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The objective of this master’s thesis was to optimize the commissioning of the Smelt Spout 

Robot because it was time-consuming and required a high level of robotics expertise. Due 

to the growing order backlog, proactive measures had to be taken. Therefore, the robotic 

simulation was used to expedite and facilitate the commissioning. 

 

The literature review was focusing on the robot programming by introducing the 

mathematical background of the motion programming and the basics of KUKA Robot 

Language. The research continued by introducing the features of the KUKA Sim 4.0 

simulation software, that was used in the case where the purpose was to optimize and 

parametrize the robot programs in the virtual world. They were implemented by creating a 

new teaching process for the coordinate systems and utilizing the accurate measuring tools 

of the robotic simulation and new features of the programming language. The development 

steps were tested with a real robot in the practical tests. 

 

The results showed that the robotic simulation was an efficient and accurate tool to 

parametrize the robot programs. However, the practical tests showed that the manufacturing 

inaccuracies should be considered in the real world by the control parameters. In any case, 

the benefits of the simulation were significant, so its use will increase in the future. With the 

development steps of the research, the commissioning was significantly accelerated. 
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Diplomityön tavoitteena oli optimoida sulakoururobotin käyttöönotto, koska se oli aikaa 

vievää ja vaati korkeaa osaamista robotiikasta. Kasvavan tilauskannan vuoksi, ennakoivia 

toimenpiteitä oli tehtävä. Tästä syystä robottisimulaatiota käytettiin nopeuttamaan ja 

helpottamaan käyttöönottoa. 

 

Kirjallisuuskatsauksessa perehdyttiin tarkemmin robotin ohjelmointiin, esittelemällä 

liikkeiden ohjelmoinnin matemaattinen tausta ja KUKA Robot Language ohjelmointikielen 

perusteet. Tutkimus jatkui KUKA Sim 4.0 robottisimulaation ominaisuuksien esittelyllä. 

Simulaatiosovellusta hyödynnettiin tapauskohtaisessa tutkimuksessa, jossa tarkoitus oli 

optimoida ja parametrisoida sulakoururobotin ohjelmat virtuaalisessa maailmassa. 

Tavoitteet toteutettiin luomalla uusi opetusmenetelmä koordinaatistoille ja hyödyntämällä 

robottisimulaation tarkkoja mittaustyökaluja ja ohjelmointikielen käyttämättömiä 

ominaisuuksia. Kehitysaskeleet testattiin oikealla robotilla käytännön testeissä. 

 

Tutkimuksen tulokset osoittivat, että robottisimulaatio oli tehokas ja tarkka työkalu 

robottiohjelmien parametrisointiin. Käytännön testit osoittivat, että reaalimaailmassa 

esiintyviä valmistusepätarkkuuksia tulee korjata säätöparametreilla. Simulaation tarjoamat 

edut olivat joka tapauksessa niin merkittävät, että sen hyödyntäminen tulee lisääntymään 

tulevaisuudessa. Tutkimuksen kehitysaskeleiden myötä, käyttöönottoa saatiin nopeutettua ja 

helpotettua merkittävästi.  
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1. Introduction 

The industry is undergoing a transformation where robots and automation are replacing a 

human routine work. They are facilitating production lines, increasing personal safety, and 

reducing costs. Due to the increasing use of the robots, the need for robot skills increases as 

the number of traditional jobs decrease. Regardless of a development of technology, the 

robot programming is still quite laborious and there is a shortage of experts.  

 

As the need for robots grows at a rapid pace, it is important to focus on improving and 

speeding up current habits. As a result, simulation software has entered the market in recent 

decades that allows to plan the movements of the robot in advance in the simulation 

environment. In addition, simulation software can be used to improve old programs by 

parametrization. Therefore, the usability of the simulation is considered in this research 

relating to the commissioning of a Smelt Spout Robot (Figure 1).  

 

 

Figure 1. The Smelt Spout Robot at the testing environment in ANDRITZ Warkaus Works 

in Varkaus, Finland (Andritz 2019).  
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1.1 Motivation and background of the research 

The first steps towards industrial robots can be considered started already in the year 1938 

when the first programmable mechanism was developed, even if the first actual industrial 

robots were developed in the 1950s (Gasparetto & Scalera 2018, p. 286). According to the 

Gasparetto & Scalera (2018, p. 284), the development path of the industrial robots can be 

roughly divided into four different generations: “first generation (1950–1967), second 

generation (1968–1977), third generation (1978–1999), fourth generation (from 2000 on)”. 

From a general point of view, the current generation of robots is part of a new industrial 

revolution that is also known as Industry 4.0 which is considered have begun at the beginning 

of the millennium (Goel & Gupta 2019, p. 159). The previous generations can be included 

in the previous industrial revolution where “the robot boom” can be said to have begun in 

the 1980s (Gasparetto & Scalera 2019, p. 291). 

 

With the new revolution of industry, the use of industrial robots has increased significantly. 

At the same time, a traditional robot programming is ineffective. (Pan et. all 2012, p. 88.) 

Due to the growing demand, the problem areas such as the robot programming should be 

intensified because the robot program that is built in the traditional style can also affect the 

commission of the robot, making it extremely slow. One solution could be the robotic 

simulations which utilizations have increased due to the Industry 4.0 (de Paula Ferreira 2020, 

p. 1). Thus, many robot manufacturers have developed the simulation software for the 

customers to simulate the movements of the robots.  

 

The robotic simulation has many advantages. It allows the robot cell can be optimized during 

the design phase. There the robot programs can be visualized to other engineers using a 

simulation environment. (Scheidegger et al. 2018, p. 475.) It is also efficient programming 

tool because in the simulation, the shapes of the 3D models can be utilized in the 

development of the program. Thus, new efficient and parameterized program can be created 

to speed up the commissioning. (Pan et. all 2012, p. 90.)  The robotic simulation has also 

become an efficient way to test the performance of the robot, develop new concepts, evaluate 

risks, select a robot, and reduce the costs of the project (de Paula Ferreira 2020, p. 2).  
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Due to the benefits of the simulation, it is used in this research to optimize the commissioning 

of the Smelt Spout Robot. The current programs of the Smelt Spout Robot are made by 

utilizing the traditional programming methods. There the robot should be manipulated by 

the commissioner; thus, the commissioning of the robot requires a lot of robotic expertise. 

The levels of competence in robotics are roughly divided into three stages in this research:  

 

1. High level of competence – A robot expert 

2. Medium level of competence – Some knowledge about robotics 

3. Low level of competence – Not specific knowledge about robotics. 

 

The robot expert can program the robots and has high knowledge of robotics by working 

with them for a long time. The person on the second level knows the basics of robotics and 

can understand the directions of the coordinate systems, and therefore can modify the 

parameters in the robot program. The person on the lowest level does not have much 

knowledge of robotics, but he can modify the parameters in a panel according to the 

instructions. 

 

The Smelt Spout Cleaning System is carried out by utilizing the latest robotic technology 

from the German industrial robot manufacturer KUKA. The Smelt Spout Robots are located 

to a smelt spout area of a recovery boiler in front of the smelt spouts. The main purpose of 

the robotic arm is to clean up three ANDRITZ standard-spaced smelt spouts using a hi-tech 

cleaning rod. The system has been developed to decrease working in an environment that is 

potentially dangerous to humans.  

 

The delivery of the Smelt Spout Cleaning System has four main stages after the final 

agreement of the contract: mechanical designing, robot programming, factory acceptance 

testing (FAT), and commissioning of the robot at the customer’s site. In the factory 

acceptance tests, the Smelt Spout Robot is tested at the testing environment that mimics the 
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smelt spout area of the customer’s recovery boiler. There, the functionality of robot programs 

is tested and modified to a specific environment using a real robot. Due to the differences in 

customer environments, the robot’s movements need to be always adjusted. The 

commissioning of the Smelt Spout Robot cell in the test environment takes approximately 

four days. One of these days goes teaching the points of the movements. Although the robot 

program is adjusted in the test environment, the movements will also need to be modified 

during the re-commissioning on the customer’s site. The re-commissioning takes 

approximately one day. 

 

This research is a part of a huge development process where the future target is that the 

commissioning of the Smelt Spout Robot can be done on site without high understanding of 

robotics. The research is made for the Recovery Boiler (RB) Smart Business Unit that 

belongs to the ANDRITZ Oy Recover & Power (KRP) division. ANDRITZ is a global 

technology company and one of the international market leaders in various industries such 

as the pulp and paper industry (Andritz 2021). ANDRITZ PULP & PAPER is an 

internationally leading supplier of complete mills and systems for all types of pulp and paper 

production.  

 

1.2 Research problem 

The order backlog of the Smelt Spout Robots is growing all the time, but the commissioning 

is still time consuming and difficult. One of the reasons is the robot program, which is 

produced by traditional methods. The modifications in the programs require a thorough 

understanding about the structure of the program because the relationships between the 

parameter changes have not been considered. In practice, it means that a robot expert must 

always be involved in the commissioning process, which increases the costs of the project. 

The situation also makes it difficult to schedule projects around the world if the robot experts 

are not available. Therefore, the commissioning must be speeded up and simplified for the 

future. 
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These circumstances and practical problems raised the question of how the commissioning 

of the Smelt Spout Robot can be optimized. At the same time, due to the Industry 4.0, 

utilization of the virtual tools is growing rapidly. There are available tools such robotic 

simulations that are offering new opportunities and ways to develop the robot programs as 

was expressed earlier. These tools are not yet part of Smart Business Unit’s robotics 

development projects. Therefore, this research is focusing on the research problem of how 

the robotic simulation can be utilized to optimize the commissioning of the Smelt Spout 

Robot. 

 

1.3 Objectives and research questions 

The research is worthwhile for many reasons. First, the aim is to halve the time it takes to 

teach the points in the test environment of the projects. Second, by identifying the 

possibilities of the robotic simulation, the aim is to parameterize the robot programs which 

decreases the need for the robotic expert on site in the future. By parameterization, the level 

of competence in robotics required on site can be reduced from level 1 to level 2 (Chapter 

1.1). Third, although the research is focusing on the Smelt Spout Robot, it can be also utilized 

in future robotics solutions. The research problem is approached by looking for answers to 

the following research questions: 

 

• How the simulation can be utilized to simplify and parameterize robot programs? 

 

• Which real-world factors should be considered in the simulation when programming 

a real robot?  

 

• Which are the advantages and limitations of the robotic simulation and how they 

affect the accuracy? 
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The success of the research can be measured by analyzing the results of the case where the 

simulation program is transferred to the real robot. By comparing the case results with the 

present can be ascertained how many points should be taught. The accuracy of the simulation 

can be measured by moving the tool of the robot to a specific location and measuring the 

distance to the selected object in the simulation environment and in a real life. By testing the 

functionality of the parameterization, the decrease of the level of competence can be 

evaluated. 

 

1.4 Research methods and content limitations 

The research will be carried out in three parts: literature review, robotic simulation, and a 

case that includes practical tests. The literature review includes the theoretical background 

of robot programming and its mathematical background. It is also introducing a relevant 

information about robotics, and different robotic simulation applications. The literature 

review is based on the peer-reviewed scientific publications and books. The background of 

the robot programming is introduced focusing on KUKA Robot Language, therefore it is 

based on the manufacturer’s manual: KUKA System Software (KSS) Operating and 

Programming Instructions for System Integrators. In the second part, the opportunities for 

the robotic simulation are introduced by focusing on KUKA Sim 4.0 simulation software 

and its features.  

 

The final part includes the case, where the working area of the Smelt Spout Robot is created 

in the simulation environment based on the instructions that will be introduced in the second 

part. In the simulation environment, the current programs of the robot will be parametrized 

by utilizing the literature review and programming manual. Finally, the parametrized 

programs will be tested in the test environment with a real robot which model will be KUKA 

KR 250 R2700-2 C. The literature review of the research and the opportunities for the robotic 

simulation are expressed in the Chapter 2. The case is examined in more detail in the Chapter 

3, which also presents new developments steps and the results of the research. 
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It is important to note that the robot commissioning includes a lot of work which requires a 

high level of knowledge of robotics, such as a PLC (Programmable Logic Controller) 

programming. Therefore, this research is focusing only on expediting and simplifying the 

part of the commissioning where the points of the movements are taught. In addition, this 

research is focusing on only one robotic simulation software, which is why it cannot be fully 

completely reproduced with other simulation software. 
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2. Review of robotic simulation 

As was expressed in the Chapter 1.4, the research methods are divided into three parts: 

literature review, robotic simulation, and the case. This chapter introduces the literature 

review part, and the features of the robotic simulation focusing on KUKA Sim 4.0 simulation 

software. The literature review introduces the history of the robotic simulations. It also offers 

a theoretical background of the motion programming. These parts are based on the peer-

reviewed scientific publications and books. Finally, it presents the basics of motion 

programming in KUKA Robot Language by based on the KUKA’s programming manual. 

The Chapter 2.2 describes the features of KUKA SIM 4.0 by providing instructions for 

creating a simulation environment for the Smelt Spout Robot. The instructions are based on 

the practical experience of the author of this research and the software manual. 

 

2.1 Theoretical background  

The industrial robots can be determined as multi-purpose manipulators that can be controlled 

automatically (ISO 8373 2012). They can be categorized as Linear robots, SCARA robots, 

Articulated robots, Parallel/Delta robots and Cylindrical robots according to their 

mechanical structure (IFR 2019). The movements of the robots can be modified by 

reprogramming. Usually, they are programmable in three or more axes (ISO 8373 2012.) 

 

The first industrial robot was developed in 1959 by George Devol and Joseph Engelberger 

(IFR 2021b). In 1973, KUKA developed the first industrial robot with six 

electromechanically driven axes (KUKA 2021a). Although the industrial robots have a long 

history, they have not become more common until this millennium. According to 

International Federation of Robotics (IFR 2019), the annual installations of industrial robots 

have increased significantly in last decade, as is shown in the Figure 2.  Currently, there are 

many robot manufacturers such as ABB, the Yaskawa Electric Corporation, Midea Group 

(KUKA), and the Fanuc Corporation. Although the number of installations decreased by 2 
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% in 2020 due to the COVID-19 pandemic, the outlook for the future looks promising. (IFR 

2021a.) 

 

 

Figure 2. Global robot installations between the years 2010 – 2020 (IFR 2021a). 

 

Robot programming can be divided into online and offline programming. In the online 

programming, a motion program is created by manipulating a real robot to specific points 

using a teach-pendant and then storing the parameters of the points for the movements. 

