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Abstract: The purpose is to apply the intelligent algorithm to the construction of a cross-platform
offline programming system of a Mechatronics robot, and improve the efficiency of robot
programming. First, the trajectory of the Mechatronics robot is planned, and the spatial arc
interpolation algorithm, tool coordinate system alignment method, and fast search algorithm are
introduced. Then, the cross-platform offline programming system of the Mechatronics robot is
proposed. Based on the Unity3d platform, the virtual 3D (Three Dimensional) environment is
constructed together with trajectory formulation, a program module, motion simulation, and
auxiliary module. Finally, the proposed offline programming system is simulated through
experiments. The results show that: the overall positioner angle of the robot increases
unidirectionally, which is in line with the actual situation. Meanwhile, the rotation angle of the
positioner has fallen in two places, causing the positioner to stop in the reverse direction, so the
positioner cannot transit smoothly. The robot can operate continuously without machine jam or
pause. The angle changes of different joints are quite different. The radian change of the fourth joint
is small, while the radian change of the fifth and sixth joints is the largest, and the change interval is
[0°, 62°]. The changing trend of the angular velocity of joints 2, 3, 5, and 6 is similar, but the angular
velocity of joint 4 does not change. The changing trend of the angular velocity of joint 1 is opposite
to that of joints 2 and 5. The results show that the simulation experiment of the Mechatronics robot
cross-platform offline programming system based on spatial arc interpolation algorithm is
successful, which can provide an experimental basis for the research and development of robot
cross-platform offline programming system.

Keywords: Spatial Arc Interpolation Algorithm; Mechatronic Robot; Cross-platform Offline
Programming System; Virtual 3D Environment.

1. Introduction

The manufacturing industry is the embodiment of a
country's strength, and robot technology has become
a crucial factor for the manufacturing industry.
Robot technology is an emerging multidisciplinary
science  that integrates computer science,
information science, mechanical science, control
science, bionics, and artificial intelligence [1]. It
represents the highest level of electromechanical
technology today. Industrial robots have become
cheaper and more stable, and the labor cost is rising.
Industrial robots are getting more efficient, faster,
easier to operate, more accurate, and more flexible.
Hence, more and more industrial robots are applied
to industrial automation production [2, 3].

In recent years, the domestic demand for
industrial robots is increasing rapidly. The national
sales volume exceeds 15,000 in 2010, reaches
27,000 in 2012, and increases more than 50% to

57,000 in 2014. In 2014, the output value of
domestic robots and robotic systems exceeds 100
billion RMB, driving the sales of parts to exceed 300
billion RMB. Although China ranks first in total
industrial robot usage, the use density is still very
low, with only 30 robots per 10,000 people, less than
one-tenth of 323 robots in Japan, and less than half
of the global average of 62 robots. Thus, the robot
business still has much room for growth in China
[4,5]. An industrial robot is a kind of mechanical and
electrical equipment with some intelligence and
flexibility and can complete a variety of work
through programming. Besides, the industrial robot
is an important symbol of flexible manufacturing.
The programmable ability of the robot determines
the flexibility and intelligence of industrial robot
functions, and its programming mode determines
the task completion ability. The programming
methods of the industrial robot include teaching
copy programming and offline programming [6, 7].
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The research of robot offline programming
started earlier outside China. As early as the late
1970s and early 1980s, a lot of energy and funds are
invested in the research of path planning and offline
programming of industrial robots, which has
promoted the continuous development of industrial
robot technology [8]. In the 1990s, foreign countries
have developed commercial offline programming
and simulation software for industrial robots based
on offline programming systems for general
industrial robots. Companies, such as FANUC and
KUKA, have commercial offline programming
systems, which focus on different application fields
and have been widely used in all walks of life today
[9]. Since the 1990s, some research institutions in
China have begun to study the offline programming
and simulation technology of industrial robots. In
recent years, offline programming software for
manufacturers continuously emerges, yet there is
still no common commercial software product [10].
The research and development of offline
programming in China are mostly on campus, and
there are many successful and influential
experiments, such as ROBS (Rapid Optical Beam
Steering) software developed by Tsinghua
University, which can plan the kinematics and
dynamics trajectory of PUMA (Programmable
Universal Manipulation Arm) 560 and similar robots.
Compared with foreign practical and commercial
program production systems, there is still a big gap
between domestic and international robot offline
programming. For example, there is no professional
process package, no data interface to connect with
external CAD (Computer-Aided Design) system [11,
12].

