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A b s t r a c t

Recently, interest in a dual-arm robot that can replace humans is increasing to 
improve the working environment and solve the labor shortage. Various studies 
related to the design and analysis of dual-arm robots have been conducted 
because dual-arm robots can have various kinematic configurations according to 
the objective task. It is necessary to evaluate the work performance according to 
various kinematic structures of the dual arm robot to maximize its effectiveness. 
In the paper, the performance analysis is studied according to the shoulder 
configuration and the wrist configuration of the dual-arm robot by using main 
performance indices such as manipulability, condition number, and minimum 
singular value by assigning proper weight values to each objective motion. 
Performance analysis for the robotic assembly process is effectively carried out 
for each representative dual-arm robot configuration.
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1. Introduction
To maximize the performance of a robot performing a 
given task, optimization of design variables and structure 
based on systematic performance analysis is a very 
important issue. Therefore, there have been many studies 
on metrics that can measure the performance of robots 
under various conditions. The concept of manipulability 
of representative robots was first introduced by 
Yoshikawa, who defined manipulability indices including 
manipulability ellipsoids by mapping joint velocities 

to end-effector velocity space [1]. Since then, various 
manipulability studies have been conducted to analyze 
the performance of different robot configurations [2-

6], including a study on algorithms to generate optimal 
trajectories using the proposed manipulability index 
[7], and an application study to reconfigure robot links 
based on manipulability when the target task of the 
end-effector is fixed [8]. In addition to the kinematic 
manipulability evaluation and application studies of 
robots, we have also introduced dynamic performance 
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evaluation of end-effector velocity as well as acceleration 
and force capability and extended it to analytical studies 
of acceleration and force capability [9]. There have also 
been studies on stiffness ellipsoids for determining robot 
posture and control parameters, and related studies on 
analyzing the force/deformation behavior of extremities 
[10,11]. More recently, research has been conducted on 
analyzing the performance of robots for various dynamic 
tasks by applying a weighting matrix to the dynamic 
manipulability index of the robot [12].

Research on human-like dual-arm robots is increasing 
to perform efficient tasks [13], and since the performance 
of dual-arm robots varies greatly depending on the shape 
of the robot, it is essential to evaluate the performance for 
the intended task. Various analyses have been conducted, 
ranging from basic theories on the manipulability 
of dual-arm robots [14] to studies that calculate the 
manipulability index for each arm posture [15], studies 
on dexterity evaluation methods such as condition 
number, determinant, and minimum singular value for 
manipulators with slack [16], and studies that apply slack 
to the manipulability index [17]. In addition, there have 
been studies analyzing common workspace, degrees 
of freedom, and two-arm manipulability, and studies 
analyzing the attachment angle of two-arm robots based 
on two-arm robot manipulability [18].

However, to date, there has been no study that has 
conducted a systematic performance evaluation that 
appropriately reflects the requirements for different 
types of tasks, including the overall structure of the 
dual-arm robot, such as the shoulder configuration 
and wrist configuration. In this paper, we propose a 
methodology to systematically analyze the structure of 
a dual-arm robot suitable for the assembly process by 
using major performance indices such as Manipulability, 
Condition Number, and Minimum Specific Value to 
derive performance figures for each motion of the two 
arms, and then introducing a normalization technique 
and a weighting technique for each motion feature. In 
this paper, Rethink Robotics’ Baxter, ABB’s YuMi, and 
Korea Institute of Machinery Research’s Amiro2, which 

are representative dual-arm robots with seven axes, are 
used as example robots for comparative analysis [19-21].

Section 2 describes the manipulability evaluation 
theory to be applied to the evaluation of dual-arm robots, 
and Section 3 presents the design of the manipulability 
evaluation process and the motion analysis of the actual 
assembly process. In Section 4, we apply the proposed 
methodology to evaluate the manipulability of the target 
motion and discuss the results and the validity of the 
proposed methodology.

2. Manipulability assessment theory
2.1. Manipulability index, ellipsoid
The manipulability index is used to determine the range 
of possible actions for the robot’s next behavior. This 
index, defined by Yoshikawa, is the magnitude of how 
much the robot’s tip wants to move or rotate to the next 
point. This manipulability index is given by Equation (1).

