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Abstract. A walking motion of a humanoid has been analyzed or developed with-
out considering motions of the remaining parts of the humanoid. In order to per-
form tasks in the human’s living environment, a walking motion and assigned tasks
must be considered at the same time. In this paper, a whole body motion genera-
tion method, i.e., the motion embedded CoM Jacobian method is introduced. With
the method, a balance control and assigned motions are separated and thus, the as-
signed motions can be generated without considering balance of a humanoid. As
experimental examples, whole body motion of a humanoid is assigned by the tele-
operation. Arbitrarily assigned upper body motions and independently generated
walking motions are combined to generate a balanced whole body motion with the
suggested methods.

1 Introduction

Recently, robot’s working places are trying to be extended to the human’s daily life.
Among various robots, a humanoid is one of the most feasible robots that can survive
in the human’s living environment. In order to live in the human’s living environ-
ment, a humanoid should overcome many obstacles such as stairs and furnishings,
and understand how to manipulate tools and devices such as many kinds of doors
and electric home appliances. All these elemental tasks are also combined to conduct
more complicated tasks such as cleaning, cooking, errands, and etc.

For these complicated tasks, a humanoid must have at least two functions: mo-
bility and manipulation. The mobility is one of the most important research topics
for a humanoid and many excellent results have been reported in recent years[3].
The manipulation is one of traditional research topics in robotics and has been
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successfully realized in many real robots. Nowadays, wheeled mobile robots with
two arms are popular type for studying manipulation with mobility. This type of
robots can handle objects in the human’s living environment with less stability prob-
lem than a humanoid robot, and thus they can focus on the manipulation with trav-
eling around a working environment.

In order to increase the usefulness of a humanoid, these two research topics, i.e.,
mobility and manipulation should be coordinated seamlessly with guaranteeing a
balance of a humanoid. To achieve the coordination, this paper introduces a whole
body motion generation method which resolves the CoM(Center of Mass) Jacobian
of a humanoid with given motions of manipulation and mobility. The introduced
methods can use almost all manipulation methods without considering balance and
walking situation of a humanoid.

This paper is organized as follows: section 2 gives an overview of the resolution
of the motion-embedded CoM(MECoM) Jacobian. Section 3 derives the MECoM
Jacobin for several cases. Section 4 describes how to use the MECoM Jacobian and
shows several applications. Finally, section 5 concludes the paper.

2 Overall System

In order to balance a humanoid with whole body motion, full dynamics or the CoM
of whole body is studied usually. The CoM relation is much simpler than full dynam-
ics and thus it is suitable for real implementation. Additionally, the CoM Jacobian
gives a relation between the CoM and the joint motion similar to a normal kine-
matic relation. Consequently, the CoM Jacobian is one of the most simple and effi-
cient whole body motion relations with balancing information. The CoM Jacobian
is proposed by Kagami, et al.[5] and formulated analytically by Sugihara, et al.[9].
The dimension of the whole body motion relation is too complicated to be used in
real time or with given task motions. If a humanoid has n-dof in total, then the di-
mension of the CoM Jacobian is (3×n). A usual method to solve the CoM Jacobian
is that given motions are augmented to the CoM Jacobian as constraints, and finally
the joint motions are solved by using an optimization method. The augmentation of
given motions increases the overall dimension of the optimization matrix and thus
it needs heavy computation with given motions. In order to overcome the defect of
the conventional resolution of the CoM Jacobian, the MECoM(Motion-Embedded
CoM) Jacobian is proposed[1, 7].

Basic idea of the MECoM Jacobian is that, in most cases, human motions are
occurred without considering balance of its body explicitly, and human motions are
assigned locally and independently. For example, if a human carries an object with
a certain pose, the aim of arms and legs are different, arms are to maintain pose
of the object according to the body motion and legs are to walk toward a desti-
nation position. While these motions are assigned to corresponding sections, i.e.,
arms and legs, balance of the whole body is occurred subconsciously. Thus a human
needs not consider the balance control of body consciously. This human behavior is
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applied to control a humanoid with the resolution of the MECoM Jacobian, and con-
sequently, the balancing problem is separated from given motions and furthermore,
conventional motion planning methods can be applied without any modification to
generate balanced motions.

