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ABSTRACT
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This study is concerned with the smoothness of robot arm's trajectory and the
consumption time between two different points in joint space. Seventh order
polynomial interpolation is compared with quintic order polynomial in order to
obtain the smoothness trajectory. The Whale Optimization Algorithm is
introduced to minimize the consumption time. The 6R (6 joint robot) is built using
MATLAB Robotics Toolbox to verify the proposed method. The simulation results
show that the smoothness and time consumption of the robot's trajectory
planning are outstanding using seventh order polynomial interpolation and The
Whale Optimization Algorithm.
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INTRODUCTION
During the last decades, industrial robots were widely
used in industry (Merckaert et al., 2018). After several
decades of development, robot technology was greatly
improved since the invention of the robot. Industrial
robots have played a huge role in improving the efficiency
of production processes and reducing economic cost. It has
changed the manufacturing mode of manufacturing,
logistics and other industries. In the 21st century, as a key
and basic carrier in the realization of automation and
intelligent goal, robots are indispensable.
A large number of industrial robot applications also put
forward higher requirements for the robot's working
precision and efficiency. These requirements demand that
the robot complete the work more accurately and quickly,
which means that the industrial robot should ensure
trajectory’s smoothness in the course of the work. In the
meantime, it requires as little time as possible during the
movement period. Therefore, a reasonable method is
needed to plan the robot's working trajectory so that the
robot can work according to the optimized trajectory
(Liang et al., 2006). The optimal time is bent on how to
adjust the duration of each path segment so that the total
time is the shortest and satisfies the speed, acceleration,
jerk and torque constraints (Garg and Kumar, 2002). The
traditional trajectory planning method of polynomial

interpolation curves of cubic and quintic polynomial can
only determine the trajectory curve equation of each joint
of the robot, and cannot shorten the consumption time of
the robot (Biswas et al., 2010).
Some scholars in the world have proposed intelligent
heuristic algorithms such as Gray Wolf Algorithm (GWO)
(Mirjalili et al., 2014), Ant Lion Algorithm (ALO) (Mirjalili,
2015), Genetic Optimization Algorithm (GA) (Holland,
1992) and Particle Swarm Optimization Algorithm (PSO)
(Kennedy and Eberhart, 1995) etc. These algorithms are
more effective methods for constrained optimization
problems. However, these algorithms do not have excellent
performance in robot trajectory planning due to some
shortcomings, such as complicated calculation, large
computation, slow convergence speed and low precision
etc. In this paper, the Whale Optimization Algorithm
(Mirjalili and Lewis, 2016) is carried out for the purpose of
optimal trajectory planning in the point to point movement
of 6 degree of freedom robot, while the MATLAB robotics
toolbox tool is used for modeling and simulation to verify
the proposed method.
6R ROBOT MODELING
Figure 1 shows that the robot uses the SYJI-0035 6R robot

Figure 1: SYJI-0035 robot.

independently developed by the Robot Research Center of
Henan Senyuan Electric Co., Ltd. In the kinematics research
of robots, the relationship between the movements of the
links is described and the torque required during the
motion is not considered. This thesis focuses on the
relationship between position and posture of robot end
effector and the joint variables. Figure 2 shows that in
order to describe the motion relationship between the
links of the robot, the robot space joint coordinate system
is established.
Table 1 shows that the D-H parameters are established
according to the coordinate system of the robot, while
Figure 3 shows that the simulation model of the robot is
built using the MATLAB robotics toolbox.

Seventh order polynomial interpolation mathematical
model
The cubic polynomial interpolation algorithm does not
constrain the joint acceleration, which will cause great
uncertainty in the acceleration. Therefore, the cubic
polynomial interpolation algorithm is not described in this
paper. In order to make the robot trajectory smoother, it is
necessary to use a higher order polynomial for planning
the joint trajectory. However, it is not the higher the order
of a polynomial, the better. When planning the joint, the
higher the order polynomial used, the easier it becomes
prone to the phenomenon of "Runge" (Zhang et al., 2013).

This paper simulates the curve trajectory of the seventhorder polynomial interpolation in joint space and
compares this trajectory with quintic polynomial
interpolation trajectory.
In order to determine a seventh-order polynomial
uniquely, at least eight constraints are required, namely
joint angle, velocity, acceleration and jerk constrained. In
this article,  (t ) represents the trajectory equation, while

t 0 tf represents the time of initial point and target point,
respectively. The constraints are:

 (t 0)   0, (tf )   f ;








 (t 0)   0, (tf )   f ;
 (t 0)   0, (tf )   f ;


(1)



 (t 0)   0,  (tf )   f

According to the aforementioned constraints, a seventhorder polynomial can be described uniquely as:

 (t )  a0  a1t  a2t 2  a3t 3  a 4t 4  a5t 5  a6t 6  a 7t 7
(2)
The angles, velocities, accelerations and jerk constraints of
initial points and target points are placed into Equations
(1) and (2), while the coefficient of the seventh order

Figure 2: D-H links coordinate system.