(Holubek et al. 2014, p. 63.)  This conventional programming method requires an 

understanding about the limits and directions of the axes. The method is time-consuming 

because each movement must be tested several times and the accuracy of the movements 

depends on the skill level of the robot programmer. (Pan et al. 2012, p. 93.) One huge 

disadvantage of this programming method is that the robot cannot be used for the production 

until the program has been tested and debugged (Chang et al. 2021, p. 34).  

 

The importance of offline programming (OLP) has grown with the increasing use of robots. 

This method includes alphanumeric, graphic, and know-based robot programming, which 

means that, for example, 3D models and 2D drawings of the layout are used to generate the 
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program for the robot. Existing programs can be adapted to the new environment by 

changing the motion parameters based on the measurements. (Pan et al. 2012. p. 90.) The 

offline programming also includes simulation tools where the robot program can be created, 

executed, and tested without access to the real robot. This facilitates commissioning of the 

robot, as the program can be debugged and adjusted in advance. (Holubek et al. 2014, p. 63.)   

 

The word “simulation” includes many approaches, such as virtual reality (VR), augmented 

reality (AR) and digital twins (DT). The number of publications of the different simulation 

approaches has grown rapidly in recent decades, as is expressed in the Figure 3. (de Paula 

Ferreira 2020, p. 5.) The first robotic simulation applications were developed more than 20 

years ago. One of them is ABB’s RobotStudio. (ABB 2002, p. 552.) These first versions 

were mainly used to visualize the process to customers before the physical installation due 

to the low accuracy of the movements. (Perez et al. 2020, p. 3633.) Currently, there are 

numerous robotic simulation software available. Some of them are expressed in the Table 1. 

Each one of the major robot manufacturers has its own simulation software. There are also 

available several options offered by other suppliers. 

 

 

Figure 3. Number of publications of simulation approaches (de Paula Ferreira 2020, p. 6). 
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Table 1. List of commercial robotic simulation software. 

Simulation software Description 

ABB RobotStudio Most used offline programming software (ABB 2021). 

Fanuc ROBOGUIDE  Popular simulation software for Fanuc robots (Fanuc 2021). 

Delfoi robotics software Simulation software for major robot brands (Delfoi 2021). 

KUKA Sim 4.0 Introduced in the Chapter 2.2. 

MotoSim EG-VRC Offline programming software for Yaskawa robots (Yaskawa 2021). 

RoboDK  Supports for many robot controllers (RoboDK 2021). 

Visual Components Three versions available with different features (Visual Components 2021). 

Work Space Capability for 3D CAD modelling (W.A.T. Solutions 2021). 

 

The utilization of robotic simulations has increased due to its numerous advantages (de Paula 

Ferreira 2020, p. 13). Their main purpose is to visualize the performance of the robot by 

simulating the theoretical model of it (Datteri & Schiaffonati 2019, p. 117). However, these 

days the robotic simulations are not only used for the visualizing but also for the robot 

programming, creating a digital twin of the production cells and therefore optimizing the 

real installation and commissioning in advance in the virtual world (Ružarovský 2019, p. 1). 

They can be used to analyze and test complex systems during the development of a new 

product (de Paula Ferreira 2020, p. 14). By visualizing the robot programs for the other 

engineers who are unfamiliar with the robot movements, the robot cell can be optimized 

already at the design stage when the required space by the robot is known (Scheidegger et 

al. 2018, p. 475).  

 

Simulations tools not only provide a way to test the robot movements, they can be also used 

to learn them. The simulation is quite effective teaching tool in robotics because there is not 

always possible to purchase a real robot and test its performance. In addition, it requires time 

to learn how to control a real robot. Therefore, a risk-free environment where damage cannot 

occur is suitable for teaching. (González‑García 2019, p. 926.) The simulation tools are not 

only for the robot movements simulation, but they also enable to simulate the performance 

of the whole process in advance to expedite the actual commissioning, which is better known 

as virtual commissioning (VC). There, the functionality of the PLC programs and I/O 

(Input/Output) control behavior of the security circuit can be tested (Ružarovský 2019, p. 6). 
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By combining VR technology and robot simulations also the human-robot collaboration can 

be inspected (Perez et al. 2019, p. 114-119). 

 

Although the simulation has significant advantages, there are also some challenges. The 

simulation software includes numerous features that takes time and courses to learn 

(González‑García 2019, p. 929). In addition to understanding basics of robotics and 

coordinate systems, simulation also requires an understanding about programming, 3D 

modeling, and automation. It brings together many disciplines, so there are not many 

professionals available. Therefore, the salaries of the simulation engineers are also high (de 

Paula Ferreira 2020, p. 6) which affects companies’ interest in simulations.  

 

Mathematical background of robot programming 

 

As was expressed earlier, robot movements are based on the parameters of the stored points. 

To understand the significance of these parameters, their mathematical background must be 

examined. Theoretically, the industrial robot can be defined as a multi-body system (MBS) 

(Flores 2015, p. 1) consisting of bodies connected to each other by kinematics joints. In 

robotics, the purpose is to move the endpoint of the robot to the specific location by actuating 

these bodies by electric and hydraulic motors (Bajd et al. 2010, p. 1). In more detail, the 

bodies can be examined as particles that have specific distances to the reference point. Due 

to the distance between these particles is not changing, they also have the same speed during 

the motion. Therefore, the industrial robot can be also specified as a rigid body multi-body 

system. (Shabana 2005, p. 1-3.) 

 

The positions of the particles are usually expressed using the Cartesian coordinates X, Y and 

Z with respect to frame of reference. Therefore, it can be said that the particle has three 

degrees of freedom (DOF) (Bajd et al. 2010, p. 2). In the Figure 4, the P describes the 

particle, and the vector u is the three-dimensional position vector that can be expressed as 

(Shabana 2005, p. 3): 
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 𝐮 = [𝑢𝑋 𝑢𝑌 𝑢𝑍]𝑻    (2.1) 

 

where, 𝑢𝑋, 𝑢𝑌 and 𝑢𝑍 are the components of the vector u. 

  

 

Figure 4. The location of the particle P can be expressed with respect to the reference frame 

by the vector u. 

 

The rigid bodies consist of at least three particles (Bajd et al. 2010, p. 3). Usually, when 

expressing the configuration of the rigid bodies, two kind of coordinate systems are needed. 

The first is a fixed coordinate system that represents the origin of the entire system as a 

function of time. The second, also known as a body frame of reference, describes the location 

of the body with respect to the fixed frame. The relationship of these coordinate systems is 

expressed in the Figure 5, where the vector R is a three-dimensional vector that can be 

written as the vector u (Shabana 2005, p. 3): 

 

𝐑 = [𝑅𝑋 𝑅𝑌 𝑅𝑍]𝑻    (2.2) 

 

Due to the rigid body can be rotated with respect to the global frame, three additional 

coordinates 𝜙, 𝜃 and 𝜓 are required to describe the orientation of it (Flores 2015, p. 16). 

Thus, the configuration of the rigid body can be expressed in three translational and three 
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rotational coordinates. Therefore, the rigid body has six degrees of freedom. (Bajd et al. 

2010, p. 3.)  

 

 

Figure 5. The location of the particle P can be expressed with respect to the global frame 

with a help of the body frame of reference. 

 

Thus, the position vector of the particle P can be expressed with respect to the global frame 

as:  

 

𝐫 =  𝐑 + 𝐀𝐮      (2.3) 

 

where, A is a 3 x 3 rotation matrix that can be formed, for example, using Euler Angles. It 

is the method to describe the orientation of a rigid body. (Flores 2015, p. 15.) According to 

the Euler’s theorem, there are 12 different ways to describe rotations: X-Y-Z, X-Z-Y, X-Y-

X, X-Z-X, Y-Z-X, Y-X-Z, Y-Z-Y, Y-X-Y, Z-X-Y, Z-Y-X, Z-X-Z and Z-Y-Z (Bajd et al. 

2013, p. 26).  Each rotation can be expressed mathematically with the rotation matrix. The 

rotation about Z axis can be written as (Flores 2015, p. 16): 
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𝐀𝟏 = [
cos (𝜙) −sin (𝜙) 0

sin (𝜙) cos (𝜙) 0
0 0 1

]    (2.4) 

 

The rotation about Y axis can be expressed as: 

 

𝐀𝟐 = [
cos (𝜃) 0 sin (𝜃)

0 1 0
−sin (𝜃) 0 cos (𝜃)

]    (2.5) 

 

And the rotation about X axis can be expressed as: 

 

𝐀𝟑 = [

1 0 0
0 cos (𝜓) sin (𝜓)

0 sin (𝜓) cos (𝜓)
]    (2.6) 

 

It is important to note that the final orientation of the rigid body depends on the order of 

rotations (Flores 2015, p. 17). The rotations are visualized in the Figure 6 using a numerical 

example. First, the coordinate system XYZ is rotated 90 degrees about Z axis. Then the 

coordinate system X’Y’Z’ is rotated -45 degrees about once rotated axis Y’. Finally, the 

coordinate system X’’Y’’Z’’ is rotated 30 degrees about twice rotated axis X’’. The 

orientation of three successive rotated coordinate system is expressed as X’’’Y’’’Z’’’ on the 

right in the Figure 6. 

 

 

Figure 6. Three successive rotations of coordinate system using ZYX Euler convention 

(Bonev 2017). 
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The rotational transformation matrix for the three successive rotations can be determined as 

follows (Bajd et al. 2013, p. 22.): 

 

𝐀 = 𝐀𝟏𝐀𝟐𝐀𝟑 = [
cos (𝜙) −sin (𝜙) 0

sin (𝜙) cos (𝜙) 0
0 0 1

] [
cos (𝜃) 0 sin (𝜃)

0 1 0
−sin (𝜃) 0 cos (𝜃)

] [

1 0 0
0 cos (𝜓) sin (𝜓)

0 sin (𝜓) cos (𝜓)
] 

 

 𝐀 = [

c(𝜙) c (𝜃) c(𝜙) s(𝜃) s(𝜓) − s(𝜙) c (𝜓) c(𝜙) s(𝜃) c(𝜓) + s(𝜙) s(𝜓)

s(𝜙) c(𝜃) s(𝜙) s(𝜃) s(𝜓) + c(𝜙) c(𝜓) s(𝜙) s(𝜃) c(𝜓) − c(𝜙) s(𝜓)

−s (𝜃) c(𝜃) s(𝜓) c(𝜃) c(𝜓)

] (2.7) 

 

where, c describes the cosine function and s is the sine function. The transformation matrix 

is used to determine the orientation the points relative to the different coordinate systems. 

Due to the body orientation depends on the order of the rotations, also the significance of 

the Euler Angles is changing. Therefore, the transformation matrix is also varying depending 

on the Euler convention. The understanding of the Euler Angles is not simple, thus the Figure 

7 is used to visualize the rotations in the same figure. 

 

  

Figure 7. The Euler Angles ϕ, θ and ψ in ZYX Euler convention (Modified: Briot & Khalil 

2015, p. 29). 
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The rotation matrix is also useful in the inverse problems where the purpose is to define the 

rotation of the rigid body (Bajd et al. 2013, p. 13). It can be written in general as: 

 

𝐀 = [

𝑋𝑥 𝑌𝑥 𝑍𝑥

𝑋𝑦 𝑌𝑦 𝑍𝑦

𝑋𝑧 𝑌𝑧 𝑍𝑧

]      (2.8) 

 

where, X, Y and Z vectors are expressed by the components (Briot & Khalil 2015, p. 30). 

Therefore, it can be written that: 

 

[

c(𝜙) c (𝜃) c(𝜙) s(𝜃) s(𝜓) − s(𝜙) c (𝜓) c(𝜙) s(𝜃) c(𝜓) + s(𝜙) s(𝜓)

s(𝜙) c(𝜃) s(𝜙) s(𝜃) s(𝜓) + c(𝜙) c(𝜓) s(𝜙) s(𝜃) c(𝜓) − c(𝜙) s(𝜓)

−s (𝜃) c(𝜃) s(𝜓) c(𝜃) c(𝜓)

] = [

𝑋𝑥 𝑌𝑥 𝑍𝑥

𝑋𝑦 𝑌𝑦 𝑍𝑦

𝑋𝑧 𝑌𝑧 𝑍𝑧

]   (2.9) 

  

 

According to the Figure 7 and the Equation 2.9, the Euler Angles can be determined, for 

example, as follows: 

 

 𝜙 = atan2 (
𝑋𝑦

𝑋𝑥
)     (2.10) 

 

 sin(𝜃) =  −𝑋𝑧     (2.11) 

 

 cos(𝜃) = cos(𝜙) 𝑋𝑃𝑋
+ sin(𝜙)𝑌𝑃𝑋

   (2.12) 

 

 𝜃 = arctan (
sin(𝜃)

cos(𝜃)
)    (2.13) 

 

 sin(𝜓) = sin(𝜙) 𝑍𝑃𝑋
− cos(𝜙) 𝑍𝑃𝑌

   (2.14) 

 

 cos(𝜓) = − sin(𝜙) 𝑌𝑃𝑋
+ cos(𝜙) 𝑌𝑃𝑌

   (2.15) 
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 𝜓 = arctan (
sin(𝜓)

cos(𝜓)
)    (2.16) 

 

These angles can be used to determine the orientation of the rigid body when the ZYX Euler 

convention is used. 

 

Overview of motion programming in KUKA Robot Language 

 

The robot motion programming is based on the mathematical background that was expressed 

in the previous chapter. The purpose of this chapter is to give a basic information of the 

motion programming using KUKA Robot Language (KRL). The information is based on the 

Operating and Programming Instructions for System Integrators of KSS 8.6. The chapter 

focus on programming the industrial robot that has six axes. The structure of 6 DOF 

industrial robot is introduced in the Figure 8. It consists of rigid bodies connected to each 

other by joints A1, A2, A3, A4, A5 and A6, which can be rotated separately. The limits of 

these joints depend on the robot model and they are different compared with each other 

(Table 2). These limits restrict the robot’s movements and should therefore be considered 

when designing a robot program. 

 

 

Figure 8. Joints of the 6 DOF industrial robot (KUKA 2021e, p. 85). 
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Table 2. The joints limit of the KUKA KR 250 R2700-2 C that is examined in this research 

(KUKA, 2021b). 

Axis  Motion range 

A1 ± 185 ° 

A2 - 140 ° / -14 ° 

A3 -120 ° / 168 ° 

A4 ± 350 ° 

A5 ± 122.5 ° 

A6 ± 350 ° 

 

In practice, the control of the robot based on the kinematics that allows to obtain the location 

of the end point of the robot’s tool and the angles of joints relative to each other, as is 

expressed in the Figure 9 (Perez et al. 2019, p. 116). 

