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The effective mass of the robot is considered of great significance in
enhancing the safety of human-robot collaboration. In this paper, the
effective mass of the robot is investigated using different joint
configurations. This investigation is executed in two steps. In the first step,
the position of each joint of the robot is changing alone, whereas the
positions of the other joints of the robot are fixed, and then the effective
mass is determined. In the second step, the positions of all joints of the
robot are changing together, and the effective mass of the robot is
determined. From this process, the relation between the effective mass of
the robot and the joint configurations can be presented. This analysis is
implemented in MATLAB and uses two collaborative robots; the first one

is the UR10e robot which is a 6-DOF robot, and the second one is the
KUKA LBR iiwa 7 R800 robot, which is a 7-DOF robot. The results from
this simulation prove that the change in any joint position of the robot
except the first and the last joint affect the effective mass of the robot. In
addition, the change in all joints’ positions of the robot affects the effective
mass. Effective mass can thus be considered as one of the criteria in
optimizing the robot kinematics and configuration.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Starting from rest, the effective mass of the robot is defined as [1] the inverse of the magnitude of
the component of the linear acceleration along the direction u that results from a unit force applied
along this direction u. Sometimes, it is also called reflected mass such [2]-[6].

Safety is the most necessary stage during human-robot collaboration since the operator's
proximity to the robot may lead to the possibility of injuries. Researchers sought to implement
collision avoidance techniques as in [7]-[12]. Furthermore, collision detection techniques were
implemented to improve the safety system in human-robot interaction if the level of collision
avoidance fails. These techniques were whether model-based [13]-[15] or data-based approaches
[16]-[23].

The effective mass of robots is also considered of great significance in improving the safety of
human-robot cooperation. Gang Chen and his group [24] designed a strategy of minimizing the contact
force based on the effective mass for the space flexible manipulator. This approach decreases the
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contact force via deriving the collision direction and the pre-configuration. S. D. Lee et al. [6] designed
a collision model to evaluate the collisions’ safety for any spatial manipulator. This collision model
relates the design parameters to collision safety by adopting the robot's effective mass and
manipulability. Mavrakis et al. [25] presented how the safety of the post-grasp motion could be
considered in the phase of the pre-grasp approach. Therefore, the selected grasp is optimal in terms of
applying the minimum impact forces if the collision occurs during the desired post-grasp
manipulation. They built on the methods of the augmented robot-object dynamics models and the
effective mass. In [26], a virtual sensor approach was proposed to compute the collision peak force
and the pressure that results from the human-robot collision at a given time using an analytical contact
model. The collision safety was evaluated using the conventional finite element simulation for
particular collision conditions with the given parameters, which include the effective mass, the
collision velocity and direction, and the impactor shape. In [27], the workspace's effective mass
distribution was investigated. In addition, an experiment was conducted for deriving the effective mass
by observing the impulse received by an object, and implications were drawn on human safety and
the robot efficiency in human-robot interaction.

In [28], Na and his group statistically analyzed the effective mass and inertia in an expected
workspace for representing the inertial properties of the haptic device.

In a previous paper [29], the mathematical analysis of the effective mass of the robot and its
ellipsoid was presented. The effective mass of the robot was investigated with the collisions affecting
the robot end-effector, and the results from this investigation proved that the collision force depends
on the effective mass of the robot. Furthermore, the effective mass was analysed using different robot
configurations and different end-effector positions using 2-DOF and 3-DOF planar robots. The results
from this analysis proved that the effective mass of the robot is related to the robot configurations and
end-effector position.

From this discussion, we observe that further investigation and analysis are necessary for the
effective mass of the robot by using different joint configurations.

The main contribution of this paper is presented as follows:

e The relation between the effective mass of the robot and the joints® configurations are
investigated and analyzed in detail.

e This investigation is presented by changing the position of each joint of the robot alone,
but the other joints of the robot are fixed, and then the effective mass of the robot is
determined. The second step is that all positions of the joints of the robot are changing
together, and then the effective mass of the robot is determined.

e This analysis is very crucial to show how each joint’s position affects the effective mass
of the robot and then how all joints’ positions influence the effective mass.

This analysis is executed in MATLAB and using the collaborative robots; UR10e robot (6-DOF)
and KUKA LBR iiwa 7 R800 robot (7-DOF).

The outline of this paper is presented as follows. Section 2 shows how the effective mass of the
robot can be calculated. In section 3, the investigation of the effective mass by changing the joints’
configurations of the robot is presented in detail. Section 4 summarizes the main important points
presented in this paper and provides future works.

