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Abstract: Industrial robots and their applications have received increasing attention in recent years, mainly due to the
expansion of industry 4.0 and digital manufacturing concepts, generated a growing demand for robust virtual
environments that make possible to design and test a variety of applications and new possibilities for control
architectures, without relying solely on the availability of hardware. This paper aims to present the application of an
accessible method for building an industrial robotic manipulator simulation model. For the development of this test
model, it was opted to use CoppeliaSim, a virtual experimentation platform specifically for robotics, with free versions.
The robotic manipulator for the virtual environment started at a CAD3D model made available by the manufacturer,
which was need to adapt. After obtaining the manipulator model, it was proceeding to a verification step, in which
welding scenarios were created with tasks of movement and manipulation of the terminal element, with a weld bead
representation. During the simulation, the speed of each robotic manipulator link and joint can be monitored and
controlled, since the speed of the welding torch is an extremely important parameter in the result. Finally, it is concluded
that the software used is applicable to the proposal of the work, being presented as an alternative tool for industries and
research centers inserting themselves in Industry 4.0, requiring only the 3D manipulator model to generate simulation
environment that can be applied to different scenarios, which can be pre-developed and then adapted as needed.
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1. INTRODUCTION

Industrial robots and their applications have received increasing attention in recent years, mainly due to the expansion
of Industry 4.0 and digital manufacturing concepts. High levels of adaptability, flexibility and fast design changes are
more request in this new industrial age, as Frank et al. (2019) “findings show that Industry 4.0 is related to a systemic
adoption of the front-end technologies, in which Smart Manufacturing plays a central role”.

There are many factors working for the growing of the modern manufacturing industry, one of them is the autonomous
productions method powered by robots that can complete tasks intelligently, ensuring flexibility, versatility and safety
throughout the process in which they are apply (Bahrin et al., 2016).

According to Groover (2011), process can be considered autonomous because they execute their tasks with a reduced
level of human participation, when compared to the equivalent manual process. The autonomous systems can basically
be classified in three types, as shown in Figure 1: (1) Fixed or rigid automation system; (2) Programmable automation
system; (3) Flexible or soft automation system.

A Fixed Automation system receives this name because its equipment configuration is designed for a sequence process
or assembly operation specific. When the configuration is planned for that the equipment has the capability to change the
sequences of operation to accommaodate different products configuration, it is called Programmable Automation system.
And the last one, Flexible or Soft Automation systems are those that are capable to produce a variety of products with
virtually no time lost for equipment changes. They are an extension of programmable automation (Groover, 2011). Each
of these systems has a different level of computerization, present either in the product design phase, or production
planning, operations control and execution stage.

The extensive use of computers in manufacturing process is called Computer Integrated Manufacturing (CIM) and it
is increasingly present in the modern and big industries. Providing increasingly larger production volumes, more velocity
in production and in product change, and also high quality of the products, new technologies are always released in the
market. Thus, it is necessary to look for tools that help this integration process in this industry 4.0 environment, so that it
is possible to continue operating in the current market.
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Figure 1. Autonomous systems classification by Groover (2011).

Liagkou et al., (2019) discuss about how Virtual Reality is an important tool of Industry 4.0 in order to “decrease
design and production costs, maintaining product quality and overcoming several technical tradeoffs like reducing
rendering complexity while keeping high refresh rates or increasing resolution”. This appreciation has been generating a
growing demand for robust virtual environments that make possible to design and test a variety of applications and new
possibilities for control architectures, without relying solely on the availability of hardware.

Simulation, other important tool that can be combined with virtual reality, is the process of representing a real or
theoretical model of a physical system, executing and analyzing the model's result (Zlajpah, 2008). Simulation has become
an important research tool since the beginning of the 20th century and its use was strongly boosted by the development
of computers (Zlajpah, 2008). This tool helps against the disadvantages of textual robot programming that it requires the
robot to be taken out of production so that a new programming can be made, when combined with the offline programming
method. This method allows the program to be prepared at a distant computer terminal and then downloaded to the robot
controller without interrupting production (Groover, 2011). The use of graphic simulation is relevant for validating the
developed programs. In addition to the possibility of controlling virtual robots, there is the virtual environment modeling,
enabling the complete graphical production line representation. This allows a study of factory layout planning, robot
movement planning, equipment, devices, considering security possibilities and collision detection (Rosério, 2010).