 

 

Figure 9. The control of the robot is based on kinematics (Perez et al. 2019, p. 116). 

 

In KRL, the location of a tool coordinate system, $TOOL, is expressed with respect to the 

reference frame. Usually, the tool coordinate system is determined to the endpoint of the tool 

also known as Tool Center Point (TCP). The tool coordinate system describes the position 

of the end effector of the tool. It is an offset from the center point of the mounting flange of 

the robot. It can be defined numerically utilizing parameters or using calibration methods 

such as XYZ 4-point method where the TCP is moved a specific point from four different 

directions. (KUKA 2021e, p. 83 - 198.) 
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The location of the TCP can be expressed with respect to the global frame, $WORLD, or the 

base coordinate system, $BASE. The global frame, also known as a world coordinate system, 

is a fixed frame that describes the origin of the entire system. The location of the robot with 

respect to the world coordinate system is expressed as $ROBROOT. By default, the world 

and root coordinate systems of the robot are defined at the same point. (KUKA 2021e, p. 

83). In several robot cases, the world coordinate systems of the robots are often defined to 

the same point to facilitate the communication between the robots.  

 

The base coordinate systems are used to determine the locations of the workpieces as is 

shown in the Figure 10. They are simplifying the programming because the motion points 

can be defined as a transition from the workpiece. (KUKA 2021e, p. 189.) As the workpiece 

moves, the points can be re-taught simply by moving the base coordinate system with it. 

Therefore, most of the points are usually defined with respect to the base coordinate systems 

because it facilitates the transformation of the movements due to the changes in the 

environment.  The base coordinate systems can be determined numerically as an offset from 

the world coordinate system or manipulating the robot’s tool to the specific points and using 

different calibration methods. One of them is 3-point method, where the tool is moved to the 

origin and 2 specific points. (KUKA 2021e, p. 189-204.) Different coordinate systems of the 

KRL are summarized in the Figure 10. 

 

 

Figure 10. Different coordinate systems in KUKA Robot Language (KUKA 2021e, p. 84). 
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As was discussed in the previous chapter, the configuration of the rigid body can be 

expressed by three translational and three rotational coordinates. In KRL, these coordinates 

are expressed as X, Y, Z, A, B and C. The translational coordinates X, Y, Z determine the 

location of the TCP with respect to the cartesian coordinate system, and the rotational 

coordinates A, B and C express the orientation of the TCP with respect to the same frame of 

reference. According to the KUKA System Software manual, KUKA describes these three 

rotations as is expressed in the Figure 11. (KUKA 2021e, p. 211.) In the KRL, the rotations 

should be determined in order A, B and C, therefore KUKA uses the ZYX Euler convention. 

 

 

Figure 11. In KUKA Robot Language, the Euler Angles are expressed as A, B and C. 

 

The location of the TCP can be expressed using predefined data types E6POS and POS 

which are expressed in the Table 3 (KUKA 2021e, p. 540). 

 

Table 3. Data types for the motion programming in KRL (KUKA 2021e, p. 540). 

Data type Variables of the datatype 

E6POS {X, Y, Z, A, B, C, S, T, E1, E2, E3, E4, E5, E6} 

POS {X, Y, Z, A, B, C, S, T} 

 

As can be seen from the Table 3, the data types contain also additional variables. Due to the 

coordinates do not determine the angles of the axes, the additional variables Status (S) and 

Turn (T) are used. The Status is defining the axis angles according to the position of TCP. 
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The Turn determines whether the axis angles are greater than or less than zero. The Status 

and Turn are only used in the Point-To-Point movements that will be expressed later. The 

positions of the possible external axes can be determined using variables E1 – E6. Other 

useful data types for the motion programming are AXIS, E6AXIS and FRAME (Table 4), 

where A1 – A6 describe the axes positions (KUKA 2021e, p. 540.): 

 

Table 4. Useful data types for motion programming in KRL (KUKA 2021e, p. 540). 

Data type Variables of the datatype 

AXIS A1, A2, A3, A4, A5, A6 

E6AXIS A1, A2, A3, A4, A5, A6, E1, E2, E3, E4, E5, E6 

FRAME X, Y, Z, A, B, C 

 

The AXIS and E6AXIS can be used to determine the orientation of the robot axes. For 

example, the home position of the robot is defined as E6AXIS data type. FRAME data types 

can be used to define additional coordinate systems to help the robot programming. The 

movements of the robot are determined in a module that consists of a SRC file and a DAT 

file. The SRC file includes the different types of motion commands and the actual code of 

the program. The DAT file includes the data for the movements such as the coordinates of 

the points. (KUKA 2021e, p. 538-540.)  

 

The KRL motion types can be divided into point-to-point motion (PTP), linear motion (LIN), 

circular motion (CIRC) and spline motion. The PTP motion is used to execute the fastest 

path. It is not widely used in the area where are many obstacles because the movement 

between two points cannot be predicted and thus the collisions cannot be avoided. The LIN 

motion commands can be used to define the movement on a straight line between two points 

which makes it easier to avoid collisions. The motion type CIRC is used to create circular 

motion between the start and end point. Spline motion is an advantageous motion type which 

can be used to replace classic motions as SPTP, SLIN and SCIRC. (KUKA 2021e, p. 407-

413.) 
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The spline motion type has significant advantages compared with the classic motion type. 

First, the physical limits of the robot are considered during the motion planning. It means 

that when using the classic motions, the robot may stop suddenly during the motion 

execution due to the physical limits. In the spline motions, the physical limits of the robot 

may reduce the programmed velocity, but the number of unexpected stops can be minimized. 

Second, an exact positioning can be used easily with the spline motions, therefore the path 

is always the same.  Classic motions are often defined using an approximate positioning 

because it is complicated and time-consuming to determine the exact path due to the physical 

limits are ignored. The approximate positioning means that the TCP does not reach exactly 

the programmed point as in the exact positioning, as is shown in the Figure 12. Third, there 

could be some unexpected reduction of the velocity in the classic motions. (KUKA 2021e, 

p. 414-415.) 

 

 

Figure 12. The movement path can be defined using an approximate positioning or an exact 

positioning (KUKA 2021e, p. 414). 

 

The motion of the robot can be also determined using the relative motion programming 

which is based on defining the end point of the motion relative to the current position. The 

relative motion commands can be used with the classic and spline motions as: PTP_REL, 

LIN_REL, CIRCL_REL, SPTP_REL, SLIN_REL, SCIRCL_REL and SPL_REL. The 

relative motions can be executed using the directions of the base coordinate system or the 

tool coordinate system, as shown in the Table 5. Relative movements using the tool 

coordinate system can be also executed by utilizing the $POS_ACT system variable that is 
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determining the actual position of the active tool in the active frame of reference (KUKA 

2021e, p. 550-641.)  

 

Table 5. Relative motion command can be executed using the directions of the active base 

coordinate system or the tool coordinate system or using $POS_ACT system variable 

(KUKA 2021e, p. 550-641). 

Motion command Used coordinate system 

SLIN_REL {X -150, Z 200, A 3, C 45}  Base 

SLIN_REL {X -150, Z 200, A 3, C 45} #TOOL Tool 

SLIN $POS_ACT : { X -150, Y 0, Z 200, A 3, B 0, C 45} Tool 

 

As can be noticed from the Table 5, the relative motion command can be executed by written 

only the transformation parameters. When determining the motion command relatively to 

the current position using $POS_ACT system variable, all the parameters should be written, 

even if the value would be zero. In addition, a geometric operator that is symbolized by a 

colon “:” should be used with the actual position variable, as was shown in the Table 5. 

(KUKA 2021e, p. 641-642.) 

 

The geometric operator is a useful tool to add calculated positions which are determined 

geometrically. It is also known as a “frame operation” because it can be used to link data 

types such FRAME and POS in the motion commands. (KUKA 2021e, p. 641.) The 

mathematical background of the geometric operator is expressed in the Table 6 where the 

vector r is visualized in the Figure 13.  

 

Table 6. A geometric operator is a tool to link the vectors. 

Form of representation Vector  

Mathematical r = R + Au 

KUKA Robot Language r = R : u 
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Figure 13. A geometric operation can be used to link data types such as frames and positions. 

 

As was expressed earlier that the location of the TCP can only be determined directly with 

respect to the world or base coordinate systems. Due to the benefits of the geometric 

operator, the points can be also defined with respect to the frames as was shown in the Figure 

13.  

 

2.2 Overview of KUKA Sim 4.0 

According to KUKA, the KUKA Sim 4.0, that was released to a market in the summer 2021, 

is an intelligent simulation software that was developed in a future-oriented way. It is a 

virtual tool for optimizing robot commissioning by creating a digital twin of the process. 

(KUKA 2021c.) In this research, the KUKA Sim 4.0.1 is examined. The user interface is 

presented in the Appendix I, which shows the different tabs (Home, Modelling, Program & 

Drawing) of the software. 

 

Usually, the robots are working in a specific environment that determines the size of the 

robot and its movements. Therefore, the logical way to start a simulation is to create a 

simulation environment that can be done in several ways. First, eCatalog – a component 

library includes the basic 3D shapes such as blocks, boxes, planes, and pallets which 
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dimensions can be modified. Thus, it can be used to create simple environments. Second, 

the efficient way to mimics the real environment is to model it using 3D CAD software and 

then import it into the simulation software. There are available numerous supported CAD 

files such as a STEP file and SolidWorks File (SLDPRT). Third, the real environment can 

also be imported as a point cloud (Figure 14) that is effective way to show the environment 

with small details. 

 

 

Figure 14. Utilizing 3D CAD models and a point cloud, it is possible to create a simulation 

environment that includes the smallest details of the real environment. 

 

In the virtual world, objects can be placed relative to each other very accurately. The design 

of the environment is facilitated by the origin of the virtual world, which is the frame of 

reference for the layout. The body frame of reference can be determined for each component 

which facilitates to determine its location. The body frame of reference can be determined 

using Move and Snap Origin features that can be found on the Home tab (Appendix I). The 

entire environment can be also imported to the simulation as a whole and its origin can be 

determined in the same way. The location of the body frame of reference with respect to the 

virtual frame of reference can be seen in Component Properties. The robot can be dragged 

to the simulation environment also from the eCatalog that includes almost 300 robot models. 

Its location can be defined to the target location using Snap and Align tools or determining 

the parameters with respect to the virtual world origin.  
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The eCatalog also includes tools for the robot such as vacuum grippers and welding guns, 

but the tool can be also imported as a 3D model. The tools which are added from the eCatalog 

can be snapped directly to A6 joint of the robot using Plug and Play (PNP) (Appendix 1: 

Home) feature because they have a configured connect interface. The interface must be 

created to user’s own tools to create a physical connection between the robot and the tool. It 

can be created by defining the origin of the tool to the target face and using End Effector 

wizard (Appendix I: Modeling). Finally, the tool can be then determined to follow the 

movement of the A6 joint using Attach feature. The physical connection can be created with 

the PNP feature as is expressed in the Figure 15. 

 

 

Figure 15. The blue arrow facilitates to determine the physical connection between the tool 

and the robot when using Plug and Play feature. 

 

The robot programming in KUKA Sim 4.0 is based on the KRL that was introduced 

previously. The robot can be manipulated in Program tab (Appendix I) when the Jog tab is 

selected. The angles of joints can be seen and changed in Jog panel (Figure 16) where the 

coordinates of the TCP can be seen relative to the virtual world coordinate system (World), 

relative to the selected coordinate system (Parent) or relative to tool coordinate system itself 

(Object). It is important to understand the difference between the virtual world coordinate 

system and the robot’s own world coordinate system. The virtual world coordinate system 

is not connected to the robot controller or the motion programming such as the robot’s own 

world coordinate system. 
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The active base (BASE_DATA) and tool coordinate systems (TOOL_DATA) for the 

movements can be chosen from Jog panel (Figure 16). In the virtual world, these coordinate 

systems can be defined in numerous ways such as snapping the coordinate system to the 

desired location or determining the parameters with respect to the frame of references. As 

was expressed earlier, the frame of reference of the tool coordinate system is the centre of 

the robot flange and robot world coordinate system is the frame of reference for the base 

coordinate systems. Once the desired coordinate systems are selected, the robot manipulation 

can be started. It can be jogged by dragging the coordinate system that is shown in TCP 

(Appendix I: Program) relative to the different coordinate systems. This facilitates the test 

the reachability of the robot in different situations. The robot can be also manipulated by 

changing the joint values or coordinates in Jog panel (Figure 16).  

 

 

Figure 16. The current values of the robot’s joints can be seen in Jog panel.  

 

The robot programs can be created in the Program Editor (Figure 17) where are several ways 

to determine the points for the movements. The simplest option for the beginners is to use a 

visual program tree of the KRL editor which does not require much knowledge of robot 

programming. The motion statements can be added by manipulating the robot, and then 

selecting the right statement from the Statements Toolbar (Figure 17 a: 1) that contains the 
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basic motion programming commands, and loops such as WHILE, IF and SWITCH. The 

Visual program tree is an efficient way to learn the basics of robot programming but is not 

suitable for the advanced programs. 

 

Another option that requires programming experience is to use the advanced KRL editor 

(Figure 17 a: 2), where the programs can be written in KUKA Robot Language. New motion 

commands can be added using the statements from the Statements Toolbar, writing the 

motion commands, or using inline forms as is shown in the Figure 17 b. The KRL files can 

also be imported directly to the software which helps to simulate the existing programs. This 

option requires a lot of understanding about the programming language to debugging of the 

program that can be time-consuming.  

 

 

 

Figure 17. The Program editor in KUKA Sim 4.0. 

 

The home position of the robot is usually the first point that should be taught because it often 

determines the start and the end position of the programs. It can be determined several ways 

such as numerically in Statement Properties or directly in the $Config.dat file. If the home 

position is used as the starting position in the simulation, it must be saved by pressing “Save 

State” from simulation settings (Appendix I: Program). 

a) Visual Programming tree b) Inline forms can be used in KRL editor. 
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The virtual world has several advantages such as the capability to test the different robot 

models until the final decision. The robot can be changed by adding a new one from 

eCatalogue and using Exchange Robots feature (Appendix I). This allows to test the 

reachability and suitability of the robot for the modeled environment. In real life, replacing 

a robot would be expensive and could take several weeks due to the long delivery times.  