(1)

Here ,  θ  i s  the  jo int  var iable ,  M (θ )  i s  the 
manipulability index, and J(θ) is the Jacobian matrix. If 
we map the joint velocity from the manipulability index 
to a circle, we can derive a circle-shaped Cartesian 
velocity. This is a circular representation of the velocity 
that can be achieved when progressing from a given 
posture to the next, as shown in Equation (2).

(2)

Here, x is the Cartesian variable. This allows 
eigenvalues and eigenvectors to be defined for each 
robot posture, as shown in Figure 1, and provides a 
visual representation of the magnitude and direction 
of the robot’s velocity. The larger the eigenvalue 
corresponding to each eigenvector, the larger the size 
of the ellipsoid can be, which increases the ratio of 
the action radius of the robot’s end, which can be 
considered to increase manipulability.
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Figure 1. Manipulability ellipsoid

In addition, the velocity manipulability ellipsoid 
can be used to derive the magnitude and direction of 
the force in the current posture, which is expressed as 
the reciprocal of the velocity manipulability ellipsoid, 
as shown in Equation (3). Here, τ is the joint torque, 
and f is the fore on the end-effector. If the eigenvalues 
and eigenvectors are obtained in the same way, it can 
be seen from (JJT)–1 and JJT that the direction is the 
same and the magnitude has an inverse, and it can be 
defined as a force manipulation ellipsoid.

(3)

2.2. Minimum singular value
The minimum singular value is the value with the 
lowest action radius ratio in the current posture, as 
shown in Figure 2. The maximum value of the joint 
velocity is limited by the minimum singular value ( ) 
as shown in Equation (4).

(4)

Figure 2. Minimum singular value

2.3. Condition number
The condition number is used to evaluate the 
uniformity of the manipulability ellipsoid represented 
by the robot’s current posture. The definition of the 
condition number studied by Salisbury and Craig is 
expressed as the ratio of the minimum and maximum 
characteristic values as shown in Figure 3, which 
shows the degree of uniformity of the action radius 
from the current posture to the next posture. Under 
the assumption that the maximum characteristic value 
is constant, the greater the degree of uniformity, the 
greater the ratio of the action radius, so it can be seen 
that the manipulability increases, and the expression of 
the condition index is as follows:

(5)

Figure 3. Condition number

3. Evaluation of manipulability for dual-
arm robots
3.1. Design of evaluation methods
In this paper, a simulation using MATLAB was 
performed to analyze the behavior of the dual-arm 
robot. Various performance indexes introduced above 

(a)
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were fused to evaluate the task performance of the 
dual-arm robot according to its structure.

　(6)

Here, W11~Wn4 is the weighting value for each 
index and motion. FP.1,…, FP,n refers to the composite 
performance index in each posture corresponding to 
postures 1 to n among the total tasks of the dual-arm 
robot, and the number of n can be expanded according 
to the motion and further expanded if it is necessary to 
distinguish between the tasks of the left and right arms. 
fvele is the speed manipulability index which follows 
Equations (1) and (2), fmin is the minimum specific 
value from Equation (4), fcond is the state index from 
Equation (5), and fforce,e is the force manipulability index 
which is calculated from Equation (3).

The evaluation of the overall performance index is 
given by Equation (6), and the calculation procedure 
is as follows. Firstly, the target task to be performed 
by the dual-arm robot is classified into distinct actions, 
and the weight of the performance index is selected for 
each classified action to suit the task goal. Secondly, 
calculate the value of each performance index for the 
target task. Thirdly, the calculated indices are mapped 

to a 0 to 1 value by applying a min-max normalization 
method to adjust their sensitivity. Finally, the value 
with the largest sum is applied to Equation (7) to 
evaluate the best robot for the target task.

　　(7)

3.2. Definition of motions
To validate the performance evaluation process of the 
dual-arm robot, we defined the motion shown in Figure 
4 as an example of the camera rewind wheel part used 
in the cell assembly process. The specific motion 
has the task sequence of picking up the part from the 
assembly table, digging the part with the left arm, and 
tightening the bolt with the right arm, as shown in 
Figure 5.