The work “Automated Offline Programming for Robotic Welding System with High Degree of Freedoms” (Pan et
al., 2011) recognizes that one of the great difficulties of flexible automation-based robotics is the programming
complexity. This difficulty is exemplified in the production of an armored vehicle, which is made with a robotic
manipulator with 13 DOFs. The programming method used is manual and online, which takes approximately 6 months
to complete the programming and 16 hours for the robotic manipulator to carry out the welding process.

As shown, there is a high technological level required in equipment and processes of in industry 4.0 which ones are
not a reality for all industries and research centers, so that many still need to adapt to it and look for tools to remain
competitive and active in the market. Thus, this paper will present the application of an accessible method for building
an industrial robotic manipulator simulation model.

2. METHODOLOGY

According to the objective of developing a manipulator simulation model, it was opted to use CoppeliaSim, a virtual
experimentation platform specifically for robotics, with free versions. Furthermore, the nearness of the research group
with this software was another criterion for choice, although there are others good software such as Gazebo and Unit.
CoppeliaSim is based on a distributed control architecture, in which each element can be controlled through an embedded
script, a ROS (Robot Operating System) plugin, a remote API (Application Programming Interface) or a custom solution.
The diverse means of control makes the CoppeliaSim ideal for applications with many robots. Scripts can be written in
C/C++, Python, Java, Lua, Matlab or Octave. This work was done using the Lua language, this is the native language of
CoppeliaSim.

2.1 Robot model in virtual environmet

To start development, it is necessary to build and adapt the simulation model in the CoppeliaSim virtual environment.
The steps followed are shown in Figure 2 above, a flowchart of the virtual robot model adapting process for simulation
in the software, which each activity is described in the next sub sections.

2.1.1. Robot model import

The robotic manipulator used in this paper, Yaskawa Motoman HP20D, was not available in CoppeliaSim, so its
building in the virtual environment started at a CAD3D model made available by the manufacturer. It was accessible in
extension STEP (Standard for the Exchange of Product Data) and IGES (Initial Graphics Exchange Specification)
(YYaskawa, 2019), however none of these formats are compatible with the CoppeliaSim. FreeCAD (an open source
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parametric 3D CAD modeler) was used to convert the 3D model to OBJ (Wavefront 3D Object File) format, compatible
with CoppeliaSim.
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Figure 2. Flowchart Robot model implementation process in CoppeliaSim virtual environment.

2.1.2. Robot model simplification

After model import in CoppeliaSim is completed, it is necessary to make some modifications to the model in order to
enable simulation. The more complex the scene, the greater computational effort generated. To reduce this effort, it is
recommended that elements used be simplified. Elements in scenes are “seen” by CoppeliaSim as a mesh of triangles.
The complexity of each element can be seen by its number of triangles. Elements with many triangles can slow the
simulation, so smaller numbers of triangles are preferable. A maximum of 20000 triangles is recommended for each
element, which can assume higher values in the case of a scene with few elements (Robotics, 2019).

CoppeliaSim makes available tools to simplify the model. The first tool to be used, as shown in Figure 2 steps, is
“Decimate the mesh” which reduces the number of triangles when changes model geometry. Is necessary to be careful
with this tool because big changes may result in an unrecognizable model. Then the “Remove the inside of the mesh”
function is used to do what its name says: remove the inner side of the model. After these simplifications is obtained the
final visual model, shown in Figure 3, which is just renderable.

