contact sequenmese the can
in [13]. In these papers, holds are predefined on both tﬁ%rasped, we play the reverse contact sequence.

robots and on the environment; a contact is defined as a pair
(hold, robot terminal point). Each contact stance (possibl
contact) forms a constraint manifold. Additional consitaion put on a table. The HRP-2 is put in front of the table and

a given manifold reduce its feasible space. Possible tiansi s the off-line planned sequence of contact-suppancet

petween two sucgessive (_:ontact stances_ have.direct map[ﬁba&is experiment, see key postures in Fig. 1, the planner is
in the non-empty intersection between neighboring madsfol , ije and generates a plan resulting for HRP-2 to contatt fir
feasible spaces. A stance transition and component graﬁgsright hand on the table (sequence 2), then HRP-2 contacts
are build, pruning of which allows to find possible contagis ot |eg with the nearest table edge (sequence 3). At this
transition. This methods is a contact befor_e motion pla@n'%tage, HRP-2 is having four contact supports: the two feet
and are clearly close to what we adopted in our approach.on the floor, the right gripper and the left leg with the table
We propose to further extend this work to allow contagind is in a statically stable posture. The planner then sigge
supports to occur on any parts of the humanoid/androigmoving the right arm while stretching the left one toward
with any part of the environment. Contrarily to what caghe can to grasp it (sequence 4), see also [1].
be assumed in [10], the problem is not simpler relatively t0 The second experiment is more complex. The HRP-2 is
considering a numerable set of holds that can be contacteddaéd on a chair in front of the table and is asked to leave
a numerable set of terminal-points. Indeed, a motion befoig taple and go far from it on the left side. If all the space
contact approach will not be able to solve our problem (evgg explored, the planning would more likely take days to find
though, it can substantially reduce its complexity). Irdle® one contact sequence plan. This is the reason why the pnnin
large possible contact configurations set implies high com resolved in two steps: the first step would generate one or
binatorial and complexity in the choice to be made. Thiseveral a rough path or route. Then the second step plans
also different from manipulation planning [14], which alsqne support contact sequence in the neighborhood and along
solve the problem by stratifying the configuration spacer Oy chosen path/route. At this stage, the first step is ongoing
approach uses mc_)tion before contact at a first stage, _siynilqresearch and for the time being provided by the user.
to [9], but with a different approach [2]. We then use thispat - optained results are thoroughly reported in [2]. We illatr
to drive an incremental building of a contact configurationgy the Fig. 2 main key-postures snapshots taken from record-
tree by combining a potential-like best first planning withyg videos. What is noticeable is that the planner finds contac
a posture generator to check the feasibility of each contagnfigurations where the robot is asked to put its gripper on
configuration by taking into account all possible constsin he table to be able to release its foot (twice, few steps afte
See [1] and [2] for technical details. it stands up). The planner also finds contact stances where th
robot is asked to put its gripper on the chair (twice) in order

1See also dedicated workshop in the 2007th edidtion of th&EtRBS Hu- to readjust its f?et while leaving the chair. . .
manoids conference http:/staff.aist.go.jp/kensukedeiHumanoids07.htm These experiments revealed several challenging technical

The first experiment consists for the HRP-2 to grasp a can



Fig. 2. Leave table experiment with HRP-2. The yellow diskghlight the HRP-2 bodies that are in contact, the red diskstpm bodies that released
a contact. The number of yellow disks in each picture is eyabtt number of supporting contacts. The sequences are oplpdstures from the overall
experiment described in [2]. Many transitions have not bdlestiated for clarity and because of space limitation. Moistures are having three camera
views of a similar sequence: the main camera shot is shown in tivebody of each picture. The left-upper small snapshots aevigw of the camera put
behind the chair at the left of HRP-2. The left-down small shets are the view of the camera put in front of the feet on tha.fl@) Initial configuration,
the robot is sited on a chair in front of the table. (b) the tols right to ensure static balance and releases the leftdontact to replace it more on the
left; after what the HRP-2 stands-up lining left and put mdsitoweight on the left leg (this sequence is not illustrat€d) keeping the left foot contact,
HRP-2 releases the right foot one to place it rearer, betvtleerchair legs and ends with two contacts. (d) The plannegestg HRP-2 to take a support
with its left arm on the table (3 contacts), and then perfornseguence of foot replacements illustrated by snapshot§(¢@)and (h); the stances switch
between 3 and 2 supporting contacts. (i) HRP-2 releasesathé tontact from the table and is supported only by feet ctmté shifts most of its weight on
left one to bring the right leg near the left one (j). In seqemn(k) to (p) the planner suggest taking support by the @git on the chair allowing HRP-2
to switch between 3 and 2 contacts for shifting progresgitle¢ left and right legs and then all the robot out of the claaid table (g). Note that the hand
support on the chair is made ((k) and (I)), released ((m) andam) made again lefter on the chair ((0) and (p)).