Consequently, the spatial arc interpolation
algorithm, tool coordinate alignment method, and
fast search algorithm are introduced for robot
trajectory planning. Then, a system architecture is
proposed of cross-platform offline programming for
mechatronic robots, which provides a realistic basis
for efficiency improvement of cross-platform offline
programming for robots.

2. Method
2.1 Trajectory Planning of Mechatronic
Robot

For industrial robots, trajectory planning refers
to two directions: one is the curved trajectory of the
end of the manipulator, and the other is the curve
contour of the displacement, velocity, and
acceleration of the manipulator during motion [13].
The trajectory of the robot can be planned in joint
space or rectangular space, and the trajectory
function must be continuous and smooth for a
smooth and steady movement. In joint space
planning, the joint variable is expressed as a time

function to plan its first and second-order time
derivatives. In rectangular space planning, the
attitude, velocity, and acceleration of the hand are
expressed as time functions. The corresponding joint
displacement, velocity, and acceleration are obtained
according to the hand information [14]. Specific
algorithms should solve the corresponding
parameters. The spatial arc interpolation algorithm
is applied in robot trajectory planning together with
the tool coordinate alignment and fast search
algorithm.

First, the spatial arc interpolation algorithm is
introduced [15]. The trajectory in the joint
coordinate system refers to the whole movement of
the robot from the starting point to the target point
with a set percentage of the target point and the
maximum joint velocity in the joint coordinate
system space through the user or command. Another
core of the robot offline programming system is the
flowchart of trajectory planning algorithm, as shown
in figurel.

Recognize instructions and calculate
discrete points

Inverse kinematics solution

Motion simulation

Stable and accurate?

Output level code

Figure. 1 Flowchart of the trajectory planning
algorithm

For the spatial arc interpolation motion in a
rectangular space, the motion constraint is different
from the linear motion in position interpolation, and
the attitude interpolation is consistent with the
linear motion. Hence, only the position interpolation
in arc motion is introduced below.
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The position of the arc should be determined in
arc motion interpolation in rectangular space. Since
the circular motion command provides the
coordinates of three points, the plane and circle
positions of the arc can be determined according to
these three points. Meanwhile, the collinearity of the
given points should be checked. If collinear, the arc
interpolation algorithm can be converted to a linear
motion interpolation algorithm. In short, the robot
program is decoded first, and different motion
commands are matched for correct information
storage. Afterward, the trajectory of each point is
interpolated according to the speed requirement of
the system, and then the joint angle of each axis is
calculated through the inverse kinematics solution.
Subsequently, the motion is simulated if the limit is
not exceeded. If the path can be generated
accurately, the program code is output for
verification on real robot usage. If an error or
interference occurs during motion simulation, the
path should be optimized, and the program code
should be modified until the motion simulation is
accurate.

The core of robot trajectory planning is the
calculation of discrete points through the program
code [16]. The joint interpolation and linear
interpolation algorithms are relatively simple since
they only equal-divide the joint angle or interpolate
according to the spatial line. The arc interpolation
needs spatial arc interpolation. During space arc
interpolation, the space arc is transformed into a
plane arc through coordinate transformation, and
then the interpolation result is transformed into the
interpolation feed of a space arc through an inverse
coordinate transformation. In the robot program,
three points can represent a section of the arc.
Suppose that the three points are A(x1, y1, z1), B(x2,
y2, Z2), and C(x3, y3, z3), and the center of the arc is O
(X', y', Z'). Then, the arc plane can be expressed as
equation (1).

Dx+Ey+Fz+G=0 €8]

In equation (1), D, E, F, and G represent constants,
and then equation (2) can be obtained.