 

Another beneficial thing in KUKA Sim 4.0 is “Move Robot World Frame” feature 

(Appendix I). In several robot cases where the robots are working together, their world 

coordinate systems are usually defined to the same point. This way the communication 

between the robots is easier when their locations are determined with respect to the same 

point. In the simulation, the robot world frame can be easily moved to the desired point by 

dragging the world coordinate system or specifying its coordinates with respect to the virtual 

frame of reference. It is necessary to note that the points which are determined with respect 

to the world coordinate system are also moving. This can be prevented by using “Lock 

Positions” feature that locks the positions of with respect to the virtual frame of reference. 

The positions and coordinate systems can be visualized using the visualization tools of the 

software.  

 

A third feature worth mentioning is Collision Detection feature that can be utilized to seek 

the possible collisions to prevent damage. The collisions can be tested between the safety 

tools and areas which can be visualized as is shown in the Figure 18 a. The green and blue 

boxes are visualizing the safety monitoring spaces and the yellow spheres are illustrating the 

safety tool.  The safety tool and safety monitoring spaces can be created from the Safety 

Devices (Appendix 2). The space type of the monitoring space can be axis-specific 

workspace, axis-specific protected space, Cartesian workspace (Figure 18 a: green) and 

Cartesian protected space (Figure 18, a: blue). With the axis-specific spaces, it is a possible 

to set the limit values for each axis and check are the values exceeded. The cartesian spaces 

are beneficial when the collision detection needs to be tested between the safety tool and 

some area. The collision detection can also be tested between the components without the 

safety configurations, such as between the robot and the floor. The collisions can be detected 
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a in yellow (Figure 18 b & Appendix 3) when the Collision Detection is determined and 

enabled. 

 

  

 

 

Figure 18. The collisions can be detected between the safety tool and safety area. It is also 

possible to detect collision between the robot and the obstacles such as a floor. 

 

The robot programs can be executed by clicking Play button at the top of the simulation. 

They can be also executed by connecting the robot to KUKA’s virtual controller 

KUKA.OfficeLite whose user interface mimics a real teach pendant (KUKA 2021d).   The 

speed of the simulation can be controlled by a speed control, which allows errors to be found 

quickly. One of the best features of the robotic simulation compared with the real world is 

the Reset button, which immediately returns the robot to its initial position. In the traditional 

programming, the robot can be returned to the initial position by jogging it manually or using 

a precise return path. 

 

In this research KUKA Sim 4.0 is used to optimize the commissioning of the Smelt Spout 

Robot. The development process will be introduced in the Chapter 3. The used version will 

be KUKA Sim 4.0.1 which includes software bugs related to the spline motions that will 

affect the development process. These bugs were fixed in the new version KUKA Sim 4.0.2, 

but it was released to the marker after the development process.  

a) Safety areas and tools can be visualized. b) Collisions are highlighted 

in yellow. 
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3. Case development and results 

This chapter introduces the development process of the case where the purpose was to 

expedite and facilitate the commissioning of the Smelt Spout Robot. The chapter introduces 

the development steps, and the results from the practical tests where the functionality of the 

development process was assessed.  

 

3.1 Commissioning of the Smelt Spout Robot  

This chapter introduces the commissioning of the Smelt Spout Robot before the development 

steps. It includes the main stages of the mechanical installation and the introduction to the 

re-commissioning of the robot. The data were collected during the commissioning of the 

robot in Austria in October 2021.  

 

The function of the recovery boiler is based on burning concentrated black liquor drops 

which are sprayed to the recovery boiler as is shown in the Figure 19. In the combustion 

reaction, the inorganic part of the black liquor melts in a char bed and flows out of the 

recovery boiler through the smelt spouts (Figure 20, b). The smelt is mainly consisting of 

sodium sulfide (Na2S) and sodium carbonate (Na2CO3). (Vakkilainen 2017, p. 238-258.)  

 

The main purpose of the smelt spout is to guide the 750 – 850 °C smelt flow from the char 

bed to a dissolving tank (Vakkilainen 2017, p. 238-258). The structure of the smelt spout is 

expressed in the Figure 20, a. It consists of the smelt spout itself, and upper and lower part 

of the mini hood.  The smelt spouts need to be cleaned regularly because the smelt starts to 

solidify when the temperature is decreasing under 760 °C (Tran et al. 2006, p. 182-187). Due 

to the danger of the smelt spout area, the Smelt Spout Robot was developed to clean-up the 

spouts and the hoods regularly. The innovation has increased operator safety because 

previously they had to be cleaned manually by human. 
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Figure 19. Chemical processes in the recovery boiler furnace (Vakkilainen 2017, p. 243). 

 

 

Figure 20. An example structure of the smelt spout and hood. 

 

The Smelt Spout Robot is always commissioned in advance in a test environment that 

mimics to the customer’s environment. The tests are important due to the variation of the 

robot’s environment. Size of the recovery boiler is varying and also the number of the smelt 

a) Before action. b) On action. 
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spouts and distance between them are varying. Thus, the movements of the robot are tested 

and adjusted in the test environment in advance. To facilitate the re-commissioning on site, 

it is especially important that the test environment includes all obstacles that may be affected 

the robot’s movements. The functionality of the robot programs is tested numerous times 

before the whole installation is transported to the final environment. The installation includes 

the robot and its controller, steel support structure, safety fences and the tool for the robot.  

 

On the customer’s site, the package will be installed in the smelt spout area on the 

information on the drawings. The robot cell start-up begins with mechanical and electrical 

installations. First, the steel support structure (Figure 21, a) that includes four legs and the 

plate, are constructed utilizing a special designed lifting machine. Next, the location and 

stability of the steel support structure are ensured because they have a direct impact on the 

location of the robot and thus the location of the world coordinate system of the robot. After 

the mechanical installation of the steel support structure, the robot will be attached to it as is 

shown in the Figure 21, b. 

 

 

  

Figure 21. A steel support structure for the Smelt Spout Robot.  

a)  The steel support structure consists 

of plate and four legs. 

b)  The robot is attached to 

the steel support structure. 
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Finally, a protective fence is built around the robot and the robot will be covered with a 

protective suit (Andritz 2019). The installation would also contain additional features such 

as a cleaning machine of the tool and a reduction sample box depending on the project. 

After the mechanical and electrical installations, the re-commissioning of the robot can be 

started. The robot is jogged to the service position where the cleaning tool is attached to 

the end of the robot arm. Then the robot expert starts to test and adjust the robot 

movements. Usually, some modifications are needed due to the mechanical differences 

between the test environment and customer’s environment.  

 

The number of robot programs depends on the features of the robot. Currently, there are 7 – 

9 different programs where the points should be taught.  Most of the programs include large 

transition movements which are determined with respect to the world coordinate system. 

Usually, these programs are checked very quickly. The most time-consuming part is the 

commissioning of the cleaning programs because they include a lot of accurate movements 

which are sensitive to mechanical differences.  

 

The cleaning programs are determined with respect to the base coordinate system, which is 

taught in the lower right corner of the smelt spout (Figure 22). Due to the there is no exact 

point for the origin, the location of the origin may differ from the test environment. 

Because the cleaning points are determined with respect to the base coordinate system, the 

difference can cause additional teaching work if the locations of the cleaning points are not 

correct. The inaccuracy of the base coordinate system is increased due to its location. If the 

robot is commissioned while the boiler is running (Figure 20, b), it is difficult to see the 

surface of the spout. Even in the situation of Figure 20, a, teaching can be difficult due to 

the darkness inside to the hood. 
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Figure 22. The origin of the base coordinate system is on the surface of the spout. 

 

It is difficult to determine the same orientation for the smelt spout in the test environment 

as it really is. In addition, the orientation of the smelt spout depends on the recovery boiler 

and the heat movement. Therefore, the commissioning of the cleaning programs is started 

by evaluating the directions of the movements inside the hood. If the tool does not go 

straight on the desired line, the Euler Angles of the base coordinate system is modified by 

the robot expert who is evaluating the error.  The evaluation can increase the error of the 

base coordinate system and it is also time-consuming. 

 

The cleaning programs have been created utilizing traditional robot programming methods. 

They include a total of ten points that should be taught by manipulating the robot. The 

location of these points should be verified, due to the actual cleaning movements are 

defined relative to these points as relative motion commands. Due to the hoods and spouts 

are bolted together, there may be mechanical differences between the smelt spouts. 

Therefore, the starting points for the hood cleaning should be taught to each smelt spout 

separately. 

 

The programs are divided into separate phases. A spout cleaning program contains a total of 

four different steps. First, the blockages from the beginning of the spout are removed before 

cleaning the surface of the spout with two different angles. In the last step, the tool is pushed 

Base origin 
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into the recovery boiler to remove the solidified smelt between the spout and recovery boiler. 

A hood cleaning program is divided into three steps on each side. The right side of the hood 

is always cleaned first, starting with the roof cleaning, and ending with the bottom wall 

cleaning. The side wall is cleaned between the roof and the bottom wall. Finally, the same 

sequence of cleaning steps is repeated on the left side.  

 

Currently, the right and middle smelt spouts are cleaned using the same orientation of the 

tool coordinate system. Due to the limitations of the robot axes, the tool coordinate system 

is rotated for the left smelt spout. In practise, the wrist of the robot arm is rotated as visualized 

in Appendix 4. However, one time-consuming step during the commissioning can be the 

middle hood (Figure 23) because it is located on the Y axis of the world coordinate system. 

Due to the limitations of the A5 axis (Figure 8), the teaching of cleaning points may require 

adjustment.  

 

 

Figure 23. A commissioning of the hood cleaning program can be time-consuming for the 

middle smelt spout due to the limits of the robot’s axes and the location of the smelt spout. 

 

The final step of the commissioning is the cleaning adjustments. Due to the real performance 

of the robot can be seen when the melt is flowing and solidifying to the spout, the cleaning 

should be adjusted based on the cleaning quality. Currently, the cleaning parameters should 

be modified inside the relative motion commands. The commissioner should know the 
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consequences of the modifications because the relationships of the parameter changes have 

not been considered in the code of the program. In practise, one modification can also require 

modifications elsewhere. 

 

The positions of the spouts can be change as a function of time due to the heat movement of 

the recovery boiler. Thus, the movement of the boiler is measured in X, Y, Z directions using 

the digital sensors. The measured values are used to calculate the new locations of the base 

coordinate systems. To avoid the collisions, the location of the base coordinate system is 

always checked and redefined before the cleaning programs. The Table 7 expresses an 

example of the displacement of the recovery boiler. Initial values were measured when the 

boiler is cold due to the shutdown. Values describe the real time values after four days of 

start-up.  

 

Table 7. An example displacement of the recovery boiler. The initial values were measured 

when the boiled was cold and real time values were measured after four days of start-up.  

Sensor Value (mm) Initial value (mm) Difference (mm) 

X 162 194 -32 

Y 255 242 13 

Z 353 543 -190 

 

As can be noticed from the Table 7, the recovery boiler has almost landed up to 200 mm, 

and it has also moved in X and Y directions. Based on the difference between the initial 

value and the real time value, the new locations of the base coordinate systems are calculated.  

 

As was expressed earlier, the number of programs depends on the features of the robot. One 

of the mandatory programs is a tool straightness check where the tool is jogged to a specific 

point and its straightness is checked mechanically. The straightness of the tool should be 

checked regularly that the functionality of the cleaning process can be ensured. The other 

possible programs are a tool cleaning program and a reduction sample. In the tool cleaning 

program, the tool is cleaned (Figure 24) with a special designed cleaning machine because 
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the melt also solidifies on its surface. In the reduction sample program, the robot takes a 

sample of the melt flow and takes it to be photographed to the reduction sample box. The 

reduction sample is used to measure the performance of the recovery boiler. These other 

programs are executed mainly in the world coordinate system because they consist of the 

large transition movements. There are also points that require precision. These points are 

also defined relative to the world coordinate system and therefore usually need to be re-

taught on site.  

 

   

Figure 24. A tool cleaning machine removes the solidified melt on the surface of the tool. 

 

The commissioning of the Smelt Spout Robot requires careful planning and testing, because 

there are a lot of affecting aspects. Mechanical installation failures such as the orientation 

and stability error of the steel support structure have a direct effect on the position of the 

robot. The location of the world coordinate system of the robot is therefore also moving 

relative to the spouts. Hence, the location of the base coordinate system needs to be adjusted 

and the locations of the points which are defined relative to the world coordinate system are 

changing. Normally, the minor changes in the large transition movements do not matter, but 

in a cramped environment these changes can cause additional teaching work. 



47 

 

 

There are several areas to expedite and facilitate the commissioning of the Smelt Spout 

Robot. First, the accuracy of the base coordinate systems should be increased by determining 

them to the specific points. They should be easily re-taught in the new environment. The 

certain location of the base coordinate system enables the parametrization relative to it. 

Therefore, there is no need to re-teach the cleaning points anymore. Due to the evaluation of 

the orientation of the smelt spout is time-consuming, the orientation calculation should be 

created to determine the exact orientation of the base coordinate system.  

 

Even if the base coordinate systems and the cleaning point were taught perfectly, the 

parameters of the cleaning movements must usually be changed due to mechanical 

differences. Currently, the modifications in the cleaning programs require a lot of 

understanding about the robotics, the directions of the coordinate systems and the structure 

of the program. The cleaning points can only be re-taught by jogging the robot to the desired 

location or changing the parameters in a DAT -file. The parameters of the actual cleaning 

movements can only be modified inside the relative motion commands thus increasing the 

risk of making mistakes. 

 

In the current programs the effect of parameters changes should be understood. For example, 

if the cleaning angle is needed to change, there is a total of three steps should be made. First, 

the approach points to which the relative movements are related should be re-taught with a 

new cleaning angle by jogging the robot. Then, the length of the actual cleaning movement 

should be adjusted inside the relative motion command. Finally, the program should be 

executed and check whether the number of cleaning steps should also be changed. Therefore, 

the parameter changing should be simplified to considering the relationship between them 

automatically.  
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3.2 Creating the simulation environment 

The development process started by creating the testing environment in the simulation 

according to the instructions that were introduced in the Chapter 2.2. It included the steel 

support structure, robot, cleaning tool and three smelt spouts as is expressed in the Figure 

25. The 3D models of the hoods were the updated versions because they will be used in the 

next projects. 

 

 

Figure 25. A simulation environment of the smelt spout area. 