As shown in Fig. 1, input of the MECoM Jacobian can be divided into two cate-
gories: 1) CoM-ZMP control for balance and 2) Motions for given tasks. The CoM-
ZMP control algorithms are based on the inverted pendulum model. Many research
results on the walking patterns are dealt with this balance algorithms[2, 4, 6]. Motion
generation methods have been studied for a long time and mostly, the methods can
be categories into the joint motion generation and the Cartesian motion generation.

The output of the MECoM Jacobian is the balanced joint motion of a humanoid,
i.e., the MECoM Jacobian distributes the two independent inputs into the whole
body joint motion which guarantees balance and given motions as much as possible.

Before developing the motion-embedded CoM Jacobian, a humanoid is divided
into several parts. A humanoid has four limbs attached at the main body. Hereafter,
each limb and the main body will be called a section. For a human, a task is done
with some sections, usually two arms, and they balance the body with other sections,
usually two legs. It means that not all sections are dedicated into one task, but they
do their own tasks, for example, balancing or a given task. Thus it is natural that
motions of each section are given independently. According to the existence of a
given desired motion, the section is classified into the idle section and the busy
section: the idle section has no given motion and the busy section has a given motion.
If a section has zero motion, i.e., it is fixed at current position, it can be considered as
an idle section or a busy section. In most case, a supporting section which is attached
on the ground are considered as a busy section even if no motion is assigned to, since
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Fig. 1 A basic flow for the resolution of the MECoM Jacobian: balance is maintained by
controlling the CoM-ZMP relation, and motions on several sections are given independently.
Finally, the balancing control and the given motions are combined by solving the MECoM
Jacobian to give balanced motions.
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they have a role of balancing the body and thus they should be fixed at the position.
Other sections such as arms with zero motion are considered as an idle section if no
motion is assigned explicitly.

A given motion of each limb or a main body can be given as a joint motion and/or
a Cartesian motion. If a busy section has a motion in the Cartesian space, it will
be called C-busy section and a section with a motion in the joint space is J-busy
section.

3 Derivation of Motion-Embedded CoM Jacobian

3.1 CoM Jacobian

This section briefly reviews the CoM Jacobian, and a detail description can be found
in [9, 10]. Let us consider a n-DOF humanoid. There are two referential frames
to describe a humanoid as shown in Fig. 2. The world coordinate frame is fixed
on somewhere in the world and represents the global motion of a humanoid. The
body center frame is fixed on a humanoid to describe the local motion. Almost all
the properties of a humanoid is described in the body center frame. The leading
superscript o(·) implies that the elements are represented in the body center frame,
and without it, a value is based on the world coordinate frame.

The CoM, pG, of a humanoid is a function of joint angle vector, q, i.e., pG = f(q).
Thus, there exists a Jacobian JG which can relate q̇ to ṗG as:

ṗG = JGq̇ (1)

where the (3× n) matrix JG is defined by

JG ≡ ∂pG

∂q
(2)

Fig. 2 Coordinate System
of Mahru: There are two co-
ordinate systems. The world
coordinate frame is to repre-
sents the inertial coordinate
system and the body center
frame is attached on the
humanoid body and all the
local motions represented
with leading superscript o(·)
are represented based on the
body center frame.
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We call JG the CoM Jacobian hereafter. pG is a quite complex function with multiple
arguments. Kagami, et al., proposed the numerical method to calculate it[5], which
unfortunately needs a large amount of computation. Sugihara, et al., developed a
fast and accurate calculation method of JG with the following approach[10].

