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Abstract— In this paper we present motion planning for tasks
that require whole body motion of a humanoid robot. We address
two such typical tasks, stepping over obstacles and manipulating
an object, with the help of resolved momentum control (RMC)
to guarantee the robot stability. For the first task, we plan the
trajectories of the feet and the waist according to obstacle size.
The motion of upper body is determined using RMC to keep
balance. This novel planning method is adaptive to obstacle sizes
and hence oriented to autonomous stepping-over of humanoid
robots guided by vision. The second task is pivoting manipulation
of a large object, which is suitable for precise and stable
transportation of large objects. To perform this manipulation,
first the object is moved by two arms using force and position
control together with body balancing control while robot stays
in the same place. Next the movement of the humanoid robot
itself is performed by stepping using RMC. The effectiveness of
proposed motion planning methods is verified by experiments
and simulations.

I. INTRODUCTION

Research on humanoid robots has made a remarkable
progress and its mobility has been greatly improved. In future
application, humanoid robots will walk and work to assist
humans in daily life or replace them in hazardous environment.
For this purpose, humanoid robots must be able to go around
and execute tasks in complex environments. To achieve those
goals, humanoid robots often need to exploit whole body
motion by making use of their many degrees of freedom. In
this paper we address typical basic tasks requiring whole body
motion planning, stepping over obstacles and manipulating ob-
jects. These capabilities can be utilized in many of applications
where humanoid robots are expected to be used. In future
development, the two tasks can be combined to manipulate a
large object in environments populated by obstacles.

The ability to overcome obstacles is important since work-
ing environments are often cluttered with obstacles in the
above applications. For humanoid robots to overcome obsta-
cles, current walking pattern generation or motion planning
methods cannot be directly applied.

Here we present a motion planning method for humanoid
robots to step over obstacles. In the planning, to meet the
two basic and critical constraints on obstacles stepping-over,
namely, collision avoidance and robot balance, we decompose
the humanoid motion into two parts, which are lower body
motion for collision avoidance and upper body motion for
balance. The trajectories of the feet and waist are determined

according to obstacle size and based on our previous feasibility
analysis [4]. The motion of upper body of the robot is
generated using resolved momentum control (RMC) [9]. Our
planning method is adaptive to various sizes of obstacles and
oriented to vision-based autonomous obstacle stepping-over.

Looking at the manipulation task, humanoid robot is ad-
vantageous to manipulate and to transport larger objects than
other type of robots. For this goal, we have been developing a
method for manipulating large objects through “pivoting,” oth-
erwise called “graspless (non-prehensile) manipulation [1].”
This manipulation method is considered to have such advan-
tages as precise positioning, adaptability to irregular terrains
compared to pushing and lower risk of falling than lifting.

Similar to the obstacle stepping-over, not only the manipu-
lation task itself but also the whole balance of the humanoid
robot should be taken into consideration. We have proposed
a method based on two-arm manipulation using force and
position control combined with whole body balance control
[16]. However, only the phase of object manipulation has
been studied so far and the displacement of the robot itself
has not been considered yet. In this paper, we present a
planning method that includes a phase of robot stepping
motion after the manipulation phase to allow the humanoid
robot to continuously transport the object to a desired place.
The stepping motion is planned also based on RMC. Keeping
the hands at the same position, the robot walks in the direction
of object transportation.

This paper is organized as follows. After showing related
work in Section II, motion planning methods are presented
for stepping over the obstacle in Section III and for pivoting
manipulation of a large object in Section IV. Section V
provides experimental and simulation results to verify the
proposed methods before concluding the paper in Section. VI.

II. RELATED WORK

So far the pattern generators for humanoid robots are based
on even ground and the trajectories of the feet are not specified
[3], [9], [14]. Huang et al. presented a walking pattern through
planning foot trajectory defined by step lengths and the lifting
heights of the feet [7]. However, the trajectories were not
planned according to obstacle size and the potential collision
between the legs and the obstacle has not been taken into ac-
count. Dynamically-stable and collision-free trajectories from
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full-body posture goals were computed in [12] by utilizing
Rapidly-exploring Random Trees. Unfortunately, the planner
can only handle a fixed position for either one or both feet, and
hence it is difficult to be applied directly in obstacle stepping-
over.