Table 1: D-H parameters of the robot.

Joint
1
2
3
4
5
6

Link distance di (m)
0
0.02
0
0.866
0
0.267

Link length ai-1
(m)
0
0.2
0.64
0
0
0

polynomial can be calculated defining: T =tf  t 0 and

h   f   0 , given as:

Link twist angle (αi-1)

Link angle [θi(°)]

0°
-90°
-90°
-90°
90°
180°

-150°~150°
-60°~55°
-65°~65°
-180°~180°
-150°~60°
-360°~360°

6R robot simulation

Assuming that the angle of each joint at the initial position
is q1=[0,pi/2,0,0,0,0], and the position angle at the end is
a0   0
q2=[pi/4,0,-pi/4, pi/4, -pi/4, -pi/2], in setting the time


 a1   0
t=[0:0.1:5], the initial point and end point velocity,



acceleration and jerk are both 0. Simulations are
0
a 2 
implemented using MATLAB Robotics Toolbox. Quintic
2



order polynomials are also executed to compare with
 a3   0

seventh order polynomial in terms of robot joints’ speed,
6
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and jerk (Figure 4a to f and Table 2).
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of the simulation results data in Figure 4a to
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 of the seventh order polynomial interpolation is
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trajectory
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smoother
than the trajectory of the quintic order
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interpolation. Since the maximum velocity,
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maximum acceleration and maximum jerk of these two
planning modes are much smaller than the maximum
(3)
allowable value of the servo motor drive, the seventh order
4

6

7

Figure 3: Simulation model of a 6R robot.

Figure 4a: Joint 1.

polynomial interpolation is preferable in obtaining
smoothness trajectories (Cui, 2017).

OPTIMAL TIME TRAJECTORY PLANNING
Optimal time trajectory planning means that some
intermediate points are discretized between the initial
point and the end point of a trajectory, and then the time
interval in the complete trajectory is minimized with the
constraints of various physical conditions (Wang et al.,
2018).

Objective function
In order to minimize the movement time of each joint, this
paper takes time as the optimization goal and the
mathematical model is given as:
m 1

T = min  hi
i 1

(4)
Where hi is time interval, i =1, 2, ... , m+1; m is the number
of intermediate points.

Figure 4b: Joint 2.

Figure 4c: Joint 3.

Figure 4d: Joint 4.

Figure 4e: Joint 5.

Figure 4f: Joint 6.

Constraints
In dealing with the constraints, Equation 5 is given as:

3.3. Punitive constraints


  ij (t )  Vmj

 
  ij (t )  Amj

 
  ij (t )  Jmj


In dealing with the punitive constraints, Equations 6, 7 and
8 is given as:

(5)

Where Vmj , Amj , Jmj respectively represent the velocity,
acceleration and jerk corresponding to the j joint, j =1,
2,..., n while n represents the number of joints.


1
P1( H )  
0


1
P 2( H )  
0




max  ij (t )  Vmj
otherwise

(6)



max  ij (t )  Amj
otherwise

(7)

Table 2: Comparison of the data of the joints of the fifth and seventh polynomials.

7
19.68
39.36
19.68
19.68
19.68
39.36

1
2
3
4
5
6


1
P3( H )  
0


Maximum acceleration (°/s2)

Maximum velocity (°/s）

Joint

5
16.88
33.75
16.87
16.87
16.87
33.75

7
13.52
27.04
13.52
13.52
13.52
27.04

5
10.39
20.75
10.39
10.39
10.39
20.75

Maximum Jerk (°/s3)
7
15.12
37.78
18.89
18.89
18.89
37.78

5
21.6
43.2
21.6
21.6
21.6
43.2

max  ij (t )  Jmj

position or closest to the target position, its position
update mathematical expression becomes:

otherwise

  

X d +1= X *d  A  D



(8)

(10)

  * 
D  C  X d  Xd

(11)

Define the fitness function
In dealing with the fitness function, Equation 9 is given as:
m 1

F ( H )= min  hi   1P1( H )   2 P 2( H )   3 P3( H )
i 1

(9)

WHALE OPTIMIZATION ALGORITHM (WOA)
Mirjalili and Lewis (2016) inspired by the predation
behavior of humpback whales, proposed a new heuristic
algorithm based on natural inspiration - the Whale
Optimization Algorithm (WOA), which mimics the
humpback whale using the "spiral bubble net" strategy and
shrinks surrounding, spiral position update and random
hunting mechanism for foraging with the characteristics of
simple structure, less adjustment parameters, fast
convergence and strong global optimization ability (Guo
and Yan, 2016).

