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Abstract—1t is well known that kinematics can significantly
affect the manipulation capabilities of robotic arms, tradi-
tionally illustrated by performance indices such as workspace
volume, kinematic and force manipulability, and isotropy within
the arm workspace. In the case of dual-arm systems and bi-
manual manipulation tasks, the kinematics effects to the above
indices becomes even more apparent. However, in spite of the
large number of dual-arm systems developed in the past, there
is a little literature on the kinematic design analysis for the
development of such systems. Particularly, the effects of config-
uration/orientation of the shoulders’ placement with respect to
the torso structure have not sufficiently studied or considered,
while many dual-arm systems with upward and/or forward tilt
angle in shoulder base frame have been introduced. This paper
addresses this problem and quantifies the effect of shoulders
base frame orientation in a dual-arm manipulation system by
looking at its effect on several important manipulation indices,
such as the overall and common workspace, redundancy, global
isotropy, dual-arm manipulability, and inertia ellipsoid index
within the common workspace of the two arms. Consequently,
a range of upward and forward tilt angles for the shoulder
frames is identified for the design of a dual-arm torso system
to render the most desired manipulation performance.

I. INTRODUCTION

The fast growing interest in dexterity and versatility of
the manipulation skills has led to the development of sev-
eral bi-manual robotic systems, ranging from a fixed base
dual-arm station to mobile manipulation platforms mounted
on a wheeled base, and eventually, humanoid robots [1]—
[4]. These robots have offered the capability to perform
coordinated bi-manual manipulation tasks in an attempt to
effectively execute realistic tasks using tools designed for
humans [5].

Traditional design of the dual-arm robots concerns the
realization of an anthropomorphic structure with 7 degrees-
of-freedom (DOFs) arms, three of which at the shoulder,
one DOF at the elbow, and three DOFs at the forearm/wrist
joints (examples include ARMAR [6], COMAN [7], [8], and
HRP2 [9]). Even though these robots are potentially capable
of demonstrating effective manipulation skills, the underlying
concept of the arm design is only approximately equivalent
for the human arm kinematic structure. This is due to the fact
that humans have the ability to elevate (upward/downward)
and to incline (forward/backward) the shoulder joints, uti-
lizing supplementary kinematic redundancy of the arm to
achieve a certain goal in task space (see example in Fig.
1). This additional mobility is usually coupled with shoulder
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Fig. 1. Scapula mobility of the human arm.

motion and permits humans to extend their arm workspace
and demonstrate broader manipulation capabilities.

This implies that the kinematic structure of the humanoid
shoulder may affect the single- and dual-arm manipulation
capabilities by simply varying the upward and/or forward
shoulder angles. Even if additional actuation mechanisms can
be considered for the shoulder joints to further approximate
the anthropomorphic structure, this will result in design
complexity and control burden. Therefore, it is preferable
that these angles are fixed. Such a consideration has been
included in the design of a few robotic platforms, for
examples, Justin robot [2], in which the arms are placed
in a humanoid-like configuration with a tilt of 60 degrees,
the Atlas robot [3], and ABB’s Friendly Robot Industrial
Dual-Arm (FRIDA) [10]. However, the effect of upward
and forward angles has not been sufficiently studied or
demonstrated.

In this paper, we study the effect of shoulders’ base frame
arrangement of the WALK-MAN robot! that will allow us
to select an optimum range of upward and forward shoulder
angles to achieve a desired manipulation performance. In
this direction, important manipulation indices are introduced
and evaluated in a prioritized order, which is achieved by
taking into account the target tasks stated in [11], similar
to the ones announced by the DARPA Robotics Challenge
(DRC) [12]. For instance, considering the valve-turning and
assembly tasks, the shared workspace realized by the two
end-effectors, i.e. common workspace [13], [14], is defined
as an important manipulation index [13]. Furthermore, in an
attempt to effectively use the target tools (such as drill), other
manipulation capabilities such as velocity and force manipu-
lability [15], [16], range of swivel angle in the arms [17],
dual-arm manipulability, global isotropy [16], and inertia
ellipsoid [18] within the common workspace are taken into

'The humanoid robot is currently being designed within the EU project
Whole-body Adaptive Locomotion and Manipulation, WALK-MAN [11].
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Fig. 2. Target bi-manual manipulation tasks used for the definition and prioritization of the performance indices.

account. Finally, following this analysis, we propose a range
of upward and forward angles where the above-mentioned
indices are optimized for the WALK-MAN humanoid robot
in a predefined order of importance.