Figure 5(a) shows the initial position of the dual-
arm robot. The motion from Figure 5(b) to (c) is 
defined as picking up the part from the work table. This 
motion is defined as “Case 1”. The motion in Figure 
5(d) is the motion of lifting the part to prepare it for 
assembly and is defined as “Case 2”. Lastly, the motion 
from Figure 5(e) to (f) is to grip the part and perform 
bolt tightening by giving it a rotational motion to fully 
utilize the characteristics of the wrist structure, which 
is defined as “Case 3”.

(a) (b)

Figure 4. (a) Assembling rewind wheel; (b) Rewind wheel
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The reason for dividing into various cases is that 
each motion has a different purpose and a different 
weight of manipulability, and the weight of each case is 
distributed based on the sum of 10, and the weighting 
result of each case is shown in Figure 6.

In “Case 1”, since it is a motion to go to the work 
table for gripping parts, the operability index was given 
a large weight of 4, and the minimum specific value 
was given a weight of 3. In “Case 2”, since the main 
purpose is to select the assembly location, the minimum 
specificity value is 4 and the operability index is 3, 
giving more weight to the direction of movement. Both 
“Case 1” and “Case 2” can be considered as similar 
cases with similar weights because they are moving 
for assembly preparation and the only difference is the 
direction. In “Case 3”, the main purpose of the motion 
is assembly, so the force manipulability index is given 
the highest weight, which is an example of weighting 
to reflect the characteristics of the purposeful motion.

The important point here is that the value of the 

weight is not the only one that is fixed at a certain 
value, but the user can freely change the weight 
to evaluate the performance by comprehensively 
considering the type of target task, the importance of 
each motion of the target task, the direction of the task, 
the speed of the task, and the force of the task, and 
the main feature is that the proposed technique can be 
applied freely.

3.3. Min-max normalization
The performance indices measured in the assembly 
process have been previously summarized and 
normalized to evaluate them on the same basis. The 
normalization method used is min-max normalization, 
which normalizes the values of the measured 
performance indexes to a value between 0 and 1. 
By mapping the values, it is possible to evaluate 
performance indices with different values on the 
same basis. The min-max normalization method was 
performed using Equation (8).

Figure 5. Assembling motion for rewind wheel Figure 6. Separated motion cases
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(8)

Here, xs is the normalized value of all measured 
performance indexes for each structure of the dual-arm 
robot in the assembly process.

3.4. Definition of dual-arm robot structures
Three shoulder structures and three wrist structures 
were defined to derive the most optimized deal-arm 
structure for the target task. We adopted Baxter, Yumi, 
and Amiro2 (Human structure) from the Korea Institute 
of Machinery Research, which have different structures 
among industrial dual-arm robots, as shown in Figure 
7. Baxter’s shoulder structure has a unique shape,
and Yumi and Amiro2 have similar structures, but

differences exist in the directional angle at which the 
shoulder is attached.

In addition to the shoulder structure, the wrist 
structure also affects the work, so we classified the 
most representative wrist structures in industrial robotic 
arms, ZYZ, ZYX, and XYZ structures, as shown 
in Figure 8, and combined them with the shoulder 
structures of the three robots mentioned above, Baxter, 
Yumi, and Amiro2, to form a total of nine different 
robot structures.

Since the robots utilized in this process all have 
7DOF per arm, they do not have a single joint solution 
for the same objective task. However, the energy 
optimization solution, which is the minimum norm 
solution, is applied in this paper to analyze each robot 
system under the same conditions.

Figure 7. Three types of shoulder configuration Figure 8. Three types of wrist configuration
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4. Manipulabil ity assessment and
discussion
4.1. Evaluation of simulation motions for 
dual-arm robots
The result of the task analysis for the Amiro2-ZYZ 
structure using the MATLAB simulation introduced 
earlier is shown in Figure 9.