issues and raised new research perspectives that we discfigbe table or the chair may be changed slightly during the
in the remaining part of this paper. experiment when HRP-2 first takes support on one of these
movable objects. Consequently, further supports usingethe
objects, especially if contacts are planned on their barddi

All the experiments we conducted so far required severadt match the planned contacts’ positions. In the worst case
tuning and adjustment to perform correctly. Advanced amntrthe contact may not be valid at all.
techniques can be called in rescue to avoid off-line tricky In the first case (slight changes on the positions), robot
tuning and trials before experiment. For instance, it toaken generated trajectories need to be played using guardedmoti
than two weeks of trial before being able to perform the chdiechniques [15]. Yet, the trajectory generation for théofwing
scenario on HRP-2. In order to be able to play directly theontact configurationi(+ 1) needs to be recomputed since
contact sequence stances plan on a real humanoid or andmidrded motion leads to a slightly different contact config-
platform, a number of basic problems need to be consideredgation/posture ) relatively to what has been planned. In

IV. TECHNICAL CHALLENGES

We detail some of them hereafter. this case, if the trajectory is generated through optinopat
) ] o techniques [16] [17], it needs to be recomputed for target
A. Model discrepancies and uncertainties configurationk + 1 with different initial conditions at (new

The contact planner performs on the model of the emodified configurationk). This might be time consuming.
vironment described using mainly geometric properties ahd another hand, stack of tasks sequencing such as method
dynamic ones when friction and balance are considered.eTh@soposed by [18] [19] can be adapted to execute with guarded
models are aecessary and unavoidable simplificatiafd¢he control, but they are local and not optimal. A mix of these
actual environment's model. The model (relative) simpdific two techniques can also be envisaged.
tion is necessary in order to perform fast planning computa- - , )
tion. This is unavoidable due to the lack of (i) knowledg#, (i B- Contact stability and haptic sensing
precise acquisition sensing and (ii) unpredictable ligigrges  In the chair experiment, although it had several other possi
before and/or during the experiments. For instance, pwsitibilities, the planner chose only terminal robot bodies pged



with force sensor (i.e. the two grippers and the feet) as@uppof the contact formation. Moreover, as far as androids are
means, once the robot stood up from the chair. In this casencerned, soft cover are built-in by design which makes our
guarded motion and contact detection are possible. Howeweethod more attractive.

in the grasp-can experiment, HRP-2's left leg contacted theThere might be humanoid applications where soft covers
table. But without tactile sensor on the leg, the humanoid wi not always possible, in such cases active or passive joint
not able to asses whether contact is made or not. Our purpesenpliance could be used in combination with an appropriate
is to allow HRP-2 to contact any parts of its body with theoughness texturing of the rigid cover.

environment as long as it can help achieving advanced mstion Haptic sensing in multi-contact support for acyclic motion
or tasks. In this case the humanoid or android will relay ds mandatory. The chair experiment would have been more
two fundamental capabilities: elaborated and refined if HRP-2 was able to detect contact on

1) build stable and robustontact formation sets on whichParts of its body other than the terminal bodies. Hapticisens
the robot can relay during dynamic motion transitionsmodality is crucial for guarded motions and recovery sge®
2) haptic sensing of contact coupled with embedded visidipm discrepancies. However, contrarily to actual prapety

for guarded motion or low level control recovery SolutionS, a tactile Sensing, similar to that of human (a.e
artificial sensing skin) does not appear to be required; e ar

Efficient contact formation can be achieved with goo ) o
also working on this issue.

hardware/control coupling schemes. Induced contact'sksho
need to be absorbed to not excite non desirable frequenaigsgalanced dynamic motion between successive contact con-
which may results in loosing already established contactgyurations

In the other hand, the contact planner associated postur

generator could contribute to contact stability and rohess %nce the sequence of contact supports is provided, a

by electing aood contact formations such as favoring olan/ controller is needed to realize whole body dynamic motion
y 99 gplanp of the humanoid/android from a contact configuration to the

contacts and banning others such as point/plan, edge/etige, ther, sequentially. At each contact configuration, theyres