Firstly, the relative CoM velocity with respect to the body center frame, oṗG, can
be expressed as:

oṗG =
∑n−1

i=0 mi
oṙGi

∑n−1
i=0 mi

=
∑n−1

i=0 mi
oJGi q̇

∑n−1
i=0 mi

(3)

where mi is the mass of link i, orGi is the position of the center of mass of link i
with respect to the body center frame, and oJGi (3× n) is defined by

oJGi ≡
∂ orGi

∂q
(4)

Therefore, Jacobian oJG which relates q̇ to oṗG is

oJG =
∑n−1

i=0 mi
oJGi

∑n−1
i=0 mi

(5)

Secondly, suppose link 1 is the base section, which is fixed in the world frame (for
example, when the right leg is the supporting leg, the right leg is fixed on the ground
and becomes the base section), the CoM velocity with respect to the world coordi-
nates frame, ṗG is

ṗG =ṗo +ωo×Ro
opG +Ro

oṗG

=Ro{oṗG− oṗ1 +(opG− op1)× oω1}
=Ro

oJGq̇

+Ro{−oJv1 +[(opG− op1)×]oJω1}q̇1 (6)

where po is the position of the body center, ωo is the angular velocity of the body
center, and Ro is the attitude matrix of the body center with respect to the world
frame. op1 is the position of the base section, oω1 is the angular velocity of the base
section, oJv1 is the linear velocity part of the base Jacobian and oJω1 is the angular
velocity part of the base Jacobian with respect to the body center frame. [v×] means
outer-product matrix of a vector v (3×1). q̇i is the joint velocity of section i. Note
that the base section can be any section that is fixed on the ground, but here, we
assigned the base section with the number 1 without loss of generality.

In order to use Eq. (6) in the following section, it is rewritten here as:

ṗG =
m

∑
i=1

Ro
oJGi q̇i

+Ro{−oJv1 +[(opG− op1)×]oJω1}q̇1 (7)

where m is the number of sections.
Now, let us derive the motion-embedded CoM Jacobian from Eq. (7).
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3.2 Motion-Embedded CoM Jacobian

3.2.1 Embedment of J-Busy Section

It is easy to embed a joint motion into the CoM Jacobian, since the joint motion can
be directly replaced q̇i in Eq. (7).

If section j is a J-busy section, Eq. (7) becomes

ṗG−Ro
oJGj q̇ j

=
m

∑
i=1,i�= j

Ro
oJGi q̇i

+Ro{−oJv1 +[(opG− op1)×]oJω1}q̇1 (8)

The second term of the left hand side compensates the motion of the jth section.
Therefore, the other sections shown in the right hand side can generate a joint motion
with the compensated CoM motion.

If at least one section, i.e., the base section, is an idle section, then Eq. (8) can
compensate motions of the other sections. If all sections are the J-busy section, there
is no section to compensate given motions. In this case, an optimization method
needs to be applied.

3.2.2 Embedment of C-Busy Section

Let us derive the motion-embedded CoM Jacobian for the C-busy section. Each sec-
tion of a humanoid is considered as an independent section, i.e., any section can have
its own motion independently without considering other sections. In general, the i-th
section has the following relation:

oẋi =
oJiq̇i (9)

where oẋi = [oṗT
i ;oωT

i ]
T is the end point velocity of the section, oṗi and oω i are the

linear and the angular velocity, respectively. q̇i is the joint velocity, and oJi is the
usual Jacobian matrix represented in the body center frame.

In our case, the body center is floating, and thus the end point motion about the
world coordinate frame is written as follows:

ẋi = X−1
i ẋo +Xo

oẋi (10)

where ẋo = [ṗT
o ;ωo

T ]T is the velocity of the body center represented in the world
coordinate system, and

Xi =

[
i3 [Ro

ori×]
03 i3

]
(11)

is a (6×6) matrix which relates the body center velocity and the end point velocity
of the i-th section. i3 and 03 are the (3× 3) identity and zero matrix, respectively.
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Ro is the orientation of the body center based on the world coordinate system. ori

is the position vector from the body center to the end of the i-th section based on
the body center frame. The transformation matrix Xo is

Xo =

[
Ro 03

03 Ro

]
. (12)

By combining Eq. (9) and Eq. (10), the end point velocity based on the world co-
ordinate system is

ẋi = X−1
i ẋo +Xo

oJiq̇i (13)

For simplicity, we will use the relation Ji = Xo
oJi, hereafter.