 

3.3 Development of the teaching process of the base coordinate systems 

The first development step was to create a method to optimize the base coordinate system 

teaching process. As is expressed earlier there was not a specific point for the base coordinate 

system, and its orientation was determined by evaluating the orientation according to the 

cleaning movements. In the new teaching method, the base coordinate system was defined 

at a certain point that can be seen visually and thus easily measurable by a real robot. Its 

location was determined on the hood surface that it can be taught safely when the door of 

the hood is closed. 
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The determining the orientation of the base coordinate system is not anymore based on the 

estimations because in the new method the rotations can be calculated by measuring a total 

of three additional points: P1, P2 and P3. The P1 is representing the calculation origin. The 

point P2 should be measured along +X axis and P3 should be in a positive XY plane with 

respect to the calculation origin, as is shown in the Figure 26. The actual calculation program 

was found on the Internet and applied to the intended use. It is based on the 3-point 

optimization method of the base coordinate system. Although it was not an official version 

of the 3-point optimization method, its functionality was verified from the KUKA Global 

Customer Service. 

 

 

Figure 26.  The orientation of the hood and spout can be calculated by measuring three 

additional points: P1, P2 and P3. 

 

In the new teaching process, the robot is automatically manipulated close to the smelt spouts 

using the pre-programmed movements. In addition to the automatic approach, there are two 

ways to measure the points. First, the robot can be jogged to the specific points using the 

robot teach-pendant. This method was designed for people who have experience in robotics 

and know how to jog it. In the second way, the robot can be manipulated to the points by 

measuring the distance between the desired point and the TCP. By writing the dimensions 

from the measurements to the new control parameters (Table 8), the location of the TCP can 

be moved along X, Y and Z axis about the world coordinate system. The depth can be 

adjusted by moving the tool along the X axis of the tool coordinate system. The second way 

was created for people who do not have the experience in the robotics. 
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Table 8. Parameters for the base teaching process. 

Parameter Description 

Move X TCP can be moved along the X axis of the world coordinate system. 

Move Y TCP can be moved along the Y axis of the world coordinate system. 

Move Z TCP can be moved along the Z axis of the world coordinate system. 

Move Depth TCP can be moved along the X axis of the tool coordinate system. 

 

When the measurement point is reached, its parameters are automatically stored in the 

FRAME variable after user approval. The parameters are collected by utilizing $POS_ACT 

system variable by storing the location of the tool coordinate system with respect to the 

world coordinate system. Once a total of 3 points have been measured for the calculation, 

the base coordinate system is automatically updated to the desired point with the calculated 

Euler Angles. The calculation was based on the utilization of the rotation matrix. The vector 

between the points P2 and P1, was determined as follows: 

 

 𝐏𝟐𝟏 =  (𝑋𝑷𝟐
− 𝑋𝑷𝟏

)𝐢 +  (𝑌𝑷𝟐
− 𝑌𝑷𝟏

)𝐣 +  (𝑍𝑷𝟐
−  𝑍𝑷𝟏

)𝐤  (3.1)

  

and the vector between the points P3 and P1 was written as: 

 

 𝐏𝟑𝟏 =  (𝑋𝑷𝟑
− 𝑋𝑷𝟏

)𝐢 +  (𝑌𝑷𝟑
− 𝑌𝑷𝟏

)𝐣 +  (𝑍𝑷𝟑
−  𝑍𝑷𝟏

)𝐤  (3.2) 

 

where, 𝑋𝐏𝟏−𝟑
, 𝑌𝐏𝟏−𝟑

 and 𝑍𝐏𝟏−𝟑
 are the components of the vectors relative to the world 

coordinate system. These vectors were normalized by dividing them by their length to obtain 

unit vectors as follows: 

 

 𝐏𝐗 =
𝐏𝟐𝟏

|𝐏𝟐𝟏|
      (3.3) 
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 𝐏𝐗𝐘 =
𝐏𝟑𝟏

|𝐏𝟑𝟏|
      (3.4) 

 

By calculating the cross product of the vectors 𝐏𝐗 and 𝐏𝐗𝐘 , the normal vector 𝐏𝐙 that is 

perpendicular to the vectors 𝐏𝐗 and 𝐏𝐗𝐘 was determined as follows: 

 

 𝐏𝐙 = 𝐏𝐗  × 𝐏𝐗𝐘     (3.5) 

 

When calculating the cross product of the vectors 𝐏𝐗 and 𝐏𝐙 , the perpendicular normal vector 

𝐏𝐘 can be defined as:  

 

 𝐏𝐘  =  𝐏𝐙   ×  𝐏𝐗     (3.6) 

 

Finally, there will be three unit-vectors 𝐏𝐗 ,  𝐏𝐘  and 𝐏𝐙   which are perpendicular to the each 

other and they are representing the coordinate system that is defined by utilizing the 

orientation of the hood. Therefore, the rotation of the base coordinate system can be defined 

by calculating the Euler Angles of the determined coordinate system. As is expressed earlier, 

KUKA is using ZYX Euler convention and therefore the rotation matrix, A, for the three 

successive rotations can be expressed as was shown in the Equation 2.7. And thus, the Euler 

Angles can be calculated from the Equations 2.9 – 2.16. 

 

3.3 Parametrization of the cleaning programs  

The following development steps were to parametrize the spout and hood cleaning programs. 

As was expressed earlier, the old cleaning programs were built using traditional 

programming methods. They were based on the relative motion programming, and the 

cleaning points that were defined by a real robot. The modifications required an 

understanding of the program itself, and the parameters changing was difficult because the 

actual cleaning movements had to be modified inside the relative motion commands.  
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The parametrization started by creating additional frames that were determined to different 

points of the hood and spout. A total of five additional frames were defined for the hood 

cleaning and one for the spout cleaning. These frames were determined as an offset from the 

origin of the base coordinate system. The shapes of the 3D models were used to determine 

the orientation of the frames as is shown in the Figure 27, a.  

 

The cleaning programs changed completely because all the cleaning points were converted 

to POS variables. Also, the actual cleaning movements (60) were converted from the relative 

motion commands to the position variables and SLIN commands. Therefore, a total of 24 

cleaning points were determined and all of them were defined with respect to some additional 

frame (Figure 27, b) depending on the cleaning phase. Only two commands were left as 

relative motion commands. They were previously defined as SLIN_REL #TOOL 

commands, but due to bugs in the simulation software, they were converted to LIN_REL 

commands to perform the same motion. Instructions for the modifications were obtained 

from KUKA Global Customer Service. According to them, the bug was related to spline 

motions, and it will be fixed in the next update. 

 

 

 

Figure 27. Cleaning points were determined with respect to the new additional frames. 

a) Additional frames were created for the parametrization. b) Visualized cleaning 

point. 
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These changes can be considered significant because they made the cleaning movements 

parametrizable. The parameters of the position variables can be determined anywhere in the 

program, therefore almost 30 control parameters were created. Because the points were 

determined with respect to the additional frames, their parameters can be adjusted along the 

axes of these frames. Due to the orientation of the frames was determined based on the 

shapes of the objects, the parameters of the cleaning points can be adjusted along the surfaces 

of the spout and hood. The control parameters were divided into different cleaning phases. 

Therefore, some of them were determined multiple times (Table 9) that the cleaning process 

can be controlled in the smaller parts. 

 

Table 9. A total of 30 control parameters were created to adjust the cleaning programs. 

Cleaning parameter Number of parameters 

Width 2 

Depth 9 

Angle 4 

Number of steps 2 

Step length 4 

Side 2 

Tuning parameters 2 

Cleaning length 2 

 

The values of the control parameters can be modified at the beginning of the program, 

therefore there is not anymore need to find a specific motion command to modify the 

cleaning process. The control parameters are used to modify the parameters of the cleaning 

points, for example, as follows:  

 

 CleaningPoint. Y =  CleaningPoint. Y − Width    (3.7) 

 

CleaningPoint. Z =  CleaningPoint. Z − Depth   (3.8) 
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Because one of the purposes of this research was to decrease the level of competence 

required during the commissioning, the relationships between the parameter changes were 

also considered. In practice, one parameter change is not anymore requiring the changes 

elsewhere. This was implemented by creating mathematical equations between the 

parameters and paying attention to their order. Thus, the required changes to the other 

parameters are made automatically. For reasons of secrecy, these mathematical equations 

have been excluded from the public research paper. In any case, a couple of examples of the 

parameter change automation are shared. Due to the shape of the tool, the cleaning depth is 

automatically updated if the cleaning width is modified as is expressed in the Figure 28. In 

the previous programs, both had to be modified separately. Another example of the benefits 

of the new programs is the cleaning angle modification, where the robot commissioner can 

set a new cleaning angle, and a new cleaning point is calculated automatically in the 

background of the program. In the previous programs, the angle change required at least 

three additional changes.  

 

 

Figure 28.  A cleaning depth is automatically adjusted when the cleaning width is changed 

due to the shape of the spout. 

 

Some restrictions were also needed to automate parameter changes. As can be seen from the 

Figure 29, a, the roof of the hood restricts the cleaning movements, thus the maximum 

cleaning trip must be calculated after the parameter changes. The maximum cleaning trip 
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depends on the angle between the spout and the tool; thus, the limiting point was defined for 

the cleaning. The maximum cleaning trip will be automatically calculated based on the 

determined cleaning angle and the limiting point. Due to the actual cleaning trip depends on 

the location of the starting point, the number of steps and the step length, the maximum steps 

were calculated based on the maximum cleaning trip. Therefore, the cleaning movements 

will be executed based on the maximum steps and the collisions with the hood roof can be 

avoided. Thus, these limitations reduced the possibility of human error and expedited the 

commissioning of the robot.  

 

Although the parameters were created to control the cleaning programs, they can be also 

utilized in the future to select the correct size of the robot and thus to optimize the robot cell. 

As was expressed earlier, the size of the recovery boiler also affects the number of spouts 

and the distance between them. Therefore, the parameter called “Reachability” was created 

(Figure 29, b). It can be used to test the reachability of the robot in the different environments 

in the future. In practice, it is possible to test how far the robot tool extends inside the boiler, 

which is one of the decisive factors in choosing a robot. These reachability tests can be 

executed already in the design stage by using the robotic simulation. Thus, the suitability of 

the robot can be also ensured in the new scenarios.  

 

  

 

Figure 29. New control parameters are used to calculate the maximum cleaning trip. One of 

the new parameters can be used to evaluate the reachability of the robot. 

a) A roof of the hood restricts the cleaning. b) Reachability of the robot can be tested. 
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As previously stated, there may be mechanical installation errors between the spout and hood 

due to the attachment between them. Since the base coordinate system will be determined 

by the points of the hood, the mechanical error should be correlated in the spout cleaning 

program. One of the new control parameters was created to change the location the spout 

cleaning frame along the Y axis. The adjustment will be performed using the geometric 

operator as follows:  

 

 CleaningFrame. Y = CleaningFrame. Y: Tuning  (3.9) 

 

The mathematical background of the geometric operator was expressed in the Chapter 2.1. 

The location of the cleaning frame can be adjusted for each spout separately. 

 

3.4 Optimization of the tool orientation  

In the old versions of the cleaning programs, the actual cleaning movements were executed 

using the directions of the tool coordinate system in the relative motion commands. Due to 

the carrot-like shape of the tool, the orientation of the tool relative to the hood wall could 

not be optimized in the relative motion commands. In practice, only a certain part of the tool 

cleaned the wall surfaces.  In the new cleaning programs, where the cleaning points are 

determined with respect to the additional frames, the optimization of the tool orientation was 

possible. The orientation of the tool was optimized according to the orientation of the wall 

and thus the cleaning movements will be executed between the cleaning points using SLIN 

commands and the directions of the frames. As a result, the cleaning will be smoother in the 

future. 

 

As was expressed earlier, the commissioning of the middle hood cleaning program was time-

consuming due to the limits of the A5 axis and thus the cleaning points had to be modified 

several times. Due to the optimization of the tool orientation, there would have been more 
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problems with the A5 axis in the new version of the program. Therefore, a new additional 

rotation feature was created where the middle hood can be cleaned up using two different 

orientations of the tool coordinate system (Figure 30). This gives the A5 axis considerably 

more room to maneuver depending on the situation. The new feature can be utilized on the 

left and right sides of the hood as well as for the spout cleaning. 

 

 

Figure 30. The middle hood and smelt spout can be cleaned using different orientations of 

the tool coordinate system. 

 

The axes’ positions during the cleaning programs depend on many aspects, such as the 

cleaning angle, the location of the middle spout relative to the robot and orientation of the 

smelt spout. Because all of them can change, it is difficult to determine the exact point for 

the rotation. Thus, the limits of rotation feature can be roughly determined based on the 

locations of the cleaning frames in the ideal situation where the middle spout is in the same 

line with the robot. The location of center of the spout is always known with respect to the 

base coordinate system due to the parametrized frame that was expressed in the Figure 27, 

a. Hence, its location with respect to the world coordinate system can be obtained by the 

geometric operator as: 

 

 SpoutLocation = BASE_DATA[2]: SpoutFrame  (3.10) 
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The rotation limit point for the spout cleaning can be roughly determined to be zero. In 

practice, the tool orientation is rotated if the Y coordinate of the cleaning frame is greater 

than zero because then the mobility of the A5 axis can be improved by the rotation feature. 

When cleaning the left wall (LW) of the hood, the A5 axis is even closer to its limit than it 

was before due to the optimized tool orientation. On the right wall (RW), the optimization 

made more space for the A5 axis. Due to the opening shape of the hood and the limitations 

of the robot axes, each side must have its own limit point for the rotation. The corners of the 

hood walls were parametrized with respect to the base coordinate system; therefore, their 

locations can be calculated with respect to the world coordinate system as: 

 

 RightCornerLocation = BASE_DATA[2]: RightCorner  (3.11) 

 

 LeftCornerLocation = BASE_DATA[2]: LeftCorner  (3.12) 

 

From the Equations 3.11 and 3.12, the locations of the corners in the ideal situation can be 

obtained. Based on these ideal locations, the rotation limits can be determined as is expressed 

in the Table 10. In practice, the right side of the hood is always cleaned in the traditional 

way, unless the location of the right corner exceeds the X axis of the world coordinate 

system. The left side of the hood is always cleaned up using the different orientation of the 

tool coordinate system unless the location of the left corner is less than or equal to zero. It is 

important to note that these limits are recommendations based on the ideal situation. Actual 

limits should be determined on a case-by-case basis. 

 

Table 10. Recommendations points for the rotation. 

Cleaning phase Y- coordinate of the rotation point with respect the world 

Spout Cleaning SpoutLocation.Y > 0 

Hood Cleaning – RW RightCornerLocation.Y <= 0 

Hood Cleaning – LW LeftCornerLocation.Y => 0 
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Due to the new rotation feature, the additional program was created around the cleaning 

programs. Its purpose is to check the locations of the relevant points always before the 

cleaning programs. If the conditions (Table 10) associated with the cleaning programs are 

met, the tool is rotated before the cleaning in front of the smelt spout. If the orientation is 

changed, the orientations of the cleaning points are automatically updated to the correct 

value. Although the rotation feature is only needed at the middle spout, the orientation check 

program is executed before each spout. In this way it is possible to update the orientation of 

the cleaning points also to the left spout where the tool orientation differs from the right 

spout as was expressed in the Appendix 4.  