WOA mathematical model



A and C are coefficient vectors, which X * is the position

vector of the best solution obtained, X is the position
vector, and d is the number of iterations. Coefficient





vector A and C calculation method is given as:

   
A=2a  r  a

(12)

 
C =2r

(13)





Where r is the random vector in [0, 1] and a is a constant
whose value decreases linearly from 2 to 0. The expression

2d
is a =2, while M is the maximum number of iterations.
M

Bubble-net attacking method
The Bubble-net attacking method involves:
1)

Shrinkage envelopment achieved by reducing the







value of a . As a decreases, A also decreases and encircle



The mathematical model of WOA consists of three stages:
Encircling prey, Bubble-net attacking method and Search
for prey.

is reduced. The set random number A is within [-1.1], and
the new position of the whale individual search can be
defined anywhere between the current whale individual
position and the optimal whale position.

Encircling prey

2) Spiral position update: This involves calculating the
distance between whales position and preys first and
thereafter, creating a spiral mathematical model between
the whale position and the position of the prey given as:

Assuming that the current optimal whale group individual
position (best candidate solution) is the target prey

Table 3: Joint constraints.

Joint
1
2
3
4
5
6

Maximum Velocity (°/s)
19.68
39.36
19.68
19.68
19.68
39.36

Maximum Acceleration (° /s2)
13.52
27.04
13.52
13.52
13.52
27.04

Maximum Jerk (°/s3)
15.12
37.78
18.89
18.89
18.89
37.78

Table 4: End position of each joint tine interval.

Joint

 0 (degree)

 1 (degree)

 2 (degree)

 3 (degree)

0
90
0
0
0
0

11.25
67.5
-11.25
11.25
-11.25
-22.5

22.5
45
-22.5
22.5
-22.5
-45

33.75
22.5
-33.75
33.75
-33.75
-67.5

1
2
3
4
5
6




' bl
X d  1  D  e  cos(2 l )  X *d ,
  
D'  X *d  X d ,

f

(degree)
45
0
-45
45
-45
-90

search predation ability. Hence, the whale group
optimization algorithm can perform global search. The
mathematical model is given as:
(14)


Where D ' is the distance between the best position of the
whale group i th whale to the prey, while b is the
logarithmic spiral shape constant, and l is the random
number in [-1, 1].
The whale swims along the spiral path within the
predator-contracted circle. To simulate this movement,
assume that the whale has a 50% chance of choosing a
contraction or selecting a spiral position update. The
mathematical model becomes:

  
 X *d  A  D,

  0.5
X d  1  

 D'  ebl  cos(2 l )  X *d ,   0.5
(15)
Where  is a random number on [0, 1].
Search for prey
In addition to the Bubble-net attacking method, the whale
group can also randomly search for prey according to each

other's position. When A  1 , the whale is forced to
deviate from the prey, so as to conduct a global search for
other more suitable preys to enhance the algorithm's


  
X d +1= Xrand  A  D
   
D  C  Xrand  X d

(16)
(17)



Where Xrand is the random location of whale group.

SIMULATION CALCULATION
Simulation parameter settings
In simulation parameter settings, the following are
considered:
1)
Set the constraints for every joint, which means
the maximum speed, maximum acceleration and maximum
jerk allowed are preset for each joint. In this paper, these
values are set according to the maximum value calculated
by the seventh order polynomial interpolation in the
previous section, as shown in Table 3.
2)
In this research, three intermediate points were
inserted between the initial point and the end point of each
joint, and the joint position angle is divided into four
segments, each of which is  0, 1, 2, 3, f and the
corresponding time interval is h1, h2, h3, h4 . Table 4 shows
the specific interval end positions. The penalty factor
(  1, 2, 3 ) in the fitness function F ( H ) is set to 0.1, 0.01

Figure 5: The relationship between time and iteration.

Figure 6: Trajectory of the end of the robot arm in the joint space.

3) and 0.01 respectively. Therefore, the function equation
is given as:

optimization of the WOA. In addition, Fig.ure 6 shows that
the whole trajectory of the end effector is quite smooth and
stable with no shake phenomenon.

4

F ( H )= min  hi  0.1P1( H )  0.01P 2( H )  0.01P3( H )
i 1

(17)
4) In the process of WOA optimization, the number of WOA
groups is 50, while the iterations is 200, and the
logarithmic spiral constant is 1. Figure 5 shows the
simulation results. The total spent time is 2.2999 s. The
optimal time obtained is 0.2308 s, 0.845 s, 0.9166 s and
0.258 s respectively, which takes 2.7001 s less than
seventh order polynomial interpolation under the same
constraints. From the analysis of simulation results, it can
be observed that the consuming time of each joint from the
initial point to the end point is greatly reduced by the

CONCLUSION
In this paper, the trajectory smoothness and optimal time
of the robot arm in the joint space are used as performance
indicators. At the same time, the velocity, acceleration and
jerk constraints are satisfied, such that the joint trajectory
planning of the robot arm can be smooth and the running
time becomes the shortest. The content and steps of the
whale optimization algorithm are introduced in detail,
while the time of each trajectory is optimized by Whale
Optimization Algorithm. The simulation results show that
the seventh order polynomial interpolation method
combined with Whale Optimization Algorithm can make

the movement path of the robot arm smooth and the
running time the shortest, which can effectively improve
the working efficiency of the robot arm.
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