From Eq. (13), we can see that all sections should satisfy the compatibility con-
dition, i.e., the body center velocity, ẋo, in Eq. (13) for each section is the same, so
that sections are connected without being broken., and thus arbitrary two sections,
for example, the i-th and j-th section should satisfy the following relation:

Xi(ẋi− Jiq̇i) = X j(ẋ j− J jq̇ j). (14)

From Eq. (14), the joint velocity of any section can be represented by the joint ve-
locity of any other section. However, all sections will be represented by the base
section, since the motion of the body center is represented by the base section, as
shown in Eq. (7). The base section can be the supporting leg in the single supporting
phase or one of both legs in the double supporting phase if a humanoid is standing.
Let us express the base section with the subscript 1, then the joint velocity of any
section is expressed as:

q̇i = J−1
i ẋi− J−1

i Xi1(ẋ1− J1q̇1), (15)

for i = 2, · · · ,m, where m is the number of sections. Here,

Xi1 =

[
i3 [Ro(

ori− or1)×]
03 i3

]
. (16)

Note that if a section is a redundant system, any null space optimization scheme can
be added in Eq. (15), and J−1

i becomes a generalized inverse.
By substituting Eq. (15) into Eq. (7), the motion-embedded CoM Jacobian rela-

tion becomes

ṗG = Ro{−oJv1 +[(opG− op1)×]oJω1}q̇1

+
m

∑
i=1

Ro
oJGi J

−1
i (ẋi−Xi1ẋ1)

+
m

∑
i=1

Ro
oJGi J

−1
i Xi1J1q̇1 (17)
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where Jv1 = Ro
oJv1 and Jω1 = Ro

oJω1 are the linear and angular velocity part of
the base section Jacobian. Note that if i= 1, ẋi−Xi1ẋ1 = 0 and Ro

oJGi J
−1
i Xi1J1q̇1 =

Ro
oJGi q̇1.
Finally, all desired motions, ẋi, are embedded in the modified CoM Jacobian.

Thus the effect of the CoM movement generated by the desired motion is compen-
sated by base section. Eq. (17) can be rewritten like the usual kinematic Jacobian
of the base section:

ṗmeG = JmeGq̇1 (18)

where

ṗmeG = ṗG−
m

∑
i=1

Ro
oJGiJ

−1
i (ẋi−Xi1ẋ1), (19)

JmeG = Ro{−oJv1 +[(opG− op1)×]oJω1}

+
m

∑
i=1

Ro
oJGi J

−1
i Xi1J1. (20)

The modified CoM motion, ṗmeG, consists of two relations: a desired CoM mo-
tion(the first term) and the relative effect of motions of each section(the second
term). The modified CoM Jacobian, JmeG also consists of two relations: the effect of
the body center(the first term) and the effect of motions of each section(the second
term).

The modified CoM Jacobian JmeG is a (3×n1) matrix where n1 is the dimension
of the base section, which is smaller than that of the original CoM Jacobian. For
example, Mahru in Fig. 2 has a 6-dof leg, and thus n1 = 6 if the leg is the base
section. After solving Eq. (18), the joint motion of the base section is obtained. The
resulting base section motion balances a humanoid robot automatically during the
movement of all other sections. With the resulting joint motion of the base section,
the joint motion of all other sections are obtained by Eq. (15). The resulting motion
follows the desired motion, regardless of the balancing motion of the base section.

4 Application of MECoM Jacobian

4.1 Embedment of a Motion into MECoM Jacobian

As shown in the previous section, there is no difference between manipulation of
arms and walking of legs. They are just categorized which type of motion is assigned
to a certain section. Currently all sections can have any type of motions, but the
base section must have the Cartesian motion, which is usually the zero motion i.e.,
fixed on the ground. Within the MECoM framework, all motions including walking
motion are considered as manipulation or motion with constraints, and the balance
is guaranteed by the CoM-ZMP controllers, and finally all these manipulation and
balancing results are reflected on the base section.
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The balance control focuses on CoM-ZMP controllers, i.e., by changing the
CoM-ZMP controller, more stable motion can be obtained without considering given
motions. The balance control is tightly related to the CoM-ZMP pattern generation.

