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Abstract. Under manipulator trajectory motion algorithm, the time consump-
tion of manipulator motion is long, and the stability coefficient is low, and the
accuracy of obstacle avoidance is poor. An algorithm that six degree of freedom
manipulator moves with end trajectory based on particle swarm optimization
was proposed. By analyzing the positive solution of kinematics and inverse
solution of kinematics of manipulator, the expected pose of manipulator was
obtained to realize the analysis of manipulator trajectory. According to the
constraint condition of the short time consumption of motion, the high accuracy
of obstacle avoidance and the strong motion stability, the model that six degree
of freedom manipulator ARM moved with end trajectory is built. The model was
subdivided into particle swarm optimization algorithm to realize the solution of
model. Then, some parameters such as initial position and speed of particle
swarm were set, and particle swarm fitness function was calculated to get the
optimal solution. Finally, we determined whether the current optimal solution
was the global optimal solution. Thus, we obtained the optimal planning results
that the manipulator moves with the end trajectory. Experiment shows that the
time consumption of manipulator motion is short. The average accuracy of
obstacle avoidance is 95%. The stability coefficient is high. This algorithm can
effectively solve the problem of current algorithm, which has practicality.
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1 Introduction

With the continuous development of mechanization, the form of robot becomes more
advanced. Currently, the mechanical arm is widely used. There is still a large gap
between China and foreign countries in developing and using mechanical arms. To
research the whole operation of mechanical ARM is a very effective way. The tra-
jectory tracking control of mechanical ARM is an important part of development of
robot technology, which has high research value [1]. Due to the high research value of
mechanical arm, many experts and scholars begin to analyze and study them in suc-
cession. Therefore, there have been some excellent research results.
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Reference [2] proposes a method for planning movement track of manipulator
based on Cartesian space. The D-H matrix is used to realize the mathematical modeling
of position and pose of manipulator. Then, circular interpolation method in Cartesian
space is used to complete the path planning and obtain the smooth movement track.
Finally, the artificial potential field is used to make the manipulator arm reach the
termini without obstacle. Experiment proves that the proposed algorithm improves the
accuracy of obstacle avoidance of manipulator, but it has a long time-consuming
problem. Reference [3] proposes that the structural characteristic of picking manipu-
lator is used to realize the modeling of structure parameters of mechanical arm through
Denavit-Hartenberg and obtain the positive kinematics model. In solving inverse
kinematics, the inverse kinematics equation is used to change the complex matrix into
the easy algebraic equation, so as to complete the analysis of inverse kinematics. Thus,
the optimal inverse solution is calculated based on the minimum energy principle.
Experimental results show that the motion of manipulator arm is relatively stable with
this algorithm, but the accuracy is poor in avoiding obstacles. Reference [4] proposes a
robot trajectory method based on inverse solution of kinematics. On the basis of
coordinated hoisting and transporting of multi robots for the same object structure, the
kinematics model of coordinated operation system is built. The analytic formula of
inverse kinematics of coordinated operation system is analyzed. Meanwhile, the ana-
Iytic formula of inverse kinematics is given. The experimental platform is constructed
through UG/ ADAMS/ MATLAB simulation system. Experiment shows that the
operation process of this method is relatively simple, but the multi-robots coordination
system cannot avoid the obstacle accurately by using this method. In reference [5], a
tracking motion algorithm of manipulator arm based on predictive control is proposed.
The analytical mechanics material is used to infer the difficulty formula under the load
of mechanical arm, so as to obtain the kinematics model of manipulator system. On the
basis of above, the simplified processing of kinematic model of manipulator system is
realized, such as reduced order and linearization. The motion priority level is deter-
mined through the range of motion of each joint in model and the accuracy of posi-
tioning. Meanwhile, the real-time updates and the rolling optimization are used to
ensure the timeliness of control. Experimental results show that this algorithm solves
the motion redundancy, but the motion stability of manipulator ARM is poor.

At present, some related algorithms about the manipulator trajectory motion cannot
realize the goal of high accuracy, high stability and low delay. Therefore, this article
proposes an algorithm that six degrees of freedom manipulator tracks with the end
trajectory based on particle swarm. The main structure is:

(1) According to the positive solution of kinematics and inverse solution of kinematics,
we analyze that the six degrees of freedom manipulator tracks with the end tra-
jectory, and build the model.

(2) Use particle swarm optimization algorithm to solve the model that six degrees of
freedom manipulator tracks with the end trajectory, get the best planning way of
manipulator arm to track the end trajectory.

(3) The feasibility of proposed algorithm is proved by the experiment.

(4) Summarize the full text and give the future research direction.



