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Whole-body Control of Upper-body Robot for Picking up a heavy
object

Dong-hyun Lee, Sungmoon Hur ∗, Joonhee Jo †, and Yonghwan Oh∗

This paper presents a control method of an upper-body robot to pick up unknown-mass heavy objects.
Based on the human action strategy, bound-proportional-bound center of mass(CoM) planner is proposed.
To reduce the consuming torque of the robot, this planner reflects bounded portion near to the base of the
robot. In an effort to improve the stability of the robot, the CoM planner is smoothed. Then an whole-body
controller with the improved CoM planner is suggested for an upper-body robot. The control scheme is
expressed in the task space and no inverse kinematics are required. Dynamic simulation and experiment are
conducted for validation, and have shown competent results.

Keywords: whole-body control, CoM planner, picking up heavy objects

1. Introduction

Research for upper-body robots has been devel-
oped recently, and human-robot interaction has be-
come the main issue in both purpose for industrial
and service. For various tasks in daily life near hu-
mans, several human like robots, such as humanoids
and dual arm robots, have been manufactured.

Robot control methods that mimic human daily
motions have attracted not only biologists but also
robotic researchers. For example, pick-and-place ob-
jects with a dual arm robot using coordination of the
two hands together [5], simplify the control of the dual
arm through CoM jacobian [11], research on control
of a humanoid pushing a handicap chair similar as
human [7], and so on. Furthermore, research on dual
arm and upper-body robots has been reviewed also in
other fields [8].

Most of the upper-body or dual arm robots are
highly-redundant systems. To control those robots
to lift heavy objects than its weight with human-
like motions, high level control technology is required.
There are many researches to control these redundant
robot systems: lifting objects with a simple control
scheme by measuring the weight up to 30kg using
tactile sensors attached at the surface of the robot
arm and body [9], AIST proceed a research on pick-
and-placing a 9kg object with the humanoid robot
HRP-2 [6]. Additionally, for similar tasks, using the
Zero Moment Point (ZMP) and a simple torque opti-
mization method was introduced [10]. However, these
approaches has disadvantage because the ZMP or the
Center of Mass (CoM) has to be at the center of the
supporting polygon to stabilize the system; however,
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it limits the redundant robot to take advantage of the
large workspace. also those control methods have dif-
ficulty to analyse the stability.

In this paper, the human pick-and-place motions
are analysed and the motions characteristics are dis-
cussed when human try to lift heavy objects than its
own weight in daily life. To apply the characterized
motion of the human, a modified CoM planner is pro-
posed based on the previous works [2]. The modified
CoM planner is used for the task-space whole-body
controller, which does not need any computation of
the inverse kinematics of the upper-body robot sys-
tem. With the 19 degrees of freedom upper-body dual
arm, the performance of the whole-body controller is
verified.

In the following sections, the characteristics of the
human motions, when lifting objects, are discussed in
Section 2. The whole-body controller with the mod-
ified CoM planner is proposed in Section 3, and to
prove the controller performance, a simulation and
an experiment is proceeded in Section 4 and Section
5. Finally, Section 6 concludes this paper.

2. Human Motion Analysis

To maintain the posture of the multi-axis system,
the CoM of the system has to be inside the support-
ing polygon. When the priority is the stability of the
system, the CoM should be at the center of the sup-
porting polygon; however, it narrows the workspace.
In this section, based on the previous research, the
relation between the object position and the CoM
is analysed. Additionally, the characteristic of the
human motion, when lifting heavy objects, is imple-
mented to the upper-body robot.

2.1 Review of human motion analysis

From the research, the object position to CoM
shows a close relation on lifting heavy objects. Fig.
1 is an experimental result showing the relationship
between the distance of the object and the human
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whole-body CoM by the human anatomical model.
From the left graph of Fig. 1, the object x-axis po-
sition, xobj is proportional to the whole-body x-axis
CoM position, xcom in a certain section, but approach
gradually near the center and the boundary of the
supporting polygon. It is because near the center it
is possible to manipulate the object without moving
the CoM, which uses large amount of energy, however,
near boundary, the human body tries to balance by
maintaining the CoM inside the supporting polygon.
The CoM z-axis position, zcom and the object z-axis
position, zobj show the same result as the previous.

Fig.1 Correlation between target object distance
and total CoM position

2.2 Human motion for picking a heavy object

During daily life, when humans try to lift a heavy
object comparison of its own, he/she place the object
near to his/her body and lift and place the object
more closer to the body simultaneously. There are
three reasons why human shows these motions. 1. To
guarantee stability by placing the CoM at the center
of the supporting polygon. 2. Minimize the loss of
energy by minimizing the moment of the whole-body.
3. To prevent excessive force acting on the joints [1].
In contrast, when lifting objects that are lighter than
its weight, he/she lift the object without moving the
CoM as possible. These results are verified from the
previous research [3].

On the next section, a CoM planner is proposed
based on the relation between the object position and
the CoM when lifting the heavy object. Simulation
and an experiment are carried on to prove the perfor-
mance of the proposed controller.