Tasks involving object manipulation through contact have
mainly been investigated for pushing [8], [5], [15] and lifting
[6]. However, there have not been so many research studies
on the implementation of dextrous tasks using a humanoid
robot. This is due to the difficulty in manipulating an object
by two hands while keeping body balance at the same time.
We introduce, therefore, a pivoting manipulation of an object
that has advantages in terms of precise and stable manipulation
compared to the above methods.

III. PLANNING METHOD OF STEPPING OVER

A. Brief Review of Feasibility
Before plan motion for a humanoid robots to step over an

obstacle, it must be known whether the robot can do so. We
have proposed a method for this feasibility analysis [4], on
which our motion planning is based.

In the analysis, we took rectangular objects as typical
obstacles, and considered the geometry of the obstacle (height
and depth), the sizes, shapes and kinematics of the robot legs.
For a given obstacle depth (width in 2-D case), there must be
a maximum height of the obstacle that the robot can step over.
So we found this maximum height using optimal technique. If
the height of an obstacle is less than the maximum one, then
the robot can step over the obstacle. Thus we cast the problem
into optimization models, where the objective functions are
the obstacle heights to be maximized, the variables include
the height itself, the distance between the obstacle and the
feet, and joint angles of the legs. The constraints include those
on collision avoidance, robot balance and joint angles. Mo-
tivated by computational geometry, collision-free constraints
are formulated using signed areas of triangles, since they can
completely describe the geometric relationship between three
ordered points or one point and one directed line segment,
e.g., one point is to the left or right of a directed line. Based
on this, after described the obstacle and the robot legs by
their topological features (vertices as points and edges as line
segments), we formulated easily the collision avoidance for
two line segments. For robot balance, we took the center of
mass (CoM) in quasi-static state as a criterion, which is a
function of all joint angles of the robot. If the projection of
the CoM on the ground is within the supporting area(s), then
the robot can keep balance.

For one robot, we may make a series of calculation for
the maximum heights of obstacles with different depths, and
then make a database mapping the depth and the maximum
height of the obstacle, the step-length, and the waist position,
respectively, for online and real-time application.

B. Planning of Trajectories

In obstacle stepping-over, the procedure is similar to a
normal walking. It consists of three phases. In the plan-
ning, we consider them separately. Specifically, in phase 1

(single-support), phase 2 (double-support) and phase 3 (single-
support), we plan the trajectories of the lifted front foot, the
waist trajectory, and the withdrawn rear foot, respectively.

The algorithm can be depicted by the block diagram shown
in Fig. 1. The step length and the robot position with respect
to the obstacle are first determined according to the obstacle
size based on our previous results of feasibility [4]. The step
length sl of the legs can be set as sl = (svo1+svo2)/2.0,where
svo1 and svo2 are the two feasible step lengths for the robot to
step over two “virtual obstacles” VO1 and VO2, respectively,
(Fig. 2a). VO1 is the virtual obstacle with the same depth
w as the real obstacle and with the maximum height hmax

corresponding to w , found in feasibility analysis; and VO2
is the one with the same height h as the real obstacle and
with the maximum depth corresponding to h, also found in
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Fig. 1. The algorithm for trajectory planning

(a) Virtual parameters (b) Foot trajectory

Fig. 2. Parameters for foot trajectories
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feasibility analysis. svo1 and svo2 can be obtained by looking
up and interpolating the feasibility mapping. The setting of
step length in this way is adaptive to various obstacles that
the robot can step over.

After the step length is determined, the distance between
the robot and the obstacle xo is set according to the obstacle
depth w , step length sl and foot size d1 and d2:

xo = d1 + (sl − w − d1 − d2)(1 + h/hmax)/2.0. (1)

Foot trajectories are determined by four path control points,
where the distance between the end-points f1 and f4 is the
step length, as shown in Fig. 2b. The two interior points f2
and f3 are set with the consideration of collision avoidance,
according to the gaps x, z and ′

x,
′
z , between the feet and

the obstacle, and the feasible orientation angles 2 and 3 of
the feet, which can be estimated by the inverse kinematics of
the legs according to the positions of the waist and the foot.
The foot trajectories are in sagittal planes, and each of their
components is interpolated using two forth-order polynomials
and one third-order polynomial:

