Highlights in Science, Engineering and Technology ICMSC 2023
Volume 63 (2023)

Analysis of Grasping Target by Simulated Six-Axis Robot

Guanxiang Jing

School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing,
China

20222008@bijtu.edu.cn

Abstract. A six-axis robot is a type of robotic manipulator with six degrees of freedom (DOF) that
enable it to move and rotate in six different directions. Because of its flexibility and high-precision
operation, it is widely used in industrial production lines, semiconductor manufacturing, medical
surgery and other fields. In the future, with the development of artificial intelligence, sensor
technology and other fields, six-axis robots will achieve more intelligent and autonomous operation,
and will also be more widely used in industry, medical treatment, service and other fields. In this
paper, the important applications of six-axis robots in industry and other fields are introduced by
introducing the relevant applications of artificial intelligence and robots. Then the DH representation
method and inverse solution method are introduced, and a six-axis robot is modeled and the relevant
data are calculated in MATLAB software using the DH representation method and inverse solution
method. Finally, the trajectory of the robot gripper was simulated and the simulation results were
obtained, which preliminarily verified the feasibility and reliability of the six-axis robot grasping
objects.
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1. Introduction

Artificial intelligence and robot technology have become one of the most significant topics in the
scientific and technological domain. As an integral part of robot technology, the manipulator has
found extensive usage in manufacturing, medical, aerospace, and other fields.

Initially, the mechanical arm was primarily used in industrial manufacturing. However, with the
continual progress of technology, the application scope of the manipulator has broadened, including
fields such as medical, military, and aerospace. In recent years, the application of robots has extended
to logistics distribution, smart home automation, and other domains, owing to the rapid advancements
in artificial intelligence technology.

In the current era of Industry 4.0, the high volume of industrial products necessitates labor-
intensive activities such as order sorting and warehousing. Many large companies have assigned such
tasks to robots to reduce the workload of human operators and enhance work efficiency [1]. Similarly,
in the field of distribution, robots use navigation as one of their basic functions to avoid other robots
and humans and reach their intended destination [2].

The medical field has also seen widespread adoption of robots to assist attending doctors during
surgery [3]. In several surgical operations in Europe and the United States, it is common to see
attending doctors operating the robotic arm to perform surgery [4]. Regardless of the tasks that robots
replace or assist humans with, these behaviors highlight an essential idea-human-computer interaction
and communication with robots are the fundamental prerequisites for robotic work [5].

The purpose of this article is to evaluate the performance of human-computer interaction by having
the six-axis robot complete a simple task. However, in advanced industrial applications such as
machining, the absolute positioning accuracy of the six-axis robot is crucial [6]. Moreover, as
intelligent manufacturing continues to develop, manual polishing is being replaced by high-precision
six-axis polishing robots because of the low production efficiency and poor production environment
of manual polishing [7].

To improve the accuracy of the six-axis robot, this article discusses various methods, including the
DH method and the inverse solution method. The DH method, proposed by Denavit and Hartenberg
in the 1950s, is a commonly used approach in manipulator kinematics. It involves converting the
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kinematics model of the manipulator into DH parameters, which include four parameters (a, alpha, d,
and theta) that completely describe the position and attitude information of the manipulator. Due to
its characteristics of parametric simplification, clear model, and simple calculation, the DH method
is widely used in kinematics modeling of manipulators.

The inverse kinematics method is essential in determining the joint angles and positions required
for the robot's end effector to reach a desired target location and orientation [8]. The inverse
kinematics method involves calculating the joint motion of the robot manipulator based on the
position and orientation information of the end effector, enabling precise control of the robot. This
method is useful for tasks such as trajectory planning and path planning of the robot manipulator.

Based on the above methods, relevant data are obtained and the feasibility and reliability of the
six-axis robot to implement the grasping task are preliminarily confirmed.

2. Methods

2.1. DH Table Represent

The key question for a robot to grasp objects is how a specific position and orientation of the tool
can be realized [9]. Generally, a coordinate frame is attached to every link of the robot. The coordinate
of each frame relative to the previous one can be then calculated. The composite of coordinates
relating the tool frame to the base frame provides the position and orientation of the tool. To achieve
the task, DH Representation is used to help build the robot model. The establishment of DH
representation method is basically subdivided into following steps.

Assignment of joint numbers: Number the six joints of the robot from the base to the tool's yaw,
pitch, and roll as 1 to 6, respectively.

Establishment of coordinate frames: Establish a coordinate frame for each joint. Begin with LO at
the robot's base and end with Ln at the tool tip.

Alignment of the z-axes: Line up the z-axis of frame LO with joint 1's axis. For each joint k (from
1 to 5), align the z-axis of frame L* with the axis of joint k+1.

Determination of the frame origins: Find the origin of each frame. The intersection point of the z-
axes of frames LX and L% is the origin of frame L. If the z-axes do not meet, use the intersection
point of their common normal.