3. Whole-Body Control with CoM planner

3.1 CoM planner

In this section, we propose a bound-proportional-
bound CoM planner(BPB-CoM planner) to reflect
the aforementioned property. The BP-CoM planner
which have been mentioned at the previous work [2] is
only considered to be bound near the boundary of the
supporting polygon. On the other hand, BPB-CoM
planner also has a bound portion near to the origin.

It is more efficient when robot manipulate the object
near to the origin than BP-CoM planner. Further-
more it generate an appropriate CoM position of the
robot when picking up a heavy object.

The BPB-CoM planner can be easily formulated
by using hyperbolic tangent function that has an

asymptote at x
(t)
com = ux and z

(t)
com = uz as follows.

x(t)com =
ux
2

[
1 + tanh

(
xobj − sx

kx

)]
(1)

z(t)com =
1

2

[
(uz + lz) + (uz − lz) tanh

(
zobj − sz

kz

)]
(2)

where x
(t)
com and z

(t)
com represent total CoM position in-

cluding the object mass. An upper and lower bound-
ary of CoM are decided by ux, uz and lz values. Those
are chosen from the the physical base of support and
kinematics of the robot. sx and sz are the shift pa-
rameters. A slope of functions is represented by 1/kx
and 1/kz.

In general, if we know the information, such as

weight and location, of the object x
(t)
com is written as

x(t)com =
mrobx

(r)
com +mobjxcom
mrob +mobj

(3)

where mrob and mobj represent the mass of the robot
and the object. From Eq. (3), we generate the ref-
erence CoM of the robot, which is denoted with su-
perscript (r). The reference CoM of z-axis is used as
Eq. (2) because it would not affect the balance of the
robot. A BPB-CoM planner is designed as in Fig. 2.

x
(r)
com,ref =

(mrob +mobj)x
(t)
com −mobjxcom

mrob
(4)

3.2 Smoothing CoM planner

In this section, the robot tries to lift the unknown-
mass object. The value mobj is set to 0 in the begin-
ning and with an additional Force/Torque sensor the
mass of the object is measured during lifting time. For
measuring the external mass, there are many cases to
attach the sensor: the wrist, joint, base, and so on.
In the simulation and experiment of this paper, the
F/T sensor is equipped at the base of the robot. A
low-pass filter is applied to the output of the sensor
to reduce the noise. m̃obj is set to the filtered output
of the sensor.

If the measured m̃obj is used directly in Eq (4),

then x
(r)
com,ref generates a CoM position command,

similar to a step input, to keep balance of the
robot. However, when the CoM of the robot suddenly
changes it affect the ZMP, which is an important pa-
rameter for balance control. The ZMP is described as
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Fig.2 Designed BPB-CoM planner and BP-CoM planner

following:

xzmp = xcom − zcom − zzmp

g
ẍcom (5)

where xzmp, zzmp are the values of the ZMP, and g
define the gravity acceleration [4]. The ZMP outside
the supporting polygon cause bad effect to the sta-
bility of the robot. Therefore, to avoid the bad ef-
fect mentioned above, we add the first order system

to the x
(r)
com,ref . The output value of this system is

continuous and smooth, also we can control the rise
time or settling time by a time constant(τ). Finally,
the desired CoM of the robot is obtained as following
equations.

x
(r)
com,d (s) =

1

τs+ 1
x
(r)
com,ref (s) (6)

z
(r)
com,d = z(t)com (7)

3.3 Controller for an upper-body robot

To control the position and orientation of the end-
effectors, we use the PD controller with gravity and
friction compensator in task space. This controller
is based on the virtual spring hypothesis [12][13]. In
addition, this paper control the CoM position by using
the CoM Jacobian with the PD controller [11]. In this
way, the inverse kinematic computation and inverse
jacobian are not required.

The control law is defined as

τ = JT
e (Ktp∆xe −Ktdẋe) −Cq̇ + grob + εgobj

+JT
com(Kcp∆xcom −Kcdẋcom)

(8)

where ∆xe denotes position-orientation error, Ktp

and Kcp are task-space stiffness matrices, also damp-
ing matrices are represented by Ktd and Kcd for the
end-effector and the CoM. C is a diagonal matrix of
the joint damping coefficients, and grob and gobj are
the gravity compensate term for the robot and the
object. The value ε is set to 1 when the robot picks

up the object. ∆xcom = x
(r)
com,d − x

(r)
com denotes the

position error of the robot CoM. Moreover, the end-
effector and CoM jacobian matrices are written as Je

and Jcom, respectively. The feedback joint angular

velocity are defined as q̇ =
[
q̇Tleft q̇

T
right q̇

T
torso

]T
.

4. Dynamic Simulation Results

4.1 Simulation model of an upper-body robot

Fig.3 Dynamic simulation model of an upper-body
robot for picking up a heavy object

To validate the proposed CoM planner and whole-
body balancing controller, dynamic simulation is con-
ducted through the Open Dynamic Engine(ODE) and
Open Graphics Library(OpenGL) [14]. The control
period of the system is 1 millisecond. In addition,
Upper-body robot model has 3 DOFs in trunk and
8 DOFs in each arm as shown in Fig. 3. The whole
weight of the robot is 52kg. Furthermore, the robot is
attached on the circle plate with a diameter of 0.25m
on the unfixed plane.