According to given motions, the motion embedded CoM Jacobian has two dif-
ferent forms as shown in the previous section: if a given motion is a joint motion,
Eq. (8) is used, i.e., the given motion is just replaced. If a given motion is a Cartesian
motion, Eq. (15) is used, i.e., the joint motion is obtained from inverse kinematics
relation between the given Cartesian motion and the base section.

Consequently, by changing motion generation methods represented in Eq. (15)
explicitly or by substituting the results of motion generation methods into Eq. (8)
implicitly, we can have more sophisticated motion of a humanoid.

In order to show the replacement of motion generation algorithms, let us consider
that a humanoid has arms with more than 6-dof, i.e., arms are redundant. A given
desired arm motion is ẋdi for the ith section, then we can embed this motion into
the MECoM with two methods as follows: Firstly, the given motion is pre-calcuated
before embedding into the MECoM Jacobian

q̇di
= J†

i ẋdi (21)

where (·)† represents the pseudo-inverse, and the null vector related part is not in-
cluded in the equation, but it can be easily added in the equation. With this equation,
a desired joint motion, q̇di

can be obtained and it is embedded into the MECoM Ja-
cobian as a joint motion with Eq. (8). This joint motion embedment is cascaded with
the MECoM Jacobian and thus motion generation algorithms are separated perfectly
and it can be developed independently as in Eq. (21).

The second method is that the given motion ẋdi is embedded explicitly with
Eq. (15) as follows:

q̇i = J†
i ẋdi− J†

i Xi1(ẋ1− J1q̇1) (22)

Note that the null vector related part also can be included in the equation. Eq. (15)
in the previous section must be replaced by Eq. (22) and then the final form of
the MECoM Jacobian relation is also changed according to the motion generation
method as in Eq. (22). This Cartesian motion embedment is an explicit embedment
of given motions and the MECoM Jacobian resolution has all the motion generation
routines and we don’t need additional motion generation routines in this case.

We can develop or use a new motion generation method to perform a certain task
without any modification or consideration of the balance of the body as in Eq. (21)
and Eq. (22). The following section will show several applications of the resolution
of the MECoM Jacobian.

4.2 Applications

As shown in Fig. 2, the MECoM Jacobian method is applied to the humanoid,
Mahru, developed at the Cognitive Robotics Center, KIST in 2004. Mahru has the
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height of about 150cm, and the weight is about 67kg. It has 6-dof for each legs and
arms, 1-dof for the waist, 2-dof for the neck, and each hand has 4-dof. In total, it
has 35-dof.

4.2.1 Tele-Operation

A humanoid has many degrees-of-freedom, and thus it is hard to control its whole
body in real time. To overcome these difficulties, we developed a tele-operation sys-
tem. In order for the portability, we used a motion capture suit, and human motions
are captures from it. The captured motions are interpreted into the humanoid mo-
tions, and it is transferred to the humanoid.

As indicated in the section 3.2, we can assign independent motions to each sec-
tion of the humanoid. For a human-like motion, the upper part of the humanoid is
controlled by the joint motion. For stability, the lower part of the humanoid is con-
trolled by the Cartesian motion. From foot-prints of the lower part, the CoM-ZMP
pattern is calculated. Consequently, we can assign whole body motion and reference
CoM-ZMP for the balance to the humanoid in real time, as shown in Fig. 3. A detail
explanation on this application can be found in [8].

Fig. 3 Teleoperation with mixed given motion: The upper body of the humanoid has a joint
motion comes from the motion capture suit and the lower body of the humanoid has a Carte-
sian motion which represents the foot print. Two different input motions are combined with
the MECoM Jacobian. The lower body of the humanoid has delayed by about two steps
because of the detection procedure of the human walking motion.

4.2.2 Door Opening

In order to interact with an object in the environment, we added a force control
algorithm to the upper body motion generation routine. A compliant motion is gen-
erated from the force sensor attached on the wrist, and this motion is combined with
the captured motion. The final joint motions are embedded into the MECoM Jaco-
bian routine with Eq. (8). The combination of the compliant motion and the captured
motion is pre-calculated before embedding. Fig. 4 shows that the humanoid, Mahru,
opens a door with given tele-operated motions and force controlled motion.
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Fig. 4 Teleoperation with force control: In order to open a door, we embedded a compliance
control algorithm into the upper body motion. By doing this, the embedded motion can follow
the captured motion and can interact with an object in the environment simultaneously.