 

3.5 Practical tests 

After the development process, the functionality of the new programs was tested in the test 

environment (Figure 31). The test environment included a steel support structure, three smelt 

spouts and the robot which model was KR250 R2700-2 C. The hood models were still the 

old ones (Figure 32) because the new models were not still arrived at the testing site.  

 

 

Figure 31. Practical tests were performed in the test environment that included a steel support 

structure, three smelt spouts, and the robot. 
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Figure 32. The hood models had not been updated in the test environment. 

 

The practical tests began by creating the teaching tool for the tests. A truncated pen was 

placed at the end of the cleaning tool, as is shown in the Figure 33, a. In this way, it was 

possible to measure the points more accurately. Due to the old hood models, the locations of 

the base coordinate systems had to be marked as is expressed in the Figure 33, b.  

 

 

 

Figure 33. A truncated pen was placed at the end of the cleaning tool to measure the locations 

of the base coordinate systems. 

 

a) A teaching tool for the 

tests.  

b) The locations of the base coordinate 

systems were marked on the old hood models.  
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The practical tests were performed a total of three times. Each of tests began with teaching 

the base coordinate systems of the spouts using a new teaching method that was expressed 

in the Chapter 3.3. The new cleaning programs were then transported to the robot for the 

practical tests. The first tests were executed by the author of this research. He had 

intermediate knowledge of robotics because he understood the basics of robotics but had 

limited experience. The practical tests were his fourth time manipulating a real robot. The 

following tests were performed in collaboration with a robot expert. In the second and third 

tests, the purpose was also testing the automation alongside the new teaching method and 

new cleaning programs. For the automation, the robot expert had created PLC programs 

based on the development steps of this research. 

 

The test environment remained the same in the tests, but there were some differences 

between the robot and the tool in the tests. These differences are expressed in the Table 11: 

 

Table 11. The test environment remained the same in the practical test, but there were 

mechanical differences. 

Test 

number 

Robot (KR250 R2700-2 C) Tool 

1 • Old robot that was already used to 

execute the old versions of the 

programs. 

• The tool was old and already used. 

2 • The robot was replaced by a new one. 

• The model was same than in the first 

test. 

• The tool was same than in the first test. 

3 • Same robot than in the second test. • The tool was replaced by a new unused tool. 

  

The functionality of the new base teaching process was tested by manipulating the tool to 

the approach points of the smelt spouts using preprogrammed movements from the 

simulation environment. After the approach points, the robot was jogged to the measurement 

points by using the robot teach-pendant. The locations for the base coordinate systems were 

determined as was shown in the Figure 35, b. The points P1, P2 and P3 for the calculation 
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were measured based on surface of the hood based on the instructions in the Chapter 3.3. 

However, there were no exact points for them.  

 

Therefore, a total of four points were measured from each smelt spout as is expressed in the 

Table 12. The calculation points were collected only from the first and third practical tests 

because the tool was bent during the teaching process in the second tests. In any case, the 

calculation was executed successfully each time. The base coordinate systems with 

calculated Euler Angles are expressed in the Table 13.   

 

Table 12. Coordinates of the measured points in the first and third practical test. 

Spout 1  Teaching process 1 Teaching process 3 

Origin {X 2393.87, Y -1634.43, Z -1966.54} {X 2390.52, Y -1630.23, Z -1975.64} 

P1 {X 1993.22, Y -1842.45, Z -1981.46} {X 1999.51, Y -1839.30, Z -1989.58} 

P2 {X 2370.00, Y -1836.89, Z -1986.21} {X 2371.85, Y -1833.91, Z -1992.72} 

P3 {X 2370.00, Y -1608.08, Z -1986.92} {X 2373.75, Y -1605.01, Z -1994.37} 

Spout 2    

Origin {X 2393.99, Y 100.22, Z -1980.77} {X 2391.04, Y 103.59, Z -1987.08} 

P1 {X 1981.78, Y -110.69, Z -2014.63} {X 1991.41, Y -106.93, Z -2018.83} 

P2 {X 2367.32, Y -105.66, Z -2010.43} {X 2366.77, Y -102.32, Z -2015.80} 

P3 {X 2367.32, Y 125.76, Z -2004.77} {X 2354.81, Y 128.43, Z -2009.96} 

Spout 3    

Origin {X 2374.93, Y 1828.22, Z -1957.88} {X 2380.19, Y 1825.26, Z -1951.04} 

P1 {X 1964.28, Y 1621.44, Z -1983.09} {X 1976.75, Y 1617.79, Z -1979.42} 

P2 {X 2346.02, Y 1625.04, Z -1982.40} {X 2345.21, Y 1620.51, Z -1979.78} 

P3 {X 2345.56, Y 1855.16, Z -1975.97} {X 2327.27, Y 1851.55, Z -1973.95} 

 

As was expressed earlier, the measured points were collected into the FRAME variables. 

Then the orientation calculation was executed in the robot controller. After the calculation, 

the base coordinate systems were automatically determined in the system.  
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Table 13. Calculated base coordinate systems for the spouts. 

Base Coordinate Systems - Teaching process 1 

Spout 1 {X 2393.87, Y -1634.43, Z -1966.54, A 0.85, B 0.72, C -0.17} 

Spout 2 {X 2393.99, Y 100.22, Z -1980.77, A 0.75, B -0.62, C 1.39} 

Spout 3 {X 2374.93, Y 1828.22, Z -1957.88, A 0.54, B -0.10, C 1.60} 

Base Coordinate Systems - Teaching process 2 

Spout 1 {X 2393.26, Y -1634.53, Z -1969.02, A 0.79, B 0.51, C -0.51} 

Spout 2 {X 2393.48, Y 98.14, Z -1983.40, A 0.78, B -0.55, C 1.48} 

Spout 3 {X 2378.54, Y 1830.75, Z -1956.16, A 0.58, B 0.11, C 1.80} 

Base Coordinate Systems - Teaching process 3 

Spout 1 {X 2390.52, Y -1630.23, Z -1975.64, A 0.83, B 0.48, C -0.40} 

Spout 2 {X 2391.04, Y 103.02, Z -1986.72, A 0.70, B -0.46, C 1.47} 

Spout 3 {X 2380.19, Y -1825.26, Z -1951.04, A 0.42, B 0.06, C 1.44} 

 

Thus, the teaching processes were successfully executed by two different persons. During 

the teaching processes, the functionality of the parametrized teaching process was also 

tested. There, the robot was manipulated to the measurement points by modifying the control 

parameters that were introduced in the Table 8. Due to the cramped environment, and the 

length and shape of the tool, also the B angle with respect to the world coordinate system 

was modified. Therefore, the knowledge of the teach-pendant was required.  

 

As was expressed earlier, the first practical test was executed by the author of this research. 

After the base teaching process, the spout and hood cleaning programs were tested. They 

worked immediately as was expected, and there were no surprising movements. Some 

adjustments had to be done due to mechanical differences between the spouts. The cleaning 

was executed more on the left side at the first and the second smelt spout, as is expressed in 

the Table 14. Thus, the cleaning frame of the spout was moved along the negative Y axis by 

modifying the new control parameter (Equation 3.9). Specific modifications and results from 

the first practical tests are expressed in the Table 14.  
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Table 14. Summary of the results of the first practical tests. 

Procedure Results 

Smelt Spout 1 - Right Smelt Spout 2 - Middle Smelt Spout 3 - Left 

Spout 

Cleaning 

 

Hood 

Cleaning  

• The tool cleaned the 

spout more from the 

left side. 

• Tool touched the 

spout slightly on the 

right at the 

beginning and on the 

left at the end. 

• The tool cleaned the 

spout more from the left 

side. 

• The cleaning points 

were higher at the end 

of the spout. 

• Programs were executed 

successfully.  

Modifications • Cleaning frame of 

the spout was moved 

-7.5 mm along –Y 

axis. 

 

• Cleaning frame of the 

spout was moved -5 mm 

along –Y axis. 

• The B-angle of the base 

coordinate system was 

increased. 

• No modifications. 

 

The second tests were performed by a robot expert, under the supervision of the author of 

this research. The purpose of the tests was to test the automation along the new methods and 

programs. During the automation test, the tool hit the post of the support structure and was 

bent. The collision occurred after the first base coordinate system had already been taught. 

Therefore, the base coordinate systems for the middle and left spout were taught with an 

indirect tool. However, the required modifications were similar to the first test, as is shown 

in the Table 15.  

 

The third test was also executed in collaboration with a robot expert. The tool was replaced 

by a new one as was expressed in the Table 11. The results of the final practical tests 

corresponded well to previous tests and the required modifications were similar. In addition 

to the previous modifications, the A angle of the base coordinate system for the first spout 

was modified because the tool did not move along the X axis of the cleaning frame. The 

cleaning points were more on the left at the end than at the beginning. The summary of the 

results is expressed in the Table 16. 
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Table 15. Summary of the results of the second practical tests. 

Procedure Results 

Spout 1 - Right Spout 2 - Middle Spout 3 - Left 

Spout 

Cleaning 

 

• The tool cleaned the 

spout more from the 

left side. 

• Tool touched the 

spout slightly on the 

right at the beginning 

and on the left at the 

end. 

• The cleaning points 

were higher at the end 

than at the beginning. 

• Program was executed 

successfully. 

Modifications • Cleaning frame of 

the spout was moved 

-7.5 mm along –Y 

axis. 

• The B-angle of the base 

coordinate system was 

increased 0.5 degrees. 

• No modifications. 

 

Table 16. Summary of the results of the third practical tests. 

Procedure Results 

Spout 1 - Right Spout 2 - Middle Spout 3 - Left 

Spout 

Cleaning 

• The tool cleaned the 

spout more from the 

left side. 

• The tool did not 

move directly along 

the X axis of the 

cleaning frame. The 

difference was 

approximately 5 mm 

at the end. 

• The tool cleaned the 

spout more from the left 

side. 

• The cleaning points 

were slightly higher at 

the end than at the 

beginning. 

• Program was executed 

successfully. 

Modifications • Cleaning frame of 

the spout was moved 

-5 mm along –Y 

axis. 

• The A-angle of the 

base coordinate 

system was increased 

0.4 degrees. 

• The B-angle of the base 

coordinate system was 

increased 0.3 degrees. 

• Cleaning frame of the 

spout was moved -6 mm 

along –Y axis. 

 

• No modifications. 
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Due to the parametrized robot programs, the robot no longer had to be manipulated during 

the commissioning of the cleaning programs. As was shown in the Tables 14 – 16, the 

programs were executed with small modifications. The functionality of the control 

parameters was also tested successfully in the practical tests. They worked as was expected, 

so the cleaning process could be further adjusted by changing the values of the control 

parameters such a cleaning angle, width, and depth. 

 

The new cleaning programs were also connected to the PLC by the robot expert. Thus, the 

parameters can be easily changed by written their values on the touch screen. The limit 

values were also determined to the parameters. The detailed instructions about the 

parameters changes and new features were also written but were omitted from the public 

version of the research as was expressed earlier. 
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4. Result analysis 

The results of the research were analyzed in this chapter. The chapter summarizes the main 

development steps and evaluates their success by analyzing the accuracy of the practical 

tests. In addition, the utilization of the simulation is reviewed and the recommendations for 

the future are expressed. 

 

4.1 Summary of the development process 

The purpose of the research was to facilitate and simplify the commissioning of the Smelt 

Spout Robot. The purpose was also decreasing the required level during the robot 

commissioning by parametrizing the robot programs. The old programs had been created 

using a traditional robot programming which made commissioning challenging and time-

consuming. Due to the growing order backlog, commissioning had to be accelerated and 

simplified to anticipate future challenges. This chapter summarizes the steps in the 

development process by analyzing the modifications.  

 

One of the drawbacks previously was the inaccurate location of the base coordinate system. 

The inaccuracy was also increased by evaluating the orientation of it. If the locations of the 

base coordinate systems on site differed from the test environment, this could be noticed as 

a difference in the cleaning points that were determined as an offset from the origin. Thus, 

these points had to be re-taught on site, which increased the time required for the 

commissioning. In addition, it also increased the complexity of the commissioning because 

the points had to be re-taught by manipulating the tool of the robot using a teach-pendant.  

 

The origin of the base coordinate system was previously located inside the hood on the 

spout’s surface, making it difficult to determine. As was expressed in the Chapter 3.3, at the 

beginning of the development process the origin of the base coordinate system was 

determined to the specific point on the surface of the hood. By visualizing the location of 
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the origin, its teaching accuracy was improved. In addition, it can be determined quickly in 

the future when its location is clearly known. Due to the origin was determined outside of 

the hood, the safety of the teaching situation was also improved. The closed door protects 

the commissioner from sudden splashes from the boiler if the boiler is running. 

 

The level of competence required during the commissioning was not significantly reduced 

by determining the location of the origin of the base coordinate system to the exact point 

because its orientation is varying between the spouts. Therefore, the aim was also to get rid 

of the evaluation of the orientation of the base coordinate system. As was expressed in the 

Chapter 2.1.1, the orientation of a rigid body can be determined by the Euler Angles. 

Understanding them requires knowledge of the mathematical background of the rotations, 

as the rotations can be determined in different orders. Thus, it can be difficult for the human 

brain to understand the significance of the rotation angles.  

 

Hence, the orientation calculation was integrated into the teaching process of the base 

coordinate system, as was expressed in the Chapter 3.3. For the calculation, the robot 

commissioner must measure three additional points to calculate the Euler Angles. After the 

calculation, the Euler Angles are automatically determined to the base coordinate system. 

Thus, the benefit of the calculation is that the Euler Angles do not to be evaluated anymore. 

On the other hand, the disadvantage of the calculation would be increased number of the 

point to be taught. However, it can be assumed that is easier to measure the locations of three 

additional points after measuring the location of the origin of the base coordinate system 

than to start estimating the Euler Angles based on the robot movements.  

 

In any case, manipulating the robot to a few extra points is easy for a robot expert, but for 

the inexperienced this can cause difficulties. Therefore, an automated program was created 

in which the robot can be manipulated by changing the values of the parameters (Table 8). 

This way, the commissioner does only need to know the directions of the axes of the world 

coordinate system. The teaching process was further facilitated in collaboration with the 

robot expert, who connected it to the PLC. Thus, the robot can be manipulated from the 
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touch screen by pressing the move buttons that were based on the parameters of the Table 8. 