Research on an Algorithm of Six Degrees of Freedom Manipulator 391

2 Algorithm of Six Degrees of Freedom Manipulator Arm
for Following End Track

2.1 The Establishment of Trajectory Model and the Analysis of End
Trajectory Motion of Manipulator Arm

To analyze that six degree of freedom manipulator moves with the end trajectory and
build the trajectory kinematic model needs to construct the coordinate system of
manipulator arm. Figure 1 is the coordinate system of manipulator arm.In Fig. 1, there
are six joints in the six degree of freedom manipulator structure. For the purpose of
describing the position and posture of end effect or of manipulator arm in space, a
coordinate system is built on each joint. Thus, the position of end effect or is described
through the relationship between coordinate systems.

(1). Positive solution of kinematics. The process of positive solution of kinematics of
manipulator arm is the process using rotation angle of known joint variables 6y, 0,
03, 04, 05 and O to get the pose of end gripper relative to reference coordinate
system. The reference coordinate system is set on the base of six degree of freedom
manipulator arm by the D-H method of standard upper joint [6]. It begins to change
from base to the first joint, then to the second joint, and so on. Finally, it changes to
the end gripper.

(2). Inverse solution of kinematics. The process of solving inverse solution of kine-
matics is the process of using pose of known end gripper relative to the reference
coordinate system to get joint variable 0y, 0,, 03, 64, 05 and 0. It is the basis of the
trajectory planning and trajectory control. It is also the most important part of
kinematics [7]. According to the content above, the formula of the expected pose of
manipulator arm is given.

ny Ox Ay Px
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Where, n denotes normal. o denotes the direction. a denotes the approaching vector. p
denotes the origin of coordinate system of manipulator end gripper. Corresponding to
the position vector of base coordinate system, x, y and z denote three coordinate
directions of coordinate system. Generally, p can be given by using the position of
work piece. n, o and o can be given by using rotation of rolling angle, pitching angle,
and drift angle [8].

For the purpose of convenient calculation, we combine the joint 1 and joint 2 with
the joint 5 and joint 6. Thus, the total transformation between the base and the hand of
the six degree of freedom manipulator can be expressed as formula (1). According to
the requirement of desired position in formula (1), manipulator may have multiple
combinations of joint rotation in the same posture, so we must choose the optimal
solution based on the actual structure of manipulator arm. In order to achieve the
purpose of short time consumption, high accuracy of obstacle avoidance and strong
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Fig. 1. Coordinate system of six degrees of freedom manipulator arm

motion stability, we take the three points as constraint conditions to build the model
that a six degree of freedom manipulator moves with end trajectory.

According to the above content and the position of terminal actuator described by
the six degree of freedom manipulator coordinate system, the positive solution of
kinematics and inverse solution of kinematics are analyzed. The desired posture of
manipulator ARM is calculated. According to the constraint condition of the short time
consumption of manipulator motion, the high accuracy of obstacle avoidance and the
strong motion stability, the objective function of model that six degree of freedom
manipulator ARM moves with end trajectory is built.

2.2 To Solve Trajectory Model of Manipulator Arm Based on Particle
Swarm

The particle swarm optimization algorithm is used to solve the model established in
Sect. 2.1. The detailed process is as follows:

To randomly generate M particles to construct the initial particle swarm, and set the
initial position and initial speed of particle, the fitness function is calculated according
to parameters [9]. Supposing that any function of three objective functions in the model
established by Sect. 2.1 is not consistent with the formula (3), then the fitness function
of particle swarm can be expressed as |U(J,I)|, and the particle swarm optimization
algorithm will decrease |U(J,I)| in the process of loop iteration until it meets the
constraint condition.

FU) = S MX|UUL D] % A @)

Where, f(U) denotes the constraint function of all joint motion in the six degree of
freedom manipulator arm.A;; denotes the influence coefficient selected by the fitness
function of particle swarm. J denotes J th group in M groups of populations, and [
denotes the number of populations which are not satisfied formula (2). Supposing that
the three objective functions in model built by Sect. 2.1 are all conform to the formula
(2), the fitness function can be expressed as —|U(J,1)].
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The optimal value after the k-th iteration and the optimal value of groups are
selected by using the fitness function. The population is reintegrated and new particle
swarm is formed. The formula of current optimal value is as follows:

f(U) X (J,I) XA][
VTH x k

The calculation from formula (3) is used to determine whether the current optimal
solution is the global optimal. If it isthe global optimal, the optimization stops. If it is
not, the iteration will continue until it meets the iteration stop condition, and then the
optimal value will be output. The optimal solution obtained by using formula (3) is the
optimal planning result that the six degree of freedom manipulator arm moving with the
end trajectory [10, 11].