Figure 9. Motion simulation, manipulability ellipsoid

4.2. Performance index evaluation for 
motions of Amiro, Baxter, and YuMi 
structures
We measured the performance indexes of the dual-arm 
robots for each motion and performed a comparative 
evaluation. Before mapping the indexes for evaluation, 
Figure 10 shows the measured values of Amiro2 - 

ZYZ, ZYX, and XYZ structures and mapped with min-
max normalization.

The manipulability ellipsoid (normV) is an 
indicator of the ability to move a larger range from the 
current posture, with the highest values representing 
good manipulability. Based on the values we measured, 
the ZYZ wrist structure has the best overall motion. 
However, this is based on the size of the ellipsoid 
alone, so we cannot predict how it will behave [22]. By 
comparing the minimum singularity value (normM) of 
each motion, we can evaluate the weakest orientation 
that the robot can have in its current posture, i.e., 
the orientation and size close to the singularity. By 
comparing the state index (normC) for each motion, 
the shape of the ellipsoid can be determined. This 
tells us how close the ellipsoid is to the singularity 
and how much motion there is in the free range. By 
comparing the manipulability ellipsoid (normF) of the 
force of each motion, we can evaluate the magnitude 
and direction of the force that the robot can exert in 
its current posture. Due to equation (3), the size is the 
same as the manipulability ellipsoid we compared 
earlier, but it is reciprocal, so the shape of the ellipsoid 
is orthogonal. This means that the direction of the 
minimum value in the manipulability ellipsoid is 
the direction of the maximum value in the force 
manipulability ellipsoid.

When analyzing the performance index for the 
same motion as the assembly process task applied to the 
Amiro2 (Human) rescue robot earlier, the performance 
index for the Baxter-type robot is shown in Figure 11 
and the YuMi-type robot is shown in Figure 12. Here, 
the blank area indicates the work area that cannot be 
performed with the structure.

4.3. Discussion of manipulability results for 
dual-arm robots in specific tasks
The performance indexes measured in the assembly 
process, which were normalized earlier, and the 
selected weights for each motion are applied to the 
proposed evaluation model equation (8), and the 
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Figure 10. Amiro2 (Human) – ZYZ, ZYX, XYZ configuration

Figure 11. Baxter – ZYZ, ZYX, XYZ configuration

Figure 12. YuMi – ZYZ, ZYX, XYZ configuration
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weights are applied with the values selected in Figure 6.
A total sum is calculated by applying weights to the 

performance indexes for each motion, and the larger the 
value of the total sum, the more optimized the robot is 
for the target task of the dual-arm robot. The evaluated 
values for each structure were derived as shown in 
Figure 13.

As a result of the evaluation of the overall 
performance index for the target task extracted from 
the camera component assembly process, it was found 
that the Amiro-ZYZ structure has relatively high 
manipulability for the target motions. However, this 
is an example of a result that indicates that a robot 
structure that is specific to a particular task may be 
more appropriate. The motions evaluated in this study 
are suitable for specific purposes, such as performing 
dual-arm orthogonal assembly tasks, with high 
weighting on speed in “Case 1”, directional weighting 
in “Case 2”, and high weighting on force manipulation 
in “Case 3”.

In addition to these cases, whenever conditions 
such as the target work area, work speed, and 
workforce are changed, or the weighting of each target 

value is changed accordingly, the task performance of 
each structure can be predicted through this process, 
and solutions of various structures can be derived.

5. Conclusion
In this paper, we proposed a systematic method for 
measuring and evaluating the manipulability of dual-
arm robots according to their structural characteristics, 
using the measurement methods of previously 
researched robots. We derived representative motions 
based on the desired tasks, performed a performance 
evaluation of various dual-arm robot structures by 
selecting weights for each motion based on their 
objectives, and identified the suitable form of dual-
arm robots for the selected tasks and conditions. Based 
on this manipulability evaluation method presented in 
this paper, it will be possible to systematically evaluate 
various tasks and structures beyond the motions and 
dual-arm robot structures proposed in this study. In 
future research, we intend to expand the scope of 
manipulability assessment by considering kinematic 
elements and the relative motion of dual-arm robots.
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Figure 13. Configuration evaluation
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