⎧⎨
⎩

F1(t) = a1 + b1t+ c1t2 + d1t3 + e1t4

F2(t) = a2 + b2t+ c2t2 + d2t3

F3(t) = a3 + b3t+ c3t2 + d3t3 + e3t4
(2)

where Fi(t) may be xi(t),zi(t) or i(t), the X and Z coor-
dinates of path points or the corresponding sole orientation.
The coefficients ai,bi,ci,di and ei for the polynomials can
be easily and uniquely obtained by the following boundary
conditions: (a) the curve is continuous at the interior control
points, (b) it is also smooth at these points, i.e., the first
derivatives of adjacent segments at these points are equal, (c)
the second derivatives also match at the interior control points,
and (d) the first derivatives at end-points be zero, (e) the second
derivatives at end-points be also zero. Under these conditions,
the curve would be very smooth [2].

The waist trajectory can also be interpolated in a similar way
using polynomials. For simplicity, the height of the waist can
be kept constant during the whole procedure, The displacement
in X direction and the height of the waist in phase 1 can be
set according to the two “virtual obstacles” as follows:

xp4 = (xvo1 + xvo2)/2.0, zp4 = (zvo1 + zvo2)/2.0. (3)

where xvo1 and xvo2 are the X -coordinates of the waist
corresponding to the stepping-over the two “virtual obstacles”
VO1 and VO2; zvo1 and zvo2 are the Z -coordinates of the
waist. They are obtained in the feasibility analysis. In phase
2, considering avoidance of collision between the leg and the
obstacle, the waist height may be increased in the middle when
necessary. For lateral motion of the waist, we give the middle
point as the interior path control point. Thus the components
of the trajectory can be controlled by three points and then
interpolated using two fourth-order polynomials, respectively.

After the trajectories have been generated, the motion of the
leg joints can be easily obtained by the kinematics of the legs.

C. Upper-body Motion and Balance Maintenance

Humanoid robots are redundant systems for most motion.
This redundancy can be used for various tasks or targets.
While the motion of lower body is planned for overcoming
the obstacles without any collision, the motion of the lower
body is generated with consideration of robot balance, based
on RMC [9].

It is well known that, for a humanoid robot to walk stably,
the ZMP (Zero Moment Point) must be within the convex
hull of the supporting area(s). As stated previously, in our
planning, though the lower body of the robot is controlled to
realize the desired trajectories under the constraints of collision
avoidance, the upper body (including the chest, the head and
the two arms) is free and can be used to adjust the ZMP
or CoM to keep the robot balance. Currently we control the
CoM of the robot so that it is always within the convex hull
of the supporting area(s) to maintain robot balance. Since the
linear momentum P depends on the time derivative of CoM
position r through the total mass m as P = m ṙ, the position of
CoM can be controlled by manipulating the linear momentum
as P = km (r̃− r), where the tilde denotes the reference
value, and k is the gain of the control scheme. Using this
equation we are can calculate the desired linear momentum
P to control the robot CoM. In our system, these values are
controlled automatically during the stepping-over.

IV. PIVOTING MANIPULATION TASK

We describe briefly the pivoting task implemented in this
section. We take a simple example of task to manipulate a
cuboid object on a plane. We assume that the shape and the
physical parameters of the object are known and that the robot
grasps the object by two hands firmly without slipping at the
contact points.

The manipulation is executed by repeating the following
two phases (Fig. 3):

• Manipulation phase: The manipulation is done in a
quasi-static way by repeating rotation of the object about
an axis. Internal force to grasp the object is controlled
using impedance control.

• Robot motion phase: The robot moves towards the
object with the hands at the same position to continue
manipulation. The body motion is planned through RMC.

A. Manipulation phase

The pivoting is performed by repeating the following se-
quences (Fig. 3).

1) The object is inclined by angle around an axis a so
that it contacts the plane at vertex v (Fig. 4a).

2) The object is rotated by angle around the vertical axis
z on vertex v to move to the desired direction (Fig. 4b).