The comparison between old and new teaching process is expressed in the Table 17. 

 

Table 17. Comparison of the old and new teaching process for the base coordinate systems. 

Teaching process Old  New  

Exact point for the origin No  Yes 

Location of the base coordinate system Inside the hood Outside of the hood 

Rotations Evaluated Calculated 

Teaching points 1 4 

Automated No Yes 

 

Even if the number of teaching points increased, the benefits of the new teaching process 

can be considered significant. By increasing the accuracy of the base coordinate system, the 

error of the cleaning points is reduced. In this way, the offset of the points from the origin 

does not need to be adjusted and the additional teaching work is avoided.  

 

One of the main purposes of the research was to parameterize the robot programs using 

robotic simulation. Because the purpose of the parametrization was to expedite the 

commissioning and decrease the level of competence, it was also important to get rid of the 

problem areas. Previously the cleaning points had to be taught by manipulating the real robot 

to the cleaning points. Thus, the accuracy of the points depended on the level of expertise of 

the commissioner. These points were very important for the cleaning process as they were 

the starting points for the actual cleaning movements. In practice, the quality of the cleaning 

programs depended also on the level of expertise of the commissioner. 

 

Therefore, there were significant changes in the cleaning programs. The advantages of the 

simulation were utilized in the editing of the programs by creating additional frames for the 

cleaning programs based on the 3D models of the smelt spout and hood. The frames had not 

been used in the previous programs because the determination of them was difficult with the 

traditional methods. These frames enabled to create additional coordinate systems to the 

cleaning process. Thus, the programs can be divided into the smaller parts and the 
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movements could be performed in different coordinate systems in different parts of the 

program. These additional frames were not just parameterized points as offsets from the base 

coordinate system, they were also oriented according to the cleaning surface. 

 

All cleaning points were converted to the position variables that were parametrized to these 

additional frames. Due to the drawbacks of the relative motion commands, also the actual 

cleaning movements were converted to the position variables with respect to the frames. 

These changes allowed for many other benefits. First, due to the parameters of the position 

variables can be modified anywhere in the program, it is no longer necessary to search for a 

specific motion command to adjust the cleaning. Thus, a total of 30 control parameters were 

created. Second, because the cleaning movements were determined with respect to the 

additional frame that was oriented based on the cleaning surface, the orientation of the tool 

relative to the cleaning surface was also optimized. Thus, the cleaning efficiency of the tool 

was increased.  

 

In addition to the parametrization of the programs and optimization of the base coordinate 

system, the commissioning was also expedited with a new rotation feature. As was expressed 

earlier, the commissioning of the middle spout required a lot of time due to the limit of the 

A5 axis and the location of the smelt spout relative to the robot. Therefore, a new rotation 

feature was created where the tool can be rotated for the left wall cleaning of the hood. This 

gives considerably more clearance to the A5 axis. The possibility of rotation was also added 

for the right wall cleaning and for the spout cleaning that the cleaning process can be 

optimized in the different situations. The main changes between the old and new cleaning 

programs are summarized in the Table 18. 
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Table 18. Comparison of the old and new cleaning programs. 

Cleaning programs Old  New  

Number or points that should be taught with a 

real robot 

10 0 

Relative motion commands  60 2 

Frames  0 6 

Position variables  0 24 

Control parameters 0 30 

Tool orientation optimized relative to the 

cleaning surface 

No Yes 

Possibility to use two different orientations of the 

tool coordinate system in the middle smelt spout 

No Yes 

 

As can be seen from the Table 18, the structure of the cleaning programs changed radically. 

The accuracy and the success of the development process is evaluated in the following 

chapter. The decline in the level of competence and the acceleration of the commissioning 

are analyzed in more detail in the Chapter 4.3. 

 

4.2 Accuracy of the results  

The accuracy of the new cleaning programs depends mainly on the accuracy of the base 

coordinate system. If the location and orientation of the base coordinate system can be 

determined as accurately as in the virtual world, the cleaning programs should always work 

perfectly due to parametrization. However, there are always mechanical differences between 

the real world and the virtual world due to the manufacturing tolerances. Therefore, the 

control parameters were created.  

 

In any case, the accuracy of the base coordinate system has the biggest impact on the 

cleaning programs. Therefore, the results of the teaching processes and the success of the 

cleaning programs should be compared to evaluate the functionality of the whole 

development process in practice. Based on the values in the Table 13, the difference of the 

translational coordinates of the base coordinate systems between the teaching processes are 



72 

 

calculated on the Tables 19 – 21. The main mechanical differences between the tests are also 

expressed there. Some of the base coordinate systems were determined with an indirect tool 

in the second teaching process. Differences that may have been affected by the twisted tool 

are marked with the symbol “ * “. 

 

Table 19. Differences between the translational coordinates of the base coordinate systems 

between the first and second teaching process. 

Compared 

teaching 

processes 

Spout Difference in the translational coordinates To consider 

X (mm) Y (mm) Z (mm) 

1 → 2 1  -0,61 -0,10 -2,48 Robot was changed 

2* -0,51 -2,08 -2,63 

3* 3,61 2,53 1,72 

 

Table 20. Differences between the translational coordinates of the base coordinate systems 

between the first and third teaching process. 

Compared 

teaching 

processes 

Spout Difference in the translational coordinates To consider 

X (mm) Y (mm) Z (mm) 

1 → 3 1  -3,35 4,20 -9,10 Robot and tool were 

changed. 2 -2,95 2,80 -5,95 

3 5,26 -2,94 6,84 

 

Table 21. Differences between the translational coordinates of the base coordinate systems 

between the second and third teaching process. 

Compared 

teaching 

processes 

Spout Difference in the translational coordinates To consider 

X (mm) Y (mm) Z (mm) 

2 → 3 1  -2,74 4,30 -6,62 Tool was changed. 

2* -2,44 4,88 -3,32 

3* 1,65 -5,49 5,12 
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As could be noticed from the tables above, there was variation in the differences. The 

maximum difference between the components of the origin was 9,1 mm and the minimum 

was 0,1 mm. Because the measurements results depended on many factors, the exact causes 

of the differences are difficult to determine. However, it is important to assess the possible 

causes to improve the accuracy in the future. By assuming that the spout and hood have 

remained in place between the tests, the possible causes for the difference were the change 

in the robot’s location, the straightness of the tool, human error, the inaccuracy of the 

teaching methods and manufacturing errors of the hood. 

 

The base coordinate systems were taught at almost to the same point between the first and 

second teaching process (Table 19). When comparing these processes with the third teaching 

process (Table 20 & 21), the differences were larger. Due to the exchange of the robot 

between the first and second tests, it was possible that the direction of the robot changed 

slightly during the exchange. As was expressed earlier, it has a direct effect on the world 

coordinate system and thus on the location of the base coordinate systems. However, the 

maximum difference between the components was 2,48 mm, as was expressed in the Table 

19. The base coordinate systems at the second and third spout were not directly comparable 

because the tool was bent in the second tests. Thus, it seems that the robot exchange had no 

significant effect on the process. Such a difference may be due to the inaccuracy in the 

teaching tools (Figure 33) or human error.  

 

It can be assumed that the differences may have been larger at the second and third spout 

due to the twisted tool (Table 19). The straightness of the tool had a significant effect on the 

correctness of the points because the main purpose of the new teaching process was to guide 

the TCP to the desired point visually. Because the TCP of the twisted tool does not 

correspond to the correct position of the tool coordinate system, the invalid point will be 

stored to the system, as is shown in the Figure 34 on the left. 

 

The calculation had been made simple because only the translational coordinates of the 

measured points were collected. In this way, the significance of the approach direction had 

been removed. On the other hand, if the points are measured with a twisted tool, the approach 
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direction is also important. This could be seen in the Table 19, where the differences were 

negative at the second spout but positive at the third spout due to the different approach 

orientation of the tool coordinate system. The situation is visualized in the Figure 34 on the 

right.  For these reasons, it is extremely important to use a direct tool during the teaching 

processes. Therefore, it is important to teach the tool checkpoint where the straightness of 

the tool can be checked. However, the recommendation for the future is that the tool should 

be replaced if it bends. 

 

 

Figure 34. An invalid point will be stored in the system with a twisted tool. The direction of 

the error depends on the orientation of the tool coordinate system. 

 

The differences increased significantly between the first and third teaching process. 

According to the Table 20, the differences between the components of the origins were at 

most 9,1 mm. The differences can be also noticed in the Table 21, where the differences in 

the Y and Z components of the calculation points are expressed. Also, the range between the 

differences, the means of the transitions and the maximum deviation from the mean 

transitions were calculated. The X components were not compared, because there were so 

dependent on the locations of the measured points. 
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Table 22. Differences between the translational coordinates of the calculation points between 

the first and third teaching process. 

Spout  Point Difference between the teaching processes (Process 1 −> Process 3) 

Difference Y (mm) Difference Z (mm) 

1 P1 3,15 -8,12 

P2 2,98 -6,51 

P3 3,07 -7,45 

Range (mm) 0,17 1,61 

2 P1 3,76 -4,20 

P2 3,34 -5,37 

P3 2,67 -5,19 

Range (mm) 1,09 1,17 

3 P1 -4,65 3,67 

P2 -4,94 2,62 

P3 -3,61 2,02 

Range (mm) 1,33 1,65 

Mean of the transitions 3,57 5,02 

Maximum deviation from the 

mean  

1,37 3,10 

 

As can be noticed from the Table 22, the transitions were large in some components of the 

points. The maximum displacement was 8,12 mm, which cannot only be explained by the 

inaccuracy of the measurement tools or human error. The means of the transitions were also 

high which indicates a mechanical difference between the tests. As was expressed earlier, 

the new tool was exchanged for the last tests, so perhaps the exchange has affected the 

differences. In addition, the components have been changed approximately by the same 

amount (range) at each spout, suggesting that the points have been affected by some external 

factor. The maximum deviations from the mean values were also so low which can be caused 

by the inaccuracy of the teaching tool.   

 

Because the new tool can be assumed to be straight, it can be stated that the old tool was 

already twisted before the first practical test. In reality, the straightness may also vary due to 

manufacturing tolerances. In other words, it is also possible that a measurement error also 

occurs with the new tool. The tool can cause errors in the parameters of the points, in which 
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case there is no guarantee that the calculation will be successful. Therefore, the error caused 

by the tool should be minimized by approaching the calculation points always from the same 

direction. Thus, the error has the same direction at every point and the orientations can be 

calculated successfully. In the practical tests, the approach direction of the tool had to be 

adjusted due to the length and shape of it (Figure 35). That can be prevented in the future by 

manufacturing a new shorter and sharper teaching tool.  

 

 

Figure 35. The angle B of the teaching tool should be modified during the teaching process 

due to the length and shape of the tool. 

 

The accuracy of the measuring points is essential for the entire commissioning because they 

are used to calculating the orientation of the base coordinate system. In other words, they 

determine the direction of the movements. The Table 23 summarizes the Euler Angles of the 

base coordinate systems and expresses the range of the angle differences between the 

teaching processes. Euler Angles that may have been affected by the twisted tool are marked 

with the symbol “*“. 

 

Table 23. A summary of Euler Angles and their range between the teaching processes. 

Teaching process Spout 1 – Euler Angles 

(degrees) 

Spout 2 – Euler Angles 

(degrees) 

Spout 3 – Euler Angles 

(degrees) 

A B C A B C A B C 

1 0,85 0,72 -0,17 0,75 -0,62 1,39 0,54 -0,10 1,60 

2 0,79 0,51 -0,51 0,78* -0,55* 1,48* 0,58* 0,11* 1,80* 

3 0,83 0,48 -0,40 0,70 -0,46 1,47 0,42 0,06 1,44 

Range (degrees) 0,06 0,24 0,23 0,08 0,16 0,09 0,16 0,21 0,36 
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As was shown in the Table 23, there was variation in the values of the Euler Angles between 

the teaching processes. The differences were the smallest at the A angles and the largest at 

the C angles. The angle change of the base coordinate system has a direct effect on the 

location of the points that are determined with respect to it. The Table 24 provides an 

example of the effect on a point that is located one meter away from the origin. The 

differences were calculated using trigonometry. 

 

Table 24. The angle change of the base coordinate system effect on the location of the point 

that is determined with respect to it. An example point is located one meter away from the 

origin. 

Angle Minimum angle 

range (degrees) 

Difference at one 

meter (mm) 

Minimum angle 

range (degrees) 

Difference at one 

meter (mm) 

A 0,06 1,05 0,16* 2,79 

B 0,16 2,79 0,24 4,19 

C 0,09 1,57 0,36* 6,28 

 

According to the Table 24, the minimum angle variation was 0,06 degrees at angle A. It 

means that the location of the point moves 1,05 mm along Y axis. The maximum angle 

variation was 0,36 degrees at angle C which means that the point moves 6,28 mm along Z 

axis one meter away. Differences in the B-angle can also be seen as changes on the Z axis. 

However, the points are moving along the arc of the circle, so changes also occur on other 

axes. 

 

The angle changes can be examined also with the smelt spout dimensions such as the length 

of the spout (730 mm). The teaching accuracy of the angle A can be considered very 

accurate, because in the commissioning situation, an angle difference of 0,16 degrees would 

mean 2,04 mm difference between the beginning and the end of the spout. This would be 

impossible to detect with the human eye. The teaching accuracy of the B angle was also very 

high because the maximum angle difference between the processes was only 0,24 degrees 

which mean 3,05 mm difference along the spout. The largest differences were in the 
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measurement of C-angles, presumably due to the short measurement interval. On the other 

hand, the measurement interval corresponds to the width of the spout. The angle difference 

of 0,36 degrees can be detected as a 0,78 mm difference in the width of the spout. So even 

if the angle range of C was larger, the dimensional accuracy was sufficient.  

 

When comparing the differences between the Euler Angles, it is important to understand the 

influencing factors and look at the consequences of the differences. By considering the 

twisting of the tool during the second teaching process, the biggest differences in the A and 

C angles can be ignored (Table 24). Thus, the maximum difference in the A-angles was only 

0,10 degrees and at the C-angle 0,24 degrees. Based on the calculation, the values of Euler 

Angles A and B were calculated from the direction of X axis (Figure 36). Its direction is 

determined based on the calculation points P2 and P1. Based on the Table 12, the vectors 

between these points can be formed at different spouts after the first and third teaching 

processes as is shown in the Table 25. 

 

 

Figure 36. Euler Angles A and B can be calculated based on the direction of the X axis. 

 

Table 25. Vectors between the points 𝐏𝟐 and 𝐏𝟏 after the first and third teaching processes. 