To absorb contact impulses, compliance is tradmonala/f the robot is given. The problem consists in generating

needed. There are many ways to achieve contact compliange, . .
ny ways : i PIANER motion under several constraints. Examples of such con-
yet all can be categorized within three main classes:

straints are mainly: keeping desired contact set during the
1) Cover compliance(naturally present on androids andnotion, dynamic equilibrium, avoiding non-desirable Eoll
nearly banned in humanoids which are having rigigdions, avoiding various robot variables’ limitations (jts,
covers): it consists in covering the robot with a foanjbim speed, torques, etc.). Off-line, this problem can blges
material whose properties are chosen according to &g |ocal planning combined with optimal motion or control
plication and hardware limitation requirements. generation techniques. The problem is that, once obtained,
2) Joint active complianceonsists in ensuring robot joint the trajectory is not robust to variations of the environten
compliance through closed loop control of robot's acyng reactive control. This issue was discussed previously i
tuators. A simple way to do so is by extracting filteredection 1V-A. Recently, we addressed problems of distance
contact forces from joint or cartesian desired ”ajecmriecomputation with a new approach to be used in collision
This requires the presence of haptic sensing capabilitiggy auto-collision avoidance with nice gradient propertie
and fast low level control. in [20] [21]. The problem remains open as for an elegant
3) Passive joint complianceonsists in making the robot formylation of the equilibrium and stability criterion toeb
comply under external applied forces by hardware dgged for generating the motion since the ZMP criterion would
sign (and not closed loop control). Therefore, respongg apply in our case study. Recent studies [22] show several
to impulse contacts is fast. These solutions are beiﬂ&eresting investigations. Moreover, as already evokef®],
investigated in human-centered robotics and applicatiofife HRP-2 stabilizer does not handle non-coplanar contacts
where robots interact with humans. Designing a new stabilizer that would handle the closeg-loo
Obviously a fourth class of solution is any combination ofompensation from non-desirable motion induced by robot
the previous single ones. We are conducting research towartbrnal or external flexibility (namely if covers are useis)
a solution combining foam covers with active control t@n open issue.
deal with this issue. We believe that compliant covers are
unavoidable. Indeed, a flexible cover would spread the cbnta
area by fitting as much as possible surface asperities andhis section addresses some ideas that are open problems
roughness, this has been used in [11]. In the leg/table boartb be addressed as future work.
contact case a rigid cover would not guarantee a good dtabili o
of the contact (plan/edge or point/edge in this case) wiate¢™ Global path and filtering of contact stances
sophisticated are joint active or passive compliance nustho As stated previously, the planner performs in two stages: a
In this very case, a flexible cover would deform according tHest stage where a global rough path is planed and a second
table border local shape and spread the contact area of steege where support contact sequences are genexatedd
contact, what would increase the stability and the robsstneand alongthis path. For the time being, this path is provided

V. NEW RESEARCH PERSPECTIVES



manually by the user, who provides a few key posture
defining a piecewise linear curve in the configuration spad
Detailed description is provided in [2]. Open investigato
related to this problem can be summarized with this simp
guestion: how to automatically plan a guide path for a give
application and a given robot?

A way to tackle this problem is to consider the robot a
floating and plan for nearly-free collision path. Howevée t
path should be rough enough to be quickly planned whi
having enough granularities in realism to guarantee qui
finding of contact sequences. Indeed, the free-floating trok
needs to be constraint enough for the generated path to
imply the robot to fly, to fall or to be trapped into local mirém
without having the possibility to escape. Also, depending ¢

the application, a path favoring normal walking should b ig. 3. Generating support contacts to get inside an attistanehouse. At

weighted relatively tp a path implying climbing or bf?ndingsome points, the trap door needs to be opened while in the samaelimbing
However, even heuristic rules are not easy to set, since thestepladder.

depend a lot on the application context and requirements. We
are working toward solving this problem.