D= YiZ, = ViZy =2y, + Y5+ Yol = Vel
B, =-XZ, + X2+ 1X, = X, = X,Z; + X;2,
Fl =X Y, XY~ VXY X XY - XY,
Gl ==XYoLy X Y5l + X YiZs = XeYiZy = Xy Y2y + XY, 1

(2)

Since the distance between each point and the
center of the circle is equal, when the radius of the
arc is set to be r, then equation (3) can be obtained.

Afterward, the coordinates of B and C are brought
into equation (1), and the coordinate of the center of
the circle can be calculated through the above
equations, as shown below.

D E K B G,
(XI’ y'z I) =-|D, E, K G, (4)
D, E; F G,

The coordinate system {S, R, T} is established
with the position of the center of the circle and the
plane of the arc. The direction of the S axis is OP’, and
the direction of the normal vector of the arc plane is
along the T axis, as shown in figure 2.

Interpolation

%”

T
Figure. 2 Spatial interpolation algorithm

The direction vectors of the S axis and the T axis
can be calculated as below.

g OP :(x—x Yoy ’z—z) -

r r r r

—~ OP'xOP (D E F
=Ty T (6)
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T — — —
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In equations (5) and (6), I; =+ D*+E*+F?,

and after the wvector R is calculated, the
transformation matrix of coordinate system {S, R, T}
can be expressed as below.

S; S¢S, S|l X% X

]

R,|=|R, R, Ry -y 7)

0 . 1, T z; 7

z ]
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In equation (7), Sj and Rj represent the S and R
axes in the transformation matrix of coordinate
system {S, R, T}.

The radian w of the arc can be calculated through
the above equations. Suppose that the arc length is
denoted as H, and the velocity is denoted as v. Then,
H=w*r, and H'=H/v. Equation (8) can be obtained.

o'=wlv
S'=r.-cosw' (8)
R'=r-sino'

Let the transformation matrix of the coordinate
system {S, R, T} to {X, y, z} be the inverse value of
equation (7), and then the value of each discrete
point in the original coordinate system can be
expressed as below.

X; Sc R, T, IS '
Yil=1S« R, T ||R|+|Y (9)
Z, S, R, T,]|0O z'

These discrete points can inversely solve each
joint angle for motion simulation. If the simulation
result is correct, the trajectory planning is completed
and the correct robot program is output.

This algorithm has the following advantages. The
host computer only needs to provide the coordinates
of three points in space. The vector coordinates are
all absolute coordinates without coordinate
transformation. Theoretically, all the interpolation
points can be dropped on the arc, determining the
interpolation direction and the quadrant. Meanwhile,
there is no accumulation error. The algorithm still
has some shortcomings. The calculation amount is
large before interpolation, the CPU (Central
Processing Unit) processing time is very long, and
fast and small distance movement may produce time
error. Thus, the algorithm needs experimental
verification [17].

The tool coordinate system alignment algorithm
is introduced next. Industrial robots can install
different fixtures.

X, — X

The accuracy of the tool coordinate system
affects the trajectory accuracy of the industrial robot.
The calibration of the tool coordinate system is an
essential function of the industrial robot. At present,
the tool coordinate system calibration methods of
domestic and foreign industrial robot manufacturers
are slightly different, including the external
reference method and multi-point calibration
method [18]. The external reference calibration
method only needs to align the tool with the external
reference point for calibration. It is fast and simple
and depends on the external reference of the robot.

Presently, most industrial robots can calibrate
with multi-points through a tool coordinate system
[19, 20]. The proposed offline programming system
also can calibrate the tool coordinate system with
multi-points and can be used in the educational field.
Thus, learners can simulate and understand the tool
coordinate system through real robots. The five-
point method can calibrate the position and attitude
of TCP (Tool Center Position).