Setting of the x-axes: Orient the x-axis of each frame. The x-axis of frame L¥ is perpendicular to
the z-axes of frames L¥ and L¥. If the z-axes are parallel, point the x-axis away from the z-axis of
frame Lk,

Setting of the y-axes: Set the y-axis of each frame. The y-axis should complete a right-hand
coordinate system, forming an orthonormal frame.

Determination of the origin of the last frame: Establish the origin of frame Ln at the tool tip. Align
the z-axis of frame Ln with the approach vector, the y-axis with the sliding vector, and the x-axis with
the normal vector.

Calculation of theta: Compute the joint variable theta for each joint. It can be measured by using
the rotation angle from xk-1 to xk to calculate theta for joint k.

Calculation of d: Find the link offset d for each joint. Measure the distance between the origin of
frame L*! and the point where the x and z! axes intersect along z*.

Calculation of a: Calculate the link length a for each joint. Measure the distance from the
intersection point of the x* and z** axes to the origin of frame Lk along xX.

Calculation of alpha: Determine the link twist alpha for each joint. It can be measured by using the
rotation angle from z* to z to calsulate alpha for joint k.

Creation of the DH table: Record the DH parameters (theta, d, a, alpha) in a table to use for the
robot's kinematic calculations.

Through the above steps, the coordinate axis of each joint can be drawn according to the robot's
model drawing to establish the DH table. Since this paper is aimed at the six-axis robot, the DH table
will also select the six-axis robot model to build. Today's six-axis robot manufacturers produce a
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variety of six-axis robots. In this paper, RSO05N (Figure 1) produced by Kawasaki will be selected
as the research object to establish various joint coordinate systems.

{

Figure 1. RSO05N six-axis robot produced by Kawasaki [10]

The coordinate axis for each joint of the robot can be established based on the model shown in
Figure 1, which enables the transformation of coordinates from the robot's base mark to each joint.

The DH table is a crucial tool for solving the forward kinematics of a robot. It provides a clear
representation of the joint relationships. Table 1 represents the DH table for the robot mentioned
above.

Table 1. DH table of RS0O05N

Joint o;(?) a;(mm) d; (mm) 0;(°)
1 -90 105 295
2 0 280 0 -90
3 -90 80 0 0
4 90 0 310 0
5 -90 0 0 0
6 0 0 78 0

2.2. Forward Solution

The DH table provides the necessary information to obtain the transformation matrix between
adjacent joints. This transformation matrix can be used to determine the position and orientation of
the robot's end effector based on the angles of each joint.

=14 = R(z;_1,0;)Trans(0,0, d-)Trans(ai, 0,0)R(x;, ;) = R(zl- 1,0;)Trans(a;, 0,d;)R(x;, a;)
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cos Hi —cosa;sinf; sing;sinf; a;cos6;
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The data in DH table is brought into the transfer matrix to get the relationship matrix between
adjacent joints.
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Where c; = cos 6;, s; = sin6;
The transfer matrix T can be obtained by multiplying the transfer matrices of adjacent joints.
n o a p
TS = ASALARARALAS, TS =3 o o 1 3)

A transformation matrix is a 4x4 matrix that describes the position and orientation of a point or
frame in relation to another point or frame. The upper-left 3x3 sub-matrix of the matrix represents
the rotation or orientation of the transformed frame relative to the original frame. The rightmost
column of the matrix, which is the position or translation vector, represents the position of the
transformed frame relative to the original frame. These two components together define the position
and orientation of the transformed frame with respect to the original frame.

In robotics, the transformation matrix is commonly used to represent the position and orientation
of the end effector relative to the robot base frame. The upper-left 3x3 sub-matrix of the
transformation matrix represents the orientation of the end effector relative to the base frame, while
the rightmost column represents the position of the end effector relative to the base frame. The
position vector is typically represented in the coordinate system of the end effector, which is known
as the tool frame, and must be transformed into the base frame using the homogeneous transformation
matrix.

2.3. Inverse Solution

Once the transfer matrix is obtained, the next step is to multiply the inverse of the first transfer
matrix to both sides of the equation to obtain the matrix. This process can be continued using a similar
method for the remaining joints. To simplify the calculations, an easier to calculate T matrix is used
in this part.
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Where ¢; = cos6;, s; =sinb;
Then corresponding equality of element (3,4) is calculated:

PyC1 — DxS1 = d, (6)
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In the equation, assuming that p, = rcos ¢, p, = rsin¢,

T =+pi+pio=tan” (—x) @)
Py
After replacement,

sing@ cos 61 — cos @ sin@; =sin(p — 0,) = %

8
cos((p — 0;) = £ /T —sin?(p — 6 = + /1_% ®)

and
6, = tan™! (p—x) — tan~1 —2 9)
py + r2_d2
can be obtained.
To get 62, it can be easily obtained from the matrix:
Spds = C1px + S1Dy (10)
C,d3 =p, (11)
Solving the equations,
0, = tan™! qpxpﬂ (12)
is obtained.
Similar methods can also be used when solving 6.,
(ADHADTITY = ASAZALAZ = T¢ (13)
This equation is obtained:
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f23(n) f23(0) f23(a) f23(P) _5456 S556 cs dg
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Solving the equations,
d; = s;(c1px + Slpy) + CcPy (15)
is obtained.
Using the similar method above,
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(16)
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4,2 —ca(crax+siay)-sza;
is obtained, and
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0, = tan~13 (20)
Ce

are obtained.