2. Effective Mass Equation
The effective mass of the robot is determined along the direction vector u by the following
equation [1]:
mt =u"J(@Q M) (@)u=u"H u 1)
Therefore,
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where, J(q) is the Jacobian matrix of the manipulator, M(q) is the inertia matrix of the manipulator,
and u is the direction vector describing the direction of the impact force applied to the robot end-
effector.

This equation demonstrates that the effective mass of the robot is affected by its configuration and
the collision direction.

3. Effective Mass Analysis with Different Joint Configurations

In this section, an investigation of the effective mass of the robot is presented using different joint
configurations. In the first step, the position of each joint of the robot is changing alone, whereas other
joints are fixed, and then the effective mass is determined. The second step is that the positions of all
the joints of the manipulator are changing together, and then the effective mass of the robot is
determined. This process is presented in Fig. 1.

The Followed Methodology

v v
Step 1 Step 2
Each Joint position is changing All joints’ positions are changing
alone, then the effective mass is together, then the effective mass is
calculated. [Other joints are fixed] is calculated.

Fig. 1. The followed methodology in changing the joints’ positions of the manipulator.

The analysis and investigation are carried out using two collaborative robots: UR10e robot (6-
DOF) and KUKA LBR iiwa 7 R800 robot (7-DOF), and it is executed in MATLAB. These types of
robots are shown in Fig. 2.

AIRSKIN

@ (b)

Fig. 2. The two collaborative robots. (a) UR10e robot (6-DOF) and (b) KUKA LBR iiwa 7 R800 robot (7-
DOF). The Figures are taken from ref. [30], [31].

Abdel-Nasser Sharkawy (Effect of Joints” Configuration Change on the Effective Mass of the Robot)



International Journal of Robotics and Control Systems
108 ISSN 2775-2658
Vol. 2, No. 1, 2022, pp. 105-114

3.1. Investigation Using UR10e Robot (6-DOF)
3.1.1. The Position of Each Joint is Changing Alone

In this step, a simulation in MATLAB is carried out by changing the position of each joint of the
manipulator alone, but the other joints of the manipulator are fixed. The workspace of each joint is
taken into consideration. The motion range of each joint of the UR10e robot (6-DOF) is presented in
Table 1. They followed protocol, and steps for executing this simulation are presented in Table 2 (step
1 to step 6).

Table 1. The motion range of each joint of UR10e robot.
Joint 1 2 3 4 5 6
Range Motion (rad) +6.28 +6.28 +2.62 +0.6t0—-3.75 +4.7 +6.28

Table 2. The followed protocol/steps for changing the joints’ positions of UR10e robot.

Joint position (rad)

Step 1 2 3 4 5 6
Step 1 [-5,5] 3 1.5 -25 3 3
Step 2 3 [-5,5] 15 —2.5 3 3
Step 3 3 3 [—2,2] —-2.5 3 3
Step 4 3 3 1.5 [—3.5,0.5] 3 3
Step 5 3 3 1.5 -2.5 [—4, 4] 3
Step 6 3 3 1.5 -25 3 [-5,5]
Step 7 [-5,5] [-5,5] [-2,2] [-3.5,0.5] [—4, 4] [-5,5]

The obtained results of this simulation are presented in Fig. 3. The results presented in Fig. 3 show
that when the position of joint 1 is changing alone, or the position of joint 6 is changing alone, no
change happens to the effective mass of the robot. When the position of joint 2 or joint 3 or joint 4 or
joint 5 is changing alone, the effective mass is affected, and some decrease and increase happens to it.
From these results, we can conclude that only the position of joints 2, 3, 4, or 5 has an effect on the
effective mass of the robot. It should be noted that the effective mass of the robot has a different value
when the position of joint 1 € [—5, 2] rad and when the position of joint 1 € [3, 5] rad. This happens
because the joints 2 to 6 are fixed in a position in the interval [—5, 2], and these joints are fixed in
another position in the interval [3, 5].

3.1.2. The Positions of all Joints are Changing Together

In this step, a simulation is executed by changing the positions of all the joints of the UR10e robot
simultaneously (see step 7 in Table 2). The results from this simulation are presented in Fig. 4.

The results obtained in Fig. 4 shows that changing the positions of all joints of the UR10e robot
together affect the effective mass of the robot, and some increase and decrease happens to it.