5 Concluding Remarks

In this paper, the resolution of the motion embedded CoM Jacobian is introduced
as a whole-body motion generation method. In order for a humanoid to survive in
the human’s daily life, a whole body motion generation method will be critical and
the MECoM Jacobian method is suggested as one of promising methods. With the
MECoM Jacobian method, a walking motion is also a type of manipulation and it
can be handled as a usual motion generation method. The supporting leg or the base
section is the only part that is dedicated to the balance of the whole body and it is
affected by the balance control which is separated from given motions. Most con-
ventional motion generation methods can be embedded seamlessly as a joint motion
or a Cartesian motion into the MECoM Jacobian method. By dividing a complicated
whole-body motion generation problem into several independent problems such as a
balance control problem and a motion generation problem, it is possible to perform
complicated tasks as shown in section 4.

References

1. Choi, Y., Kim, D., Oh, Y., You, B.J.: Posture/walking control for humanoid robot
based on kinematic resolution of com jacobian with embedded motion. IEEE Trans.
on Robotics 23(6), 1285–1293 (2007)

2. Choi, Y., You, B.J., Oh, S.R.: On the stability of indirect ZMP controller for biped robot
systems. In: International Conference on Intelligent Robots and Systems, pp. 1966–1971
(2004)

3. Hirai, K., Hirose, M., Haikawa, Y., Takenaka, T.: The development of honda humanoid
robot. In: Proceedings of the IEEE International Conference on Robotics and Automa-
tion, vol. 2, pp. 1321–1326 (1998)

4. Hong, S., Oh, Y., Kim, D., You, B.J.: A walking pattern generation method with feedback
and feedforward control for humanoid robots. In: IROS 2009: Proceedings of the 2009
IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 1078–1083.
IEEE Press, Piscataway (2009)



98 D. Kim, B.-J. You, and S.-R. Oh

5. Kagami, S., Kanehiro, F., Tamiya, Y., Inaba, M., Inoue, H.: Autobalancer: An online dy-
namic balance compensation scheme for humanoid robots. In: 4th International Work-
shop on Algorithmic Foundation on Robotics, WAFR 2000 (2000)

6. Kajita, S., Kanehiro, F., Kaneko, K., Fujiwara, K., Harada, K., Yokoi, K., Hirukawa, H.:
Biped walking pattern generation by using preview control of zero-moment point. In:
Proceedings of the IEEE International Conference on Robotics and Automation, ICRA
2003, vol. 2, pp. 1620–1626 (2003)

7. Kim, D., Choi, Y., Kim, C.: Motion-embedded cog jacobian for a real-time humanoid
motion generation. In: 2nd International Conference on Informatics in Control, Automa-
tion and Robotics, ICINCO 2005, pp. 55–61 (2005)

8. Kim, S.K., Hong, S.M., Kim, D.: A walking motion imitation framework of a humanoid
robot by human walking recognition from imu motion data. In: International Conference
on Humanoid Robots, Humanoid 2009, pp. 343–348 (2009)

9. Sugihara, T., Nakamura, Y.: Whole-body cooperative balancing of humanoid robot using
cog jacobian. In: International Conference on Intelligent Robots and Systems, pp. 2575–
2580. EPFL, Lausanne (2002)

10. Sugihara, T., Nakamura, Y., Inoue, H.: Realtime humanoid motion generation through
ZMP manipulation based on inverted pendulum control. In: IEEE International Confer-
ence on Robotics and Automation, Washington, DC, pp. 1404–1409 (2002)


	Whole BodyMotion Control Framework for Arbitrarily and SimultaneouslyAssigned Upper-Body Tasks andWalkingMotion
	Introduction
	Overall System
	Derivation of Motion-Embedded CoM Jacobian
	CoM Jacobian
	Motion-Embedded CoM Jacobian

	Application ofMECoM Jacobian
	Embedment of a Motion into MECoM Jacobian
	Applications

	Concluding Remarks
	References