The TCP attitude is calibrated through additional
two points on the three-point method [21]. Here is
the operation flow. The robot returns to the origin
point where the origin tool and the Z-axis coincide.
Then, it moves along the X-axis of TCP at any length,
and the point in the X-direction is calibrated.
Afterward, it moves along the Z-axis of TCP at any
length, and the point in the Z direction is calibrated.
With the coincidence point as the origin, the attitude
of TCP is calculated through the X-direction point
and Z-direction point, and the Euler angle is
calculated. During TCP position calibration, the
transformation matrix g O can be obtained through
the forward solution of the robot from the end link
coordinate system to the calibration point base
coordinate system. The principle of the algorithm is
shown below.

=Ir (10)

In equation (10), r denotes the arc radius, ?I’ can

be decomposed into [?X Tcy ?Z], and the

following equations can be obtained.

X = Y=y [ =X + (Ve =y +(z -2 (D

z,-1

Xs — X,

TCZZ Ys =Y, /\/(xs—x4)2+(y5—y4)2+(25—z4)2 (12)

-1,
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According to the principle that the coordinate
system is perpendicular to each other, the following
equation can be obtained.

C Cc Cc
TY=7Xx1Z (13)

The attitude matrix of TCP can be obtained as
below.

z C

4 c
r=zr

ST (14)

Then, the Euler angle of the coordinate system
can be calculated [22].

Finally, the fast search algorithm is introduced
[23]. The above explanation shows that the
trajectory planning algorithm of the positioner and
industrial robot axis linkage depends on the
calculation of all cases and manual selection. For
more trajectory points and higher accuracy, long
time and large memory are required, so an
automatic parallel algorithm is urgently needed for a
quicker optimal path selection. Consequently, the
fast search algorithm 1is proposed. A search
algorithm can construct the solution tree according
to the initial conditions and extension rules, and it
can find the nodes in line with the target state. A
search algorithm can be divided into two parts
according to the algorithm implementation: control
structure (the way of expanding nodes) and
generation system (the way of expanding nodes). All
algorithms are optimized and improved through
modification of control structure. The initial state
corresponds to the root node, and the target state
corresponds to the target node. The first node is
called the parent node, and the next node is called
the child node. Nodes in the same layer are siblings,
and the children generated by the parent node are
called extensions. The search process is to find the
path from the root node to the target node and find
the optimal solution. The implementation of the
search algorithm is similar to the traversal of a graph
or tree.

The fast search algorithm is an improvement of
the commonly used algorithm and can calculate the
rotation angle of relatives.

First, the master-slave structure will be retained
of the positioner, as the active arm and the industrial
robot as the passive arm. After been imported, the
trajectory should be fitting on small lines. Instead of
a large amount of calculation, 30° point of the
positioner is taken as the initial point of the robot,
and then the point with the smallest curvature on
the trajectory is taken as the starting path point. The
reason is that the vector is close to 30 of the path
point with the smallest curvature of No.30
positioner. Such is the best attitude for industrial
robots, not easy to produce singularity and other

unusable points. Then, the other path points are
transferred to the 30° line one by one for attitude
calculation. Here, the length of the small segment is
set as30mm, and the rotation angle of each path
point to the positioner is stored clockwise down the
positioner, as shown in figure 3.

[ LA

Figure. 3 Point selection of trajectory planning (A:
Initial point B: One by one path point)

Moreover, because of the adopted cubic
polynomial fitting, the fast search algorithm is likely
to fail in complex path welding cases, such as
multiple inversion of the positioner. Meanwhile, the
algorithm is based on the assumption that the time
interval between the path points is the same. In
some cases, such as high-speed trajectory planning,
the path points should be allocated within the time
interval, so that the endpoint of the robot will not
deviate the positioner 30° too much or lead to
singularity and other unavailable points.

According to the fitted path points, the angle of
the positioner is divided into four parts, and the
attitude can be obtained of the path point under 0°,
90°, 180°, and 270° rotation angles of the positioner,
as shown in ABCD in figure 4.