3) The object is rotated by − around the rotated axis a′

until the bottom edge touches ground. (Fig. 4c).
a) If the object displacement exceeds a value D , the

robot steps toward the desired direction.
b) Otherwise back to step 1 or the end of the motion.
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Displacement < D ?

n

y

Arrived at goal? End
y

- Incline by  around a
- Rotate by  around axis z
- Rotate back by -  around a

Fig. 2

Sequence of pivot motion

- Choose a vertex v
- Determine a,Motion direction 

Robot configuration 
Robot property

Step towards goal 

Manipulation phase

Robot motion phase

n

Fig. 3. Flow of pivoting manipulation

The parameters , and D must be designed so that the
manipulated object follows the desired trajectory (Fig. 5). The
working area and physical properties of the robot body must
also be taken into account.

The a axis and the vertex around which to incline the object
are selected not to lose the stability of the robot and the object.
The axis z is set to the vertical axis since no work is required
for quasi-static motion around this axis. The angle depends
on the constraint of robot motion capability as well as the
desired trajectory of the robot. To execute more complicated
trajectory than that of Fig. 5, we will need a strategy how to
determine those parameters, taking account of combination of
stepping motion.

Since we assume quasi-static motion, we adopt position
control for robot hands to achieve the trajectory for the desired
motion. For position-controlled robot as HRP-2, the output
of the following impedance control is added to the position

a
v

z

a

a

(a) Inclining (b) Rotating (c) Repositioning

Fig. 4. Sequence of pivot motion of cuboid

Fig. 5. Object transporting by repeated pivoting (top view)

command of manipulation to regulate the internal force.

m ẍH + cẋH = fxd − fx. (4)

where xH denotes the hand position controlled along the
direction perpendicular to the object, fx the force exerted at
the hand, and m and c the mass and damper of impedance
control respectively. In this control law, xH is controlled so
that fx is regulated to converge to the desired force fxd.

When using a humanoid robot platform, the robot should
apply not only the necessary force to the hand for manipulation
but also keep the balance of the whole body.

We adopt the method developed by Harada et al. known as
balancing method [6]. The key idea is to control the CoM of
the robot so that the “static balancing point” is on the center
of the foot supporting polygon. The static balancing point is
the point to which all the resistance force from both hands
and gravity are applied, which is equivalent to ZMP when no
dynamics motion is generated.

By introducing this control method the force of pivoting
manipulation is generated as a resulting compensation of
disturbance due to the contact with the object.

B. Robot motion phase

After a sequence of manipulation, the object will be dis-
placed to a farther position from the robot. Now the robot itself
needs to move in the desired direction of object transportation.
It is, therefore, preferable that robot keep the hands on
the object to easily go on the manipulation. Here also, we
introduce a control scheme of RMC to implement this motion.
The hand position can be controlled based on an extended
method of RMC developed by Neo et al. [13].

In this way, the robot can step towards the object with
its both hands at the position keeping the contact, while the
CoM is controlled always inside the convex hull of supporting
area(s). Moreover, keeping the hand position on the object may
help to maintain the equilibrium of the robot body.

V. SIMULATION AND EXPERIMENT

To verify the proposed planning method, we perform sim-
ulation and experiment on humanoid platform HRP-2 [11].
HRP-2 has 30 degrees of freedom with 1.54[m] in height
and 58[kg] in weight. Control software is implemented on
humanoid robot simulator OpenHRP [10]. Thanks to the
architecture of software OpenHRP, the developed simulation
software has binary compatibility with the robot hardware.

A. Stepping over obstacles

We use a box with depth of 50[mm] and height of 150[mm]
as the obstacle. From our feasibility analysis, we know that
this obstacle can be stepped over by HRP-2, since its height
is less than the corresponding maximum height 242.1[mm].

The trajectories and orientation of the two feet in X -Z
plane are shown in Fig. 6, where the shaded blue triangles
indicate the foot configurations at four path control points,
and the shaded red rectangle represents the obstacle. It can be
seen that the feet surmount the obstacle without any collision.
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Fig. 7 shows the components of the trajectories with time, from
which the good smoothness of the curves can be observed.
Fig. 8, Fig. 9 and Fig. 10 show some experimental snapshots
of the robot in the three phases, respectively.