Several simulation trials and the chair experiment raised gout (here in), i.e. opening the door. Likely, they can not bed.
other issue: the presence refdundantcontact configurations. as @ support, since supporting object (here the trap doa) is
By redundant we mean the possibility for the plan to generaioving object and the dynamic motion can hardly relay on this
useless contact configurations that can be skipped, orsothind of contacts to generate stable motion transitionsekc
that can be slightly rearranged for a better transition betw in applying forces in directions of constrained motion oé th
the sequences. This problem is also experienced in plannifigvable object). Seeing the moving object as part of thetrobo
of biped locomotion [3] where smoothing the path requireégn be considered as an option to reduce the complexity of the
several iterative filtering stages (path straighteningtgant Problem. However, in this case, unless a grasping holdsxist
difference, etc.). In the planning method for manipulatiasks On the trap-door, the unilateral nature of the contact de¢s n
proposed in [23], obtained plan was also post-processédtkat &llow such a hypothesis. Moreover, here, the best configurat
path and the velocity profile levels. These methods can rdight be to open the trap-door at some point and let it slip
apply in a straightforward way to our case. on the humanoid back once some parts of it come inside the

attic. Tackling such problems is an open issue that we will
B. Support contact planning with held or moving objects jnyestigate in future work.

If an object of the environment is held by the robot, the
problem can fundamentally be formulated in the same manngr.
The object can be considered as part of the robot which carOur planner considers only robot made of rigid parts and
use it to form contacts if this is allowed. As for manipulatin rigid environments. However, in practice, if humanoids are
the object through contact sequencing it on the robot, on theade, as androids, with flexible covers (see section IV-B) or
environment or on both, the solution proposed in [14] cahe environment is deformable, the contact formation, once
basically be extended to these cases study. made, will moves under the motion of the robot. If the

All our contact planning simulations and experiments haweformation is light, the problem can likely be handled as
been conducted with a humanoid/android evolving in a statfcall was rigid and adapting solution drawn in section IV-A.
environment; that is to say, contacts are made on non-movimgthe contrary, important deformations require a dedatate
or non-movable objects of the environment. Consider thb-praapproach.
lem illustrated in the Fig. 3. The humanoid HRP-2 is asked to Such a case is exemplified by the Fig. 4. The virtual android
climb a stepladder to get inside an attic or a storehouse. Netasked to clean the bed’s closet, and to reach some spots it
only the planner should generate appropriate contact segae needs to take support contact on the bed. The planner may
to climb through the stepladder, but it should only plan fagenerate the sequence illustrated on the Fig. 4. Howevisr, th
the sequence of contacts which allow opening the trap damntact requires taking into account the deformation obibe
progressively in order to go through it until it completelyto be validated. If the model of the deformation is provided
enters the attic or the storehouse. We assume that the roughractively, it can possibly be integrated into the postu
path planner is able to find the way through the trap door. Tigenerator module. In another hand dynamic motion generatio
contact planner has, at some point, to generate the seqaéndeetween two successive contact configurations should also
contact points allowing the humanoid/android to crossuplo enforce contact during motion (since the motion supporting
it while keeping the trap door open. At this point, note thn t contacts might also move under the dynamics of the motion
planned contacts on the trap door are used for achieving a vaayd that of the deforming environment). Modeling flexililit

Support contacts on deformable environments



(1]

(2]

(3]

(4]

(5]

(6]
(7]

(8]

Fig. 4. Generating support contacts in a cleaning bed ckigedtion. There
are two supporting contacts made on a deforming part (here et byvo
others are made on a rigid material (the closet and the floor).

El

and motion on compliant environment is known to be a very
hard problem in robotics. (10]

D. Interactive contact support planning (11]

Interactive contact support planning is useful in humaisoid
teleoperation or interactive games with virtual avatars.ath(t2]
differs in this case is the absence of global path. The dinect
of motion is provided through joystick or various game cori3]
soles pad; the contact planner is requested to generatectont
support for avatar motion according to the desired directig,4
driven by the user. Here, real-time contact generation with
backward and forward capabilities is of prime importanc 5]
Moreover, combining simple console or game-box commands,
with sophisticated selection of quick contact configuragio
generation, forward and backwards intelligent functions a

. . X 16
the open issues to be investigated. el

VI. CONCLUSION [17]

Planning for non-gaited motions extends humanoid and
android whole-body motion capabilities. Our approach e th
problem [1] [2] proved to be efficient and allowed performingas]
complex experiments using the HRP-2 platform. However,
several technical bottlenecks are still to be resolved rieefq,g,
reaching a sophisticated implementation. We listed soowh s
as how to realize robustness of supporting contacts throrli%*j
guarded motion, haptic sensitized flexible cover, and dyoal
motion generation between successive contact configngtio
We also listed some possible challenging extensions of t
problem such as dealing with contact support with movable
objects. Future work is dedicated to solve these technical

problems and realize the challenging extensions. 22]
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