To run the simulation, it is necessary to obtain the dynamic model, shown in Figure 4. Thus the function “Extract the
convex hull” is used to make the geometry convex, with a smaller triangles quantity in order to run a simulation with less
computational effort after these simplifications. Then it is possible to enable the dynamic properties, also shown in Figure
4,

Both models, visual and dynamic, are shown according to the enabled layers as its possible to see in Figure 3 and
Figure 4.
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2.1.3. Joint creation and positioning

Then, if there is no other link to be simplified, it is necessary to create the joints, which will make the connection
between the links and generate the right movement. For robotic manipulator of this work, the joints used are revolution
joints. Three joints models are available in CoppeliaSim: revolution, prismatic and spherical.

The joints are created and positioned, as shown in Figure 5 as the red cylinders.
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Figure 3. Visual model and its properties.
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Figure 4. Dynamic model and its properties.



26™ ABCM International Congress of Mechanical Engineering
November 22-26, 2021. Florianépolis, SC, Brazil

2.1.3. Hierarchy determination

For model final preparation it is necessary to create the hierarchy. Hierarchy is the relationship that dictates the order
of movement, as the movement of a link in space affects the position and orientation of other links. In a practical way,
when moving link number 2, links number 3 to 7 will also move, and this ordering is done through the hierarchy. The
dynamic and visual model of each link must always stay together. Figure 5 shows the hierarchy of the final model.

Scene hierarchy X |8l

@

°
o &
o & <
- Q robot | |
& Dummy €
() ohstaclel
@ robot_link_dyn_octree -
() robot_visibleBase
= &/ robot_joint!
8- Q
) robot_link1
B &/ robot_joint2
BT @ r
) robot_link2
=] Q’roboUoinw
a— (

@ m
O robot_link3
&/ robot_jointd

g0
() robot_link4
=] Qrmboumnt‘&
81 @ rof

O robot_links
B & robot_joint
a0

v
& tocha
= () robot_linké
& tip €
& tipd

Figure 5. Joints (in red) and hierarchy (at left).
2.2 Inverse Kinematics

With the model appropriately imported and prepared the next step is design the movement of it. In order to know the
position and orientation of an object in space, an object coordinate system must be related to a reference coordinate system
(Craig, 2005). The mathematical relation of coordinate systems is called kinematics, which is the study of motion without
considering the cause of the motion, such as forces and torques. In robotics are used two kinematics kinds: forward
kinematics (FK) and inverse kinematics (1K).

CoppeliaSim has a IK function that calculate the joints orientation and position from a terminal position, as shown in
its manual (Robotics, 2019). To use this function, must first create two Dummy's elements, which will be the "tip",
position and orientation of the terminal element, and the "target"”, desired position and orientation for the terminal element.
After this points determination, both are select and then use the "link selected dummies™ function (Edit > Link selected
dummies > IK, tip-target).

Afterwards, the inverse kinematics is created (Calculation Modules > Kinematics > Add new IK (Inverse kinematics)
Group). Selecting the created IK Group displays the parameters used in calculating the inverse kinematics. Among the
parameters are the calculation method (CoppeliaSim has two calculation methods for inverse kinematics, pseudo inverse
and DLS), the number of iterations, and other parameters as are shown in Figure 6.
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Figure 6. Kinematics parameters.
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2.3. Robot Manipulator Programming

There is a huge library of functions available, so some of them were chosen for programming the scenes needed for
this article. The correct understanding of each of these functions is fundamental for understanding the program.

Despite the various functions and actions present in developed scenes, it is important to emphasize two points in
particular: trajectory and movement planning and adding material.

2.3.1. Trajectory and movement planning

To start trajectory and motion planning is necessary to determine the location and orientation of a desired point as a
destination for the robotic manipulator in space when programming the scenes, an object named target was used.

CoppeliaSim has trajectory and motion planning resources using OMPL (The Open Motion Planning Library). There
are some functions needed to use this library (Robotics, 2019). In the software and in its manual there are some examples
that shown how this resource may be used.