B. Pivoting manipulation

1) Experiment of manipulation phase: We have conducted
an experiment of pivoting manipulation. The information from
the force sensors at the wrists is used for impedance control.
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Fig. 6. Trajectories of front foot (in phase 1) and rear foot (in phase 3)
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Fig. 7. Components of foot trajectories with time

Fig. 8. Experiment of obstacle stepping-over (Phase 1)

Fig. 9. Experiment of obstacle stepping-over (Phase 2)

Fig. 10. Experiment of obstacle stepping-over (Phase 3)

Since the output of force sensor is somewhat noisy, we
use an average value of the last 20 samplings measured
every 5 [ms]. The width, depth, and height of the object are
350[mm], 200[mm], and 1200[mm] respectively. The mass is
approximately 3[kg].

In the manipulation, two sequences including steps Fig. 4(a)
∼ (c) are performed by changing the contacting vertex v
from near-right to near-left. The rotation angle is −15[deg]
in the first sequence and then 15[deg] in the second. Other
parameters of the pivoting sequence is selected such that the
angle between a and the object side edge takes 18.4[deg], z
equals to the vertical axis, and inclination angles is 5[deg],
respectively. Here parameter D is set to 50[mm] to prevent
the arms from going into singular configuration and losing
stability by extending arm too much.

For the impedance control, we adopt m = 10[kg], c =
300[N·m−1·s] and fxd = 25[N] respectively. The internal force
fxd is determined for the robot to grasp firmly to prevent the
object from slipping because of gravity. The height position
of grasping is set to 620[mm].

Figure 11 shows snapshots of the experiments. As can be
seen, the pivoting manipulation has been executed appropri-
ately and the displacement in forward direction was around
60[mm] as expected from simulation. In the experiments, the
desired internal force has been maintained accurately enough,
although the force decreased at the last stage of manipulation.
The CoM position stayed in the supporting area, which shows
the effectiveness of balance control.

This result demonstrates the effectiveness of the proposed
manipulation method. Configuration and grasping position
need to be investigated for more reliable manipulation in the
future work.

2) Simulation of robot motion phase: The robot motion
phase is simulated based on the proposed method. Figure 12
shows the sequence of stepping for forward motion. After the

(a) Initial state (b) 1st inclining (c) 1st Rotating

(d) 2nd inclining (e) 2nd rotating (2) (f) Final state

Fig. 11. Experiment of pivoting motion
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manipulation, the robot steps forward by 50[mm] by moving
its feet alternatively, by keeping the hand on the object using
RMC to maintain the whole body balance. As shown in
Fig. 12, first robot moves its CoM on the right foot and then
moves the left foot forward. The same sequence is repeated for
the right foot. The simulation shows that robot can effectively
moves towards the desired direction of manipulation.

In the current development, only the position control and
straightforward motion is implemented. This method will be
extended to enable the robot to keep the desired grasping
force by impedance control and to transport the object along
arbitrary trajectories.

VI. CONCLUSIONS

We have presented methods of motion planning for whole
body tasks by a humanoid robot. As basic tasks, we have
investigated the problems of stepping over obstacles and
manipulating large objects.

For the obstacle stepping-over task, a novel algorithm was
presented for motion planning of humanoid robots. Two basic
requirements, namely, collision avoidance and robot balance,
have been taken into account in planning for motion of
the lower body and the upper body, respectively. Since the
trajectories are determined based on our previous feasibility
analysis and according to obstacle size, the method is adaptive
to various obstacles, and therefore can be used in autonomous
implementation of obstacle stepping-over of humanoid robots
guided by vision. Simulation and experiment have verified the
effectiveness of the proposed planning method.

For the manipulation task, a planning method has been de-
veloped for pivoting a large object, composed of manipulation
and robot motion phases by a humanoid robot. After the object
is moved towards the desired direction by grasping it by two
arms, then robot makes steps in the same direction to continue
the manipulation task. Impedance control was introduced to
control the internal force, and resolved momentum control

Moving CoM rightword Stepping left leg forward

Moving CoM Stepping right leg forward Stepping finished

Fig. 12. Stepping forward keeping the hands on the object

was adopted for stepping motion keeping the contact of both
hands with the object. The method will be improved to adapt
to various object shapes and trajectory of transportation in
pursuit of wide application in future developments. In future
work, dynamic humanoid motion will need to be addressed
for more efficient task execution for both cases.

We have demonstrated that the proposed planning method
can be effectively performed by experiments and simulations.
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