The rest of the paper is structured as follows. Section II
introduces the manipulation performance indices. In section
I, the effect of shoulder base frame arrangement in target
manipulation indices is studied. Finally, Section IV addresses
the conclusions.

II. PERFORMANCE INDICES

The WALK-MAN robot is being designed with two 7
DOFs redundant arms, 3 of which in the shoulder, 1 DOF in
the elbow and 3 DOFs in the wrist joints, as shown in Fig.
3. The shoulder base frames are considered with two tilted
angles: upward angle #; and forward angle 65, resembling
the rotation of the scapula of the human arm shown in Fig. 1.

To achieve an optimal manipulation performance in the
WALK-MAN dual-arm system, a set of target manipulation
tasks is taken into account (see Fig. 2), and the corresponding
manipulability indices which contribute to the task execution
performance are defined as

o the Product of Total and Common Workspace Area
(PTCWA),

o Swivel Angle Range (SAR) within the common
workspace which describes the redundancy range of the
arms,

« the Global Isotropy Index (GII) for each arm within
the common workspace which is a measure of the end-
effector isotropy,

e Dual-arm Manipulability Index (DMI) within the com-
mon workspace, and

o the Global Inertia Ellipsoid Index (GIEI) within the
common workspace which shows the inertial effect and
nonlinearities of mechanical arms.

As mentioned before, the evaluation of the above indices

is carried out in a prioritized order, taking into account the
requirements of the target tasks. In each step, a desired
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Fig. 3. Schematic diagram of the arm kinematics with two tilt angles,
upward (01) and forward (62), in the shoulder joint.

range of the shoulder base frame angles which optimizes
the corresponding index is calculated and used as an input
range for the optimization of the lower-priority manipulation
index. Eventually, last index will provide the desired range
of the shoulder base frame tilt angles which optimize all the
considered indices in a prioritized order.

A. Workspace Analysis

The Cartesian workspace represents the portion of the
environment that the manipulator’s end-effector can access.
The shape and volume of the workspace depend on the ma-
nipulator kinematics as well as on the presence of mechanical
joint limits, and it can be computed by considering the
Direct Kinematics (DK) equation of the arm. To calculate the
overall workspaces of the dual-arm system, the joint space
of each arm is sampled and the end-effector position in the



Fig. 4. a) Workspace and b) a cut through the total and common workspace
of dual-arm robot in horizontal plane from top view.

Cartesian space is calculated using a random search approach
[19]. Following that, an algorithm is implemented to account
for the workspace of each arm and search for the shared
volume between the right and the left arm workspaces which
correspond to the common workspace area, in which bi-
manual tasks can be effectively performed. Fig 4 illustrates
the corresponding workspaces, coinciding with the torso z-y
frame. The blue and green points correspond to the reachable
points of the right and the left arm in space, respectively.
The overall and common workspace boundaries are also
plotted. The red points correspond the left/right arm singular
configurations, and are excluded from the overall and com-
mon workspace areas. For this purpose, the manipulators’
Jacobian determinant was used to determine whether or not
a configuration is singular.

As the first priority for the optimization of upward and
forward angles of the shoulder base frame, which contribute
to the overall and common workspace areas, the Product
of Total and Common Workspace Area (PTCWA) index is
defined and calculated over the allowable range of shoulder
base frame angles.

B. Swivel Angle

Arm redundancy, which occurs when the dimension of
joint space is greater than that of the operational space
required for the task execution, allows the optimal selection
of joint configurations based on avoiding singularities as
well as collisions and joint limits, balancing joint loads,
minimizing the required energy or time, etc. Since the 7
DOFs arm model is redundant, the location and orientation
of the hand does not fully specify the configuration of
the arm. The configuration becomes fully defined when
the elbow position (Pg) is specified. Obviously, the elbow
position introduces three additional variables, but if the wrist
position (Py) is known, a single variable specifies the arm
configuration. The arm forms a triangle with one corner point
at the shoulder (Pg), one at the elbow and the third point at
the wrist (Fig 5). Both the shoulder and wrist joints allow
rotation of the elbow point around the vector starting from
the shoulder and ending at the wrist (Ps Py ) [20].

A local coordinate system gives a reference to measure
the swivel angle () of the elbow, so that it is zero when the

Fig. 5.
robot.