2.3.2. Adding material

To represent the weld beads was designed a material addition in the scene. Adding material takes place by adding
voxels, the smallest element in a 3D representation. In CoppeliaSim there is the option to add octree (Add> octree), a
hierarchical way of representing data in space in the form of cubes that can be subdivided into smaller cubes as needed.
Thus, to add material it is necessary to create a function to enable the addition of voxels (enableOctreeCreation) in the
position of the robotic manipulator terminal element and, at the end, another one to disable the addition of voxels
(disableOctreeCreation).

3. RESULTS

After performing all the steps presented in the methodology and applying the simulation functions, the virtual model
of the robotic manipulator Yaskawa Motoman HP20D was developed, shown in Figure 7. Then, welding scenes were
developed in which the software's functionalities were applied and tested.

3.1. Scene 1: Welding Two 1/4-Inch Plates with Butt Joint and VV-Chamfer in Flat 1G Position

In this scene there is the robotic manipulator, a workbench and two 1/4” plates, to be welded with butt joint and V-
chamfer in the flat 1G position, as shown in Figure 7. In the scene, the welding machine, wires and the ground claw were
not implemented.

A representation of the welding torch was created, the brown cylinder, visualized in Figure 7. This material deposition
is done by adding voxels, using octrees.
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Figure 7. Scene 1 Welding Two 1/4-Inch Plates with Butt Joint and VV-Chamfer in Flat 1G Position
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Some techniques to minimize distortion were used. Initially, the plates were bridged with a weld point at the ends and
at an intermediate point, as shown in Figure 8 (a) (b) and (c). The root pass was done in two steps. The first strand of the
root pass was made from the point in the center of the plate to one end and the second from the end to the center. Then,
two more passes were performed, as shown in Figure 9.

(a) (b) (c)

Figure 8. Weld points in the beginning of the plate (a), end of the plate (b) and in the middle (c).

Figure 9. Welding second passes welding.

3.2. Scene 2: Welding | Profile in Position 2F and 4F

The welding process that will be simulated in this section will be the welding of an I profile in 2F (horizontal) and 4F
(overhead) positions. The scene is shown in Figure 10. What makes this process interesting is the movement of the robotic
manipulator without colliding with the part to be welded. The process starts with the robotic manipulator approaching the
lower joint to be welded, at one end. It performs the weld, moves it away, approaches the upper joint, as shown in Figure
11, at the other end, performs the weld and then returns to its initial position and orientation.
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Figure 11. Robot manipulator performing the weld in upper joint.

4. CONCLUSION

This work presented a method to implement a simulation model of the Yaskawa Motoman HP20D robotic manipulator
in the CoppeliaSim software. The elaborated scenes represent welding processes, one of the possible manufacturing
processes capable of being performed by the robotic manipulator.

From the results presented, it is possible see some software's possibilities, such as the possibility of implementing a
commercial robotic manipulator not available in its library, the trajectory planning which would be performed by the
robotic manipulator and the process simulation of manufacturing.

Torch speed is a parameter that has great influence on the weld bead. It was noticed that implemented code does not
have precise speed control as required in welding. This occurs because in code the velocity is given according to number
of points on the trajectory, causing fluctuations in velocity.

Despite the welds being straight and with a low level of complexity, creating the trajectories required considerable
time and effort. Therefore, it is concluded that it is feasible to develop processes with robotic manipulators for academic
purposes or in cases of high production easily, and in cases of low production, where the process performed manually
will be faster (added the time of the welding process with the time spent to implement the simulation model), the
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alternative to have a set of prepared environments is feasible too because once having the similar environment for the
currently need, it is easy to adapt and apply to the manipulator.

Thus, with the set of prepared environments and a future integration with the robot language, different from Lua, the
language used in this work, the use of this software and methodology is a good prospect for small research centers and
industries inserting themselves in Industry 4.0, requiring only the 3D manipulator model to generate simulation
environment that can be applied to different scenarios.

Concluding so that the software used is applicable to the proposal of the work, as an initial study of this subject.
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