In conclusion, the particle swarm optimization algorithm is used to solve the model
that six degree of freedom manipulator arm moves with the end trajectory. The
parameters of particle swarm location and initial speed are set, and the fitness function
of particle swarm is determined [12, 13]. To calculate current optimal solution and
judge whether this solution is the global optimal solution can obtain optimal solution
which satisfies short time consumption of mechanical arm movement, high accuracy of
obstacle avoidance and strong stability of motion [14, 15]. Thus, the planning research
that six degrees of freedom manipulator arm moves with end track can be completed.

Best(U) =

(3)

3 Experimental Results and Analysis

In order to prove the feasibility of algorithm for tracking the end trajectory of six
degree of freedom manipulator based on particle swarm optimization, the experimental
platform was built on VC++6.0, and the object was shown in Fig. 2. The simulation
time was 0-60 s. Experimental indexes were set up in three aspects: the time con-
sumption of manipulator arm motion, the accuracy of avoiding obstacle and the sta-
bility of motion.

Fig. 2. Experimental objects
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Different algorithms were applied to experimental objects, and the effectiveness of
proposed algorithm was verified by three indexes above. Experimental results were as
follows:

3.1 Experiment (First) Results

According to the analysis of experimental result in Fig. 3, under the same number of
work pieces, the time consumption of manipulator arm in manipulator ARM motion
track planning algorithm based on Cartesian space was long, and the time-consuming
curve fluctuates greatly. The time consumption of manipulator arm based on particle
swarm was relatively short and the time-consuming curve was relatively stable. When
the number of work pieces was 30, obviously, the time consumption of manipulator
ARM motion track algorithm based on particle swarm optimization was15s less than
time consumption of manipulator ARM motion track planning algorithm based on
Cartesian space. The experimental data show that the proposed algorithm has absolute
superiority.
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Fig. 3. Comparison of time consumption of manipulator arm motion with different algorithms

3.2 Experiment (Second) Results

From Fig. 4, we can see that the accuracy curve of obstacle avoidance of trajectory
motion algorithm for manipulator arm based on Denavit-Hartenberg was first increased
and then decreased, and the average accuracy of obstacle avoidance is about 50%.
Thus, the reliability is low. In the preliminary stage of avoiding obstacles, the accuracy
curve of robotic trajectory method based on inverse kinematics showed a steady rising
trend. However, with the increase of obstacles, the accuracy curve of obstacle
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avoidance decreased faster, and the average accuracy of obstacle avoidance was about
45%. The accuracy curve of obstacle avoidance using algorithm of mechanical arm
trajectory based on particle swarm optimization had shown a trend of stable increase,
and tended to slow at about 97%, and the average obstacle avoidance accuracy was
95%. This data proves that the proposed algorithm was superior to the current algo-
rithm in the accuracy of obstacle avoidance.
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Fig. 4. Comparison of accuracy of obstacle avoidance with different algorithms

3.3 Experiment (Third) Results

According to the analysis of the experimental results in Fig. 5, the stability of the
manipulator arm based on predictive control is poor. The maximum stability coefficient
is 0.58. The feasibility is very low. In the trajectory motion algorithm of manipulator
based on particle swarm optimization algorithm, the motion stability of manipulator
arm is strong. The maximum value is 0.98. Compared with the existing algorithms, this
algorithm has better motion stability. This algorithm is superior to the existing algo-
rithms in the aspects of time consumption, obstacle avoidance accuracy and motion
stability of the manipulator.
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Fig. 5. Comparison of motion stability of manipulator arm with different algorithms

4 Conclusions

With the constant innovation of modern technology, the current manipulator trajectory
tracking algorithm is unable to satisfy the development needs of this field. An algo-
rithm for tracking the end trajectory of six degree of freedom manipulator based on
particle swarm was proposed. The inverse kinematic solution and positive kinematic
solution of manipulator arm were analyzed. The motion time consumption of manip-
ulator ARM and the accuracy and stability of obstacle avoidance were taken as con-
straint conditions. Then, the trajectory motion model of manipulator arm was built.
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Finally, the particle swarm optimization algorithm was used to solve the model. Thus,
the best planning result of manipulator arm was obtained. Experimental results show
that the proposed algorithm is superior to the current algorithm in the motion time
consumption of manipulator arm, the accuracy of obstacle avoidance and the stability
of motion. For the development direction in the future, the following suggestions are
presented:

€]

2

The manipulator arm is mostly applied to the industrial field. But, different tra-
jectory planning algorithms should be used for different types of manipulator
ARMs, so as to get better application results.

In this research, the cost problem of trajectory planning is not considered, and it is
necessary to consider this kind of problem in the future research.
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