Arm triangle and swivel angle range (o) from front view of the

elbow is in the minimum height (elbow down), and it is equal
to the swivel angle rang, when the elbow is in the maximum
height (elbow up). Fig. 5 illustrates the swivel angle rang
for robot’s arm, in reaching a certain point in common
workspace. As the second performance index contributing to
the dexterity of the manipulation, the arm redundancy range
(swivel angle range) is defined here. Higher values of this
index correspond to bigger range of arm motion which results
in stronger manipulation capabilities. This is due to the fact
that the stabilization of subtask variables using redundancy
will be more feasible if this range is bigger.

To determine the arm redundancy range, the minimum
height of the elbow is calculated by taking into account the
constraints in the task (e.g. position of the wrist) and joint
(e.g. joint limits) spaces using the following optimization law

min height of Pg (Z coordinate of Pg)
ey
. Py, : fixed
Subject to {qim < < qim t=1, ,n} ’

where ¢;,,, and ¢;j; denote the minimum and maximum lim-
its at the joint ¢, respectively. Similarly, a similar optimization
problem is utilized to account for the maximum height of
elbow. Eventually, the range between the two extremes is
calculated to describe the SAR index.

C. Dual-arm Manipulability and Global Isotropy

In the case of dual-arm cooperative task execution, the
Dual-arm Manipulability (DM) is represented by the area
of intersection between the two manipulability ellipsoids
from individual arms as illustrated in Fig. 6. This implies
that the required cooperation between the two arms imposes
additional kinematic constraints on the manipulability of
individual arms [15].

It is well known that more isotropic realization of the
manipulability ellipsoid > and its higher volume results in
a better velocity and force control in each direction in
the workspace. To evaluate such a capability, the Globals
Isotropy Index (GII) is defined by comparing the smallest
and largest singular values of manipulability matrices in the
entire common workspace [16]. This index assigns a value of

2The manipulability matrix M = JJ7 is used to obtain the manipulability
ellipsoid [21], which is defined for a given arm configuration and interpreted
as a distance of the manipulator from a singular configuration.



Fig. 6.

Dual-arm manipulability.
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with W, J, 0.min, and 0,4, representing the collection of the
points (z;) in the common workspace, the manipulator Jaco-
bian, the minimum and maximum eigenvalues, respectively.
Oming (Tmaze )» the global minimum (maximum) eigenvalue,
can be calculated using the following optimization law

min(max) a(JJT)
Py : fixed 3)
SubjeCt to dim < qi < qiM 1= ]-7 ey TV
|JJT| > 0.001
where |.| symbolizes the determinant of the matrix. It is

worth mentioning that finding the minimum isotropy within
the workspace is equivalent to looking for the singular
configurations, therefore, to perform a good comparison, it is
necessary to consider a certain distance from the workspace
points in which a singularity can occur. Moreover, it can be
shown that the dual-arm’s manipulability over the common
workspace is always more than 70 ,ing Omine- This condi-
tion happens when the two arms’ manipulability ellipsoids
are perpendicular, with both minimum eigenvalues equal to
Omine (see dashed area in Fig. 4). Therefore, the minimum
DM within the common workspace for certain values of the
shoulder tilt angles can be calculated by

DMI = (T pming )?- 4)

This index is called the Dual-arm Manipulability Index
(DMI) and forms the forth priority performance index in our
kinematic design.

D. Global Inertia Ellipsoid Index

The motion of a mechanical arm is highly nonlinear
including Coriolis and centrifugal forces. These nonlinear
forces are analyzed geometrically using the Inertia Ellipsoid
(IE); so that if the IE is isotropic, those nonlinear forces
do not appear [18]. The principal axes of the 1E are aligned
with the eigenvectors of the inertia matrix in Cartesian space,

Minimum
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Fig. 7. Dual-arm manipulability in various configurations.
and the length of each principal axis is the reciprocal of the
square root of the corresponding eigenvalue. Therefore, IE
varies its configuration depending on the arm configuration.
In this section, the inertia ellipsoid, which is used for
graphically representing the mass properties of a single rigid
body, is extended to a Global Inertia Ellipsoid Index (GIEI)
for a series of rigid bodies such as a robot arm, and utilized as
one of performance indices in robot arm kinematic design.
Therefore, GIEI is defined as the ratio of minimum over
maximum axes values of the inertia ellipsoids as follows

min = o (JTTAIT)

GIEI = )
max  opmae(JTTATT)

®)

with J* denoting the generalized inverse of the Jacobian
matrix and A is the arm’s configuration dependent mass
matrix, modeled by the ROBOTRAN simulator [22]. GIEI
is defined to evaluate the effect of kinematic design in
the dynamic manipulation capabilities of the WALK-MAN
robot, so that the generalized moment of inertia is uniform
in any direction over a wide range of common workspace.