S
OQ

Figure. 4 Robot attitude under different rotation
angles of positioner (A: 0°, B: 90°, C:180°, and D:270°)

2.2 Design of  Cross-platform  Offline
Programming System for Mechatronic Robot

Unity [24] is the most professional, stable,
efficient, and supporting cross-platform engine on
the market.
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The Unity3d platform is selected for a cross-
platform robot offline programming system. The
program adds joint motion properties, assembly
constraint properties, and algorithm library
according to the imported three-dimensional model.

environment, trajectory formulation, kinematics
control, program module, motion simulation, an
operation detection module, an interaction interface,
and auxiliary modules.

The functions of the platform components are

An offline programming system consists of

several parts, including a virtual three - dimensional shown in table 1.

Table 1 Composition of cross-platform offline programming system for mechatronic robot

Components Primary contents
Virtual 3D (Three dimensional) | SolidWorks can construct a model and output an STL format
environment file, and the file is input into 3dsmax. FBX format is

generated through optimization and input into the Unity3D
platform. Then, the virtual devices, including workshop
scenes, robots, and artifacts, positioners are defined.

In production, calibration technology and communication
interface must be included in the offline programming
system. In the simulation experiment, only the calibrated
robot can move along the trajectory. The robot for the tool
coordinate system alignment is also included in the auxiliary
module. The simulation result is accurate only after TCP
alignment. Communication interface connects offline
programming system and robots, as an inseparable part.
The algorithm library is the key technology to the offline
programming system. The spatial arc interpolation
algorithm is applied to the mobile platform with low power
consumption and low CPU frequency. The robot motion
control algorithm and trajectory planning algorithm should
also be included in the algorithm library. The positive
solution and inverse solution in robot motion control
algorithms are the foundation of motion simulation.
Trajectory planning designs the motions of 6R robots and
the multi-axis coordinated motion that uses external axes
such as positioners. An automatic search algorithm can find
the optimal solution. The program conversion module is
included in the program module. Since various controllers
are used in different robot brands, the programming
languages for execution are also diverse. A program
conversion module should be developed for the universality
of the offline programming system.

Auxiliary modules

Algorithm library

The system architecture is shown in figure 5 of the proposed cross-platform offline programming of
mechatronic robots.

I I

| I

: i Simulation | | 1 Personal
! N ! Computer
! Joint motion !

! roperties !

| ek | CIL

| | oot Mol
E Virtual environment i '”Strge‘v‘t“o” terminal
! | Open GL bottom layer | |

! |

! |

! |

| ! Embedded
: 3D model file :

Figure. 5 The system architecture of cross-platform offline programming of the mechatronic robot
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The STL file of the 3D robot model is segmented
through the proposed robot offline programming
system, and joint motion property and assembly
constraint property are added to each rigid body
module. Then, each virtual device and scene are
displayed through the 3D virtual reality technology
of Unity [25]. Afterward, the robot’s motion is
simulated and its trajectory is planned through the
algorithm library.

The algorithm library is the core technology of
the robot offline programming system, and the robot
motion simulation and trajectory planning are the
core of the software.

The forward and inverse solution algorithms and
the space arc interpolation algorithm are the basis of
the motion simulation. The fast search algorithm is
the most difficult part of the proposed system
design, and It can quickly plan the coordinated
motion path between the robot and the positioner.
Consequently, the robot and the positioner can move
smoothly.

2.3 Simulation Environment and Parameters
(1) Easton industrial robot ER-16 and its

controller are chosen as the hardware platform. The
D-H parameters of the robot are shown in table 2.

Table 2 D-H parameters of the robot

Joint 1 2 3 4 5 6
di(mm) -408 0 0 -720 0 -90
ai(mm) 150 660 120 0 0 0

(2) The Origin2018 64Bit is utilized for data
visualization.

3. Results
3.1 Relationship between Path Point and
Positioner Angle of the Mechatronic Robot

First, the relationship is analyzed between the
path point of the mechatronic robot and the
positioner angle. The results are shown in figure 6.