From the results obtained in this section (3.1), we conclude that with the UR10e robot, all joints’
positions affect the effective mass of the robot except the position of joint 1 and joint 6.
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Fig. 3. The obtained effective mass of the robot by changing the position of each joint of UR10e robot alone.
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Fig. 4. The obtained effective mass by changing the positions of all joints of UR10e robot together.

3.2. Investigation Using KUKA LBR iiwa 7 R800 Robot (7-DOF)
3.2.1. The Position of Each Joint is Changing Alone

The same protocol done in section 3.1 is repeated here in this section. In the first step, the position
of each joint of the KUKA LBR iiwa 7 R800 robot is changing alone, whereas the positions of other

joints are fixed. The motion range of each joint of the robot is considered and presented in Table 3.
The followed protocol, in this case, is presented in Table 4.

Table 3. The motion range of each joint of KUKA LBR iiwa 7 R800 robot [32].

Joint 1 2 3 4 5 6 7
Range Motion +2.97 +2.1 +2.97 +2.1 +2.97 +2.1 +3.05
(rad)

Table 4. The followed protocol/steps for changing the joints’ positions of the KUKA LBR iiwa 7 R800 robot.

Joint position (rad)

Step 1 2 3 4 5 6 7
Stepl  [-2.5,2.5] -1.5 -2 -1.5 -2 -15 -2
Step 2 -2 [-2,2] -2 -1.5 -2 -15 -2
Step 3 -2 1.5 [—2.5,2.5] 1.5 -2 1.5 -2
Step 4 -2 -15 -2 [-2,2] -2 -15 -2
Step 5 -2 1.5 -2 1.5 [—2.5,2.5] 1.5 -2
Step 6 -2 -15 -2 -15 -2 [—2,2] -2
Step 7 —2 -15 -2 —-15 -2 -15 [-2.9,2.9]

Step 8 [-2,2] [-1515] [-22] [-1515] [-22] [-1515] [-22]

Abdel-Nasser Sharkawy (Effect of Joints” Configuration Change on the Effective Mass of the Robot)
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Fig. 5. The effective mass of the robot resulted by changing the position of each joint of KUKA LBR robot

alone.
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The results obtained from this implemented simulation and protocol are shown in Fig. 5. These
results present that the effective mass of the robot is affected by the change in the position of joints 2,
3,4, 5, or 6. The change in the position of joint 1 or joint 7 has no effect on the effective mass of the
robot. These results support the ones obtained in subsection 3.1.1 with the UR10e robot.

3.2.2. The Positions of all Joints are Changing Together

In this step, the positions of all joints of the KUKA LBR iiwa 7 R800 robot are changing together
(step 8 in Table 4). The results from this simulation are presented in Fig. 6. These results show that
the change in all joints of the robot affects the effective mass of the robot. These results support the
results obtained in subsection 3.1.2 with the UR10e robot.

From the results obtained in this section (3.2), we can conclude that with the KUKA LBR iiwa 7
R800 robot, the positions of all joints affect the effective mass of the robot except the position of joint
1and joint 7.
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Fig. 6. The obtained effective mass by changing the positions of all joints of KUKA LBR iiwa 7 R800 robot
together.

In final, the results from the simulation work presented in this section prove that for both the
UR10e robot and KUKA LBR iiwa 7 R800 robot, 1) the change in the position of the first or the last
joint of the robot has no effect on the effective mass of the robot, 2) the change in any other joint
position affect the effective mass of the robot, and 3) the change of the positions of all joints of the
robot affect the effective mass.

4. Conclusions

This paper investigates the relationship between the effective mass of the robot and the joints’
configurations. A simulation study is executed in MATLAB by changing the position of each joint of
the robot alone, whereas the positions of other joints of the robot are fixed, and then the effective mass
is calculated. The results from this simulation show that the change in the position of the first or the
last joint of the robot has no effect on the effective mass of the robot. The change in any other joint
affects the effective mass. The second simulation is changing the positions of all the joints of the
manipulator together. The results from this simulation prove that the effective mass of the robot is
affected by the change in all joints together. Both simulations are carried out using two collaborative
robots: the UR10e robot (6-DOF) and the KUKA LBR iiwa 7 R800 robot (7-DOF). Future work can
consider the relationship between the position of the robot end-effector and the effective mass of the
robot using the two robots: UR10e robot and KUKA LBR iiwa 7 R800 robots. In addition,
experimental work can be conducted, and then the effective mass of the robot is presented.
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