III. SIMULATIONS AND RESULTS

As mentioned previously, the workspace of the dual-arm
system is considered as the index with the highest priority.
Therefore, the areas of the total and the common workspace
of the two arms are calculated for the x-y plane of the torso
frame, excluding the collision areas of the arms with the
body (see Fig. 8).

The areas of total and common workspaces for 6, and 65
tilt angles are demonstrated in Fig. 9. This figure illustrates
that the total workspace and the common workspace do not
change significantly by increasing 67, while the effect of
variation of 65 in the total and common workspace areas is
major. Following that, the PTCWA index is calculated for
the tilt angles within the range of 0 to 70 degrees for both
01 and 65 and demonstrated in Fig. 10.

Fig. 10 results suggest that the PTCWA is maximized
when the forward angle (62) varies within the range 40 to
70 degrees. Therefore, the following manipulation indices
are evaluated within the reduced range (40° < 65 < 70°) of
the forward angle, while the whole range of 6 is explored.
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Fig. 9. a) Total workspace and b) common workspace in horizontal plane.

Following the workspace analysis, a range of tilt angles
which contribute to a bigger redundancy range is identified.
To achieve this, the SAR index is calculated within the
previously defined tilt angle range for the all points in
the common workspace area. As observed in Fig. 11, 6;
variations efficiently affect the SAR index with the maximum
values occurring in the range of 0° < #; < 25°.

In addition to that, the ratio between the minimum and
maximum SAR within the common workspace was calcu-
lated which is illustrated in Fig. 11 b. This ratio effectively

0.022

0.02

0.018
0.016
-
g 0.014
2 .
=g
o 0.012

0.01

0.008

0.006

I

0 ’

10 20 30 40 50 60 70
92 (Deg)

Fig. 10. PTCWA in horizontal plane.

demonstrates the isotropy of the SAR within the entire com-
mon workspace and indicates that the maximum redundancy
range is achieved for shoulder base frame configurations
152 < 07 < 30° and 45° < 6, < 65°.
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Fig. 11. SAR in common workspace.

Subsequently, the arms’ GII and DMI are computed
and compared for different shoulder base configuration, as
demonstrated in Fig. 12, respectively. Maximized values of
aforementioned indices occur when the shoulder tilt angles
vary within 10° < 6; < 25° and 55° < 65 < 65°.
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Fig. 12.

a) Arm’s GII and b) minimum dual-arm manipulability.

Eventually, the mass properties and dynamic behavior of a
robot manipulator is investigated by GIEI and demonstrated
in Fig. 13. Maximized values for this index occur when
the shoulder tilt angles vary within 20° < #; < 30° and
60° < 62 < 65°.

IV. CONCLUSIONS

This work introduces a procedure to optimize the kine-
matic placement of the shoulders of dual-arm manipulation
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a) Upward angle
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Fig. 14.  Shoulder base frame arrangement of the WALK-MAN robot.

systems with the aim to increase the manipulation capabil-
ities of the dual-arm torso of the WALK-MAN humanoid
robot. Based on this study the shoulder frame tilt angles
were optimally identified. To achieve this, the Product of
Total and Common Workspace Area (PTCWA), Swivel An-
gle Range (SAR), Global Isotropy Index (GII), Dual-arm
Manipulability Index (DMI), and the Global Inertia Ellipsoid
Index (GIEI) which contribute to the single- and dual-arm
manipulation capabilities of the robot were defined and used
for the optimization of the tilt angles in a prioritized order
of importance.

The outcome of this study suggests that by taking into
account the upward angle (20° < 6y < 25°) and the forward
angle (60° < 6y < 65°) ranges in the kinematic design of
the WALK-MAN robot, target tasks illustrated in [11] will
be executed more effectively due to the increased single- and
dual-arm manipulation capabilities. Figure 14 demonstrates
the realized the shoulder base frame arrangement of the
WALK-MAN humanoid robot.
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