140 4
120 e
100 Y
%:,, 80 P 1,
S 60 s
<
% 40 i
S 20 A /
01 _///v
-20- 4
-40 1 )
0 5 10 15 20
Path point
Figure. 6 Relationship between path point of robot
and positioner angle

Figure 6 shows that the line chart of the
positioner angle can be obtained by connecting each
point. The overall positioner angles increase
unidirectionally, which is in line with the actual
situation. Yet, there are two places where the
rotation angle of the positioner has fallen. This will
cause the positioner to stop in reverse, and the
positioner cannot transit smoothly. The broken line
should be fit with a polynomial to get a smooth

curve. Meanwhile, the positioner angles
corresponding to each path point are obtained. Since
the shedding process requires as uniform welding as
possible, it can be assumed that the time between
each path point is equal. The position and attitude
can be calculated of the path point relative to the
positioner through the angle of the path point
corresponding to the positioner. Then, the position
and attitude are calculated of the path point relative
to the industrial robot. Consequently, the joint angle
of the industrial robot corresponding to the current
path point is calculated through the inverse
kinematics solution, such as the ordinary seven-axis
linkage algorithm. This fast search algorithm is much
faster than the whole algorithm.

3.2 Simulation Results of Mechatronics
Robot Operation

The simulation process of the mechatronics robot
is analyzed, as shown in figure 7.

Figure. 7 Simulation process of the mechatronics robot
(A: Initial attitude of robot B: Robot operation
attitude C: Attitude of robot stop operation)

Figure 7 shows that the robot can operate
continuously without machine jam or pause. This is
because an offline programming system is
constructed for mechatronics robots. The model and
parameters of the robotic devices can be input into
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the system, and the simulation model of the robot is
constructed. Besides, the system is compatible with
most serial robots on the market. The offline
programming system is developed based on the
Unity3D platform, which has good rendering abilities
and a sound motion simulation effect.

3.3 Work of Each Joint of the Mechatronic
Robot

The change of radian of each joint angle of the
robot is visualized and analyzed. The results are
shown in figure 8.

70+
60 ——1
N 2
50 . A 3
v 4
~ 40 ~ 5
T 30+ 6
= ¥
< 904
10 AT
0- e —= 4
—
-10 T T T T T
0 5 10 15 20
Time(s)
Figure. 8 The change of each joint angle and radian
of the robot

Figure 8 shows that the angle changes of different
joints are quite different. The radian change of the
fourth joint is medium, while that of the fifth and
sixth joints is the largest, and the change interval is
[0°, 62°].

Then, the angular velocity change of each joint of
the robot is analyzed visually, and the results are
shown in figure 9.

20 1

10- 6

-10 1

Angular velocity(, /s)
o

-20 1

2 0 2 l!f é é 1IO 1I2 1I4 1I6 1I8 Zb
Time(s)
Figure. 9 The change of angular velocity of each
joint of the robot

Figure 9 shows that the changing trend of the
angular velocity of joints 2, 3, 5, and 6 is similar,
while the changing range of angular velocity of joint
6 is [-22, 22]. The angular velocity of joint 4 doesn't
change. The changing trend of the angular velocity of
joint 1 is opposite to that of joints 2 and 5

4. Conclusion

First, the robot trajectory planning method is
introduced, including the spatial arc interpolation
algorithm, tool coordinate system alignment method,
and fast search algorithm. Then, the system
architecture is proposed of cross-platform offline
programming for mechatronics robot, containing
virtual three-dimensional environment, algorithm
library, and auxiliary modules. Afterward, the
proposed system is simulated through the ER16
robot. The results show that the overall positioner
angle of the mechatronics robot increases
unidirectionally, which is in line with reality. The
robot can operate continuously without machine jam
or pause. The change is different in the radian and
angular velocity of each joint angle of the robot, but
the changing trend of the angular velocity of some
joint angles is the same. There are also some
shortcomings. First, the algorithms proposed in this
study are relatively simple, and their inclusiveness
and stability need to be improved. Second, the
proposed offline programming system is only for a
single robot and does not involve the cooperation
between robots or assembly line operation. In future
research, the focus should be on multi-robot
cooperation, which is also the direction of cross-
platform offline programming for robots.
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