The aforementioned paragraphs describe the conventional inverse solution process. It is apparent
that this process involves an enormous and intricate calculation, which is nearly impossible to perform
manually. Nevertheless, as per the formula mentioned above, a six-axis robot generally has eight sets
of solutions when the end reaches its desired position. In such instances, the robot's posture is typical.
However, when the robot reaches a singularity position, the number of solutions available is often not
eight. Hence, the number of solutions computed by the computer can determine whether the robot
has reached a singularity position to avoid any interruptions in its operation.

2.4. Jacobian Matrix

The Jacobian matrix is a mathematical matrix that is constructed using the first partial derivatives
of a particular function, typically in vector calculus. The determinant of the Jacobian matrix is known
as the Jacobian determinant. The importance of the Jacobian matrix lies in the fact that it reflects the
differentiability of a given equation and provides an optimal linear approximation of the point being
considered. Therefore, the Jacobian matrix can be thought of as similar to the derivative of a
multivariate function [11]. The robot.jacobO() function in MATLAB can directly calculate the
Jacobian matrix, and it has been used in this project.

3. Results

The robot can be modeled through the DH table and the Robotics toolbox in MATLAB. The model
is shown in Figure 2.
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Figure 2. Successfully built robot models

Since MATLAB needs to bring in specific data during calculation, it may be assumed that the
target is in the tool coordinate system (-0.3, -0.3, 0.1). Due to the characteristics of trigonometric
function, generally, the six-axis robot can get eight sets of solutions. The calculation results are shown
in Table 2.

Table 2. Angle of each joint
Joint1(9 Joint2(9 Joint3(9 Joint4(9 Joint5(9 Joint6(9

Gl -135 -60.4468 11.56091 180 131.1141 113.383
G2 -315 146.0785 11.56091 0 22.36057 130.5394
G3 -135 33.92149 -162.62 180 51.30116 111.351
G4 -315 240.4468 -162.62 0 102.1735 92.54611
G5 -135 -60.4468 11.56091 360 -131.114 293.383
G6 -315 146.0785 11.56091 180 -22.3606 310.5394
G7 -135 33.92149 -162.62 360 -51.3012 291.351
G8 -315 240.4468 -162.62 180 -102.173 272.5461
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Jacobian matrix can be calculated by the function in toolbox. Table 3 and Table 4 are the
parameters for calculating the Jacobian matrix. Figure 2 and Figure 3 are the Jacobian matrices for
the initial position of the robot and for grasping the target, respectively.

Table 3. Jacobian matrix of the initial point

0 -0.388 -0.388 0 -0.078 0

0.465 0 0 0 0 0
0 -0.36 -0.08 0 0 0
0 0 0 0 0 0
0 1 1 0 1 0
1 0 0 -1 0 -1

Table 4. Jacobian matrix of the target point

0.374 -0.125 0.046 -0.042 0.055 0

-0.374 -0.126 0.046 0.042 0.055 0
0 -0.424 -0.286 0 0 0
0 0.707 0.707 -0.533 -0.707 0
0 -0.707 -0.707 -0.533 0.707 0
1 0 0 -0.658 0 1

Finally, the trajectory can be drawn through the jtraj() function. Trajectory is shown in Figure 3,
and Figure 4 is the image of angular velocity and angular acceleration of each joint in the whole
process.
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Figure 3. The simulated grab trajectory map
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Figure 4. Speed curve analysis
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4. Discussion

Based on the results, it is evident that the MATLAB modeling and simulation outcomes were
relatively successful. By analyzing the icons in Figure 4, it can be concluded that at the third second,
the speed and acceleration become zero, and each joint angle reaches its corresponding maximum
position, indicating that the robot gripper has moved to the target position. Additionally, at the sixth
second, each joint angle becomes zero, and the speed and acceleration are also zero, indicating that
the robot has returned to its initial position.

However, it is important to note that the model structure used in this study is relatively simple, and
there are several other factors that must be considered for more realistic simulations. In the future,
the six-axis robot model will be optimized in terms of algorithm and modeling to make it more closely
resemble the actual situation.

5. Conclusion

This article discusses a new algorithm for solving the forward and inverse kinematics problem of
a six-axis robot using DH table. The algorithm is implemented and simulated in MATLAB, and the
results show that it is highly efficient and accurate. The article also presents the computation of the
Jacobian matrix, maximum motion speed, and acceleration of the robot in different workspaces,
which are important for dynamic modeling and control of the robot.

The main contribution of the study is the introduction of a novel algorithm for solving the forward
and inverse kinematics problem of a six-axis robot using DH table. The effectiveness of the proposed
approach is validated through experimental results. Furthermore, the dynamic parameters of the robot
are evaluated, which can be used as a reference for optimizing and controlling the robot.
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