4.2 Manipulation performance of a robot

The simulation is performed to validate the CoM
planner making appropriate CoM position with re-
spect to the end-effector position. The end-effector
tracks a circle with a diameter of 0.5m centered on
x: 0.5m and z: 0.6m per 6 seconds in the Sagittal
Plane. CoM planner generates the stable CoM posi-
tion while the end-effector tracks desired position as
shown in the Fig. 4. In addition to Fig. 5 shows
the gap between the consumed torque in the simula-
tion. As shown in this figure, when the end-effectors
are located near the origin of robot, BPB-CoM plan-
ner can save about 40% of the consumed torques in
comparison with BP-CoM planner. The property is
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similar compared with human, when picking up an
object near the body.
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Fig.4 Simulation result of circle tracking
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4.3 Picking up a heavy object

In this simulation, the task is to lift up the
unknown-mass object, which was set to 20kg and lo-
cated at a distance of 60cm from the robot base along
the x axis and at the height of 20cm. The sequential
tasks are assigned to the robot as shown in Table 1
and Fig. 6. It approach and squeeze the object side
to side and tries to lift up the object. During this

motion, the Force/Torque sensor detect the weight of

the object and x
(r)
com,d is smoothly shifted back to the

robot base to keep the balance of the system although
x axis ZMP is temporarily moved near the supporting
zone(boundary) as shown in the Fig. 7 and Fig. 8.

Table 1 Task sequence of the end-effector target po-
sition in the simulation

Step Task Target Position[cm]
1 Approaching Left(60, 20, 20)

Right(60, -20, 20)
2 Grasping&Ready Left(60, -15, 20)

Right(60, 15, 20)
3 Lifting Left(20, -20, 60)

Right(20, 20, 60)

Fig.6 Simulation snap shots on the picking up mo-
tion for the unknown-mass object

5. Experiments

5.1 Experiment conditions

KUDA, the upper-body dual arm robot, is used
for the experiment. This robot has the same DOFs
and weight with the previous simulation robot model.
A two-finger gripper was also attached to the wrist
of each arm for grasping the object tightly. Control
algorithms are implemented with the period of 1 mil-
liseconds. The weight of object is 20kg however the
practical upper-body robot in the experiment used
5kg object of which size is 49x20x2cm because each
arm has a payload of 5kg and the object is 0.6m and
0.38m along x and z-axis respectively from the robot
base. In addition, the sequence of the experiment is
same, but target values are changed with respect to
the practical robot system as shown in Table 2 and
Fig. 9.

5.2 Experiment results

In the experiment results, Fig. 10 shows the right
arm end-effector and CoM position of the robot when
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Fig.7 Dynamic simulation results according to time
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Fig.8 BPB-CoM planner during picking up the ob-
ject in the simulation

picking up a heavy object using proposed CoM plan-
ner. The robot arms reach to the object from the job
pose in 280 seconds to 290 seconds. Then, manip-
ulators are moved near the object in both sides be-
tween 300 seconds and 310 seconds. Additionally, the
robot estimates the weight of the object during lifting
up motion, and brings the object near to its upper
body. BPB-CoM planner makes the desired CoM of

Table 2 Task sequence of target position of end-
effector in the experiment

Step Task Target Position[cm]
1 Approaching Left(60, 32, 38)

Right(60, -32, 38)
2 Grasping&Ready Left(60, 25, 38)

Right(60, -25, 38)
3 Lifting Left(32, 25, 65)

Right(32, -25, 65)

Fig.9 Experimet snap shots on the picking up
unknown-mass object

the robot to perform the tasks above. Then there are
some sections where the robot CoM does not reach
the desired position because of the static friction and
kinetic friction. However the tracking performance is
improved through adjusting coefficients.

Fig. 11 shows the robot CoM position and object
position on the x-axis. CoM planner(M=0kg) and
CoM planner(M=5kg) are the reference CoM position
with 0kg and 5Kg object respectively. As explained
in the previous section, rapid changes of CoM makes
the robot unstable so that the robot tracks the desired
CoM which is smoothed by the 1st order filter system.

6. Conclusions

In this paper, we introduced a simple whole-body
controller for an upper-body robot to lift heavy ob-
jects. It is composed of two parts. First one is the
manipulation strategy in operation space, and second
one is the design of CoM planner for a whole-body
balance control. In detail, we proposed BPB-CoM
planner that is based on BP-CoM planner from the
previous research. It was designed to reduce the con-
suming torque of the joints when the robot manip-
ulate objects near to the robot and confirm the sta-
bility when the robot lifts up a heavy object. The
controller applied in BPB-CoM planner was suggested
for an upper-body robot to carry out picking up the
object with unknown mass. Moreover, the proposed
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Fig.10 Experiment results according to time.
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Fig.11 BPB-CoM planner during picking up the ob-
ject in the experiment

controller have another advantage that it does not re-
quire complicated inverse kinematics and dynamics.
Finally, several dynamic simulation and experiment
are performed to validate the proposed controller. As
a result, the proposed algorithm improved the perfor-
mance compared to the previous research.
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