Spout Vector Teaching process 1 Teaching process 3 Angle difference  

A (deg) B (deg) 

1 𝐏𝟐𝟏 376,78 𝐢 − 5,56 𝐣 + 4,75 𝐤 372,34 𝐢 − 5,39 𝐣 + 3,14 𝐤 -0,02 -0,24 

2 𝐏𝟐𝟏 385,64 𝐢 − 5,03 𝐣 − 4,20 𝐤 375,36 𝐢 − 4,61 𝐣 − 3,03 𝐤 -0,05 0,16 

3 𝐏𝟐𝟏 381,74 𝐢 − 3,60 𝐣 − 0,69 𝐤 368,46 𝐢 − 2,72 𝐣 + 0,36 𝐤 -0,12 0,16 
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Regardless of the mechanical differences such as the exchange of the tool, the difference in 

the Euler Angles A and B were low.  It can be also seen from the vector 𝐏𝟐𝟏 components 𝐣 

and 𝐤 that were very similar between these processes. The 𝐢 component was varying due to 

the inaccurate points for the calculation. Because the direction of the vector depended on the 

points P2 and P1, it was also depended on the straightness of the measured line between them. 

Because the points were measured from the surface of the hood, the line was dependent on 

the accuracy of the hood design.  

 

Even if the points P1 and P2 were measured from the determined line, there may be an error 

in the calculated Euler Angles due to the mechanical errors. The Euler Angle A depends on 

the error on the Y axis and B depend on the error on the Z axis, as is shown in the Figure 37. 

It visualizes that the determined angles may not correspond to the orientation of the entire 

body. The magnitude of the error may also depend on the measurement interval of the points, 

as the exact location of the mechanical error cannot be known. Thus, the exact locations 

should be determined for the points in the future. In this way, the reproducibility of teaching 

processes is improved, as the calculated angles can be re-checked and verified by measuring 

the points again. One possible way to minimize the possibility of the error, is to calculate the 

Euler Angles from two different lines and compare the values. The mechanical errors can 

also affect the calculation of the Euler Angle C (Figure 38), which determines the directions 

of the Y and Z axes for the base coordinate systems.  

 

 

Figure 37. The mechanical errors can affect the values of the Euler Angles. 
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Figure 38. The mechanical error can affect the directions of the Y and Z axes of the base 

coordinate systems. 

 

The accuracy of the teaching process and the success of the development process can be 

assessed by looking at the test results of the new cleaning programs.  The hood cleaning 

program was tested only once for scheduling reasons. The program was tested successfully 

during to the first test. Because the modifications were not needed and the tool moved 

smoothly along the surfaces, the parametrization of the hood program can be considered 

successful. However, it should be noted that the hood design differed in test environment 

from the model that was used during the parametrization. Thus, the cleaning of the hood roof 

could not be tested. Outside the results of this research, it can be stated that the 

commissioning of the hood cleaning program has been performed successfully by a robot 

expert in the test environment of a customer project. 

 

The new parametrized spout cleaning program was tested successfully after each teaching 

processes. The Table 26 summarizes the modifications from the Table 14 – 16.  
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Table 26. The modifications in the spout cleaning programs during the practical tests. 

Practical 

test 

Spout  Rotations of base 

coordinate 

systems changed 

Changed 

Euler Angle 

Control 

parameters 

changed 

Names and directions of 

changed parameter 

1 1 No - Yes Frame of Spout (-Y) 

2 Yes B Yes Frame of Spout (-Y) 

3 No - No - 

2 1 No - Yes Frame of Spout (-Y) 

2 Yes B No - 

3 No - No - 

3 1 Yes A Yes Frame of Spout (-Y) 

2 Yes B Yes Frame of Spout (-Y) 

3 No - No - 

 

As can be seen in the Table 26, the results correlated with each other between the practical 

tests even if there were changes in the base coordinate system coordinates (Table 13). The 

tests showed that there were differences between the hoods and spouts due to the attachment 

between them. This was observed in each test with the first and second spouts. The 

mechanical error was corrected by the control parameter that was used the move the cleaning 

frame of the spout along Y axis. The exception was the second spout cleaning in the second 

test where was no need to move the frame. This difference can be assumed to be due to tool 

distortion that correlated the error in the right direction and the error was no longer detected 

in the human eye.  

 

One critical thing that was noticed in the tests were that the calculated B angle was not 

suitable for the spout cleaning at the second spout. The tool did not clean the spout at the 

end as deeply as from the beginning. The same error was repeated in each test but only at 

the middle spout. Since a similar problem did not occur on the other spouts it can be assumed 

due to a mechanical difference in the middle spout. Since the hood and spout are fastened to 

each other with bolts, there should be no difference in orientation between them. In other 

words, the calculated Euler Angles based on the hood points should also be usable for the 

spout. Therefore, the error can be caused due to the manufacturing error and thus the angle 

of the spout did not correspond the parametrized value of the cleaning frame. Other possible 
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reason is the poor structure of the test bench to which the hood and spout were attached. It 

had not been supported at all in the middle (Figure 32), so the hood may be momentarily 

bent around the Y axis due to the measuring force. The error was fixed by increasing the 

magnitude of the calculated B angle.  

 

Even if the modifications were similar between the tests, one additional modification was 

made in the last test. The calculated Euler Angle A was decreased at the first spout. Although 

the calculated angle corresponded in value to the first and the second tests (Table 23), the 

cleaning points were at the end more left than at the beginning. On the other hand, the same 

error can be assumed to have been affected in the first and second tests because the tool 

touched the spout surface at the beginning on the left and at the end on the right. Although 

the spout was cleaned well each time at the first spout, it seems that the calculated A-angles 

were slightly too large. There are a couple of possible reasons for the difference, a calculation 

error or the spout was not completely parallel to the hood in the test environment. A 

calculation error does not seem likely based on the coordinates of the measured points (Table 

12). However, it is possible that an error has occurred in the calculation due to external 

factors such as the straightness of the measured line as was visualized in the Figure 37. 

 

In retrospect, the angle correction method must be considered incorrect, because the angle 

changes of the base coordinate systems will affect also to the hood cleaning program. There 

could be unexpected changed in the locations of the hood cleaning frames, if the base 

coordinate system is adjusted according to the functionality of the spout cleaning. This can 

lead to difficulties during the commissioning. Therefore, the angle of the spout should be 

determined by modifying the B angle of the cleaning frame rather than angle of the base 

coordinate system. Thus, a new control parameter must be created for the future 

modifications. 

 

From the overall perspective, the development process can be considered successful, as it 

worked in practically the same way as in the simulation. Although there was a lot of 

mechanical variation between the tests such as the exchange of the tool and robot, the spout 

cleaning program worked each time with minor modifications. In addition, because the 
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modifications correlated well with each other, the error were probable due to the mechanical 

differences. Therefore, the parametrization of the spout cleaning program was successful. 

Because the functionality of the cleaning programs was dependent on the success of the 

teaching process and the programs were successful every time, the teaching process can be 

considered accurate.  

 

4.3 Filling the requirements 

When assessing compliance with the requirements of the research, the purposes and the 

overall research should be considered. The research had three different purposes. One of 

them was to reduce the time it takes teaching the points in the test environment. The second 

purpose was to decrease the level of competence required during the commissioning from 

level 1 to level 2 (Chapter 1.1). In practice, these purposes were to be achieved by 

parameterizing robot programs and reducing the movements that should be taught. These 

modifications were made utilizing robotic simulation. Therefore, in the general level, the 

purpose was identifying the opportunities for the robotic simulation and offer new solutions 

and methods that could be utilized in the future robot solutions. 

 

According to the overall results of the development process, the number of points to be 

taught decreased in the cleaning programs from ten to zero. On the other hand, the number 

of points required to teach the base coordinate system increased from one to four due to the 

orientation calculation points.  In other words, a total of 12 points needs to be taught for the 

base coordinate systems at the default case in the future. Therefore, the number of points to 

be taught decreased by only one as is expressed in the Table 27. As the number of the smelt 

spout increases, the number of points to be taught will be higher in the future than it would 

have been before. 
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Table 27. A comparison of the number of the points that should be taught during the 

commissioning in the past and in the future. 

Part of the commissioning Past Future 

Teaching process 3 12 

Cleaning programs 10 0 

Total 13 12 

 

However, it is important to pay attention to the significance of these points and the time 

required to teach them than the number of them. Previously, the points were located inside 

the hood, and their teaching required understanding about the performance of the program. 

Due to the challenging location of the points, their teaching was also time-consuming. The 

commissioner also needed to know exactly the effect of the modifications. In practice, the 

points were taught by manipulating the tool for the point that seemed good. Then the success 

of the point had to be verified by executing the specific cleaning part and evaluate the 

performance.  

 

In the future, there will not anymore be the points that should be taught inside the hood. The 

points are located outside the hood very close to each other. They are also easy to teach 

because the only purpose is to guide the TCP visually to the points on the surface of the hood 

by following the detailed instructions. Therefore, it can be estimated that the time spent 

teaching the points has been decreased significantly although the number of points to be 

taught did not decrease much. 

 

The practical tests showed that the manipulation of the robot can be executed even from the 

PLC touch screen in the teaching situation. This decreases the level of competence, as the 

robot commissioner should only know the directions of the world coordinate system. Thus, 

the robot can be manipulated to the desired point by updating the parameters and pressing 

the move buttons. According to the results, the moving parameters were not sufficient. The 

angle of the tool had to be modified due to the shape of the tool. The diameter of the tool 

head was too large, to direct the TCP to the measurement points from any direction. The 

optimal approach direction could not be set at the approach point due to the length of the 
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tool and environmental constraints. Therefore, the magnitude of the angle B had to be 

increased using the robot teach pendant. By manufacturing the shorter teaching tool that is 

also sharper, these unnecessary angle changes can be avoided. In any case, it can be assumed 

that the level of competence has dropped to the level 2 (Chapter 1.1) in the base coordinate 

system teaching process. The Table 27 summarizes the factors that affected the level of 

competence in the teaching process. 

 

Table 27. Improvements and disadvantages of the new base coordinate system teaching 

process that affected the required level of competence. 

Improvements Disadvantages 

• Exact point for the origin. 

• Orientation is calculated. 

• Approach program to the spouts. 

• Robot can be manipulated to the points by 

modifying parameters. 

• More accurate teaching process. 

• The number of points to be taught 

increased. 

 

 

The level of competence required to commission the cleaning programs decreased 

significantly because it is no longer necessary to manipulate the robot during the 

commissioning of them. If the base coordinate system is taught successfully and there are 

no mechanical errors, the cleaning programs should work directly as was observed in this 

research. However, there are often mechanical differences which is why the cleaning process 

should be adjusted. Therefore, the control parameters were created. Due to the control 

parameters, the commissioner should only understand the positive and negative direction of 

the parameter changes.  

 

The decline in the level of competence is hampered by the number of these parameters. The 

commissioner should understand the different phases of the cleaning programs that the 

parameters can be modified successfully. Anyway, it can be assumed that with clear 

instructions and a short training course, the person from the competence level two (Chapter 

1.1) will be able to implement the cleaning programs. The Table 28 expresses the things that 

affected the level of competence in the new cleaning programs compared with the old ones.  



86 

 

 

Table 28. Improvements and disadvantages of the new cleaning programs that affected the 

required level of competence. 

Improvements Disadvantages 

• No longer need to use the teach-pendant 

and manipulate the robot. 

• No longer need to find specific command 

from the program to adjust the cleaning. 

• No longer need to understand the 

relationships of the parameters. 

• Cleaning process can be adjusted by the 

control parameters. 

• The parameters are descriptively named. 

• Mechanical difference between the spouts 

can be easily correlated. 

• The cleaning process is divided into small 

parts. 

• A lot of control parameters due to the 

number of different parts of the cleaning 

programs. 

• The codes of the programs are long due to 

the mathematical equations. 

 

 

When evaluating the success of the research, the whole development process should be 

considered. Previously, the point teaching required one day in the test environment as was 

expressed in the beginning. It is important to note that this time was spent teaching the points 

of all the programs. However, the commissioning of the cleaning programs was the most 

difficult and time-consuming part. Based on the above arguments, it can be stated that the 

level of competence that is required during the commissioning of the cleaning programs was 

dropped to the level 2 (Chapter 1.1).  

 

In addition to changes in the level of competence, efforts were made to accelerate the 

commissioning. Thus, an unbiased opinion was asked from the robot expert who is the main 

commissioner of the Smelt Spout Robot. He tested the programs and the new base coordinate 

system teaching method in two different environments and estimated that the time to 

teaching the points was halved, as is expressed in the Table 29. According to him, the change 

could have been larger if the teaching tool had been more accurate. 
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Table 29. Success of the development areas of the research. 

Development area of the Smelt Spout Robot commissioning In the past In the future 

Level of competence required during the commissioning 

(Chapter 1.1) 

1 2 

Time that is spent to teach the points of the movements in the 

test environment 

1 Day ½ Day 

Time that is spent to teach the points of the movements on site 1 Day ½ Day 

 

In conclusion, the research showed that the simulation can be used to optimize the 

commissioning of the industrial robot cell. At the same time, it provided a new way of 

programming for the future development projects. The utilization of the simulation is 

discussed in more details in the Chapter 4.5. In any case, the research can be considered 

successful as the objectives were achieved with the target period of five months. The success 

would have been greater if similar changes had been made to other programs. Due to the 

schedule reasons, they were left out the review.  

 

The significance of the research for the company was important because the commissioning 

of the Smelt Spout Robot was expedited and facilitated. The research was part of the larger 

development process where the purpose is to decrease the required level of competence 

during the robot commissioning.  The research focused on the part where the robot’s 

movements are taught because it was time-consuming and significantly increased the 

required level of the competence. More specifically, the research focused on the most 

difficult area, cleaning programs. 

 

Due to the development steps, the commissioning was significantly accelerated, as well as 

the required level of expertise was decreased. The results of the research will generate 

financial savings for the company in the form of salaries. During the commissioning, the 

robot’s movements teaching can be outsourced to a person from the second level when a 

robot expert can concentrate on more expertise needed sections such as the PLC 

programming. However, it should be noted that there may be problems during 

commissioning, thus the presence of the robot expert is important. In any case, the entire 

commissioning schedule can be accelerated, and more cost savings will be generated. A 
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quick schedule increases the customer satisfaction which brings positive publicity to the 

company.  

 

From the scientific view, the research showed that the measurement tools and 3D models in 

the simulation environment provide the way to parameterize the robot programs. Due to the 

current industrial revolution, the number of robots will increase. Thus, the tools offered by 

digitalization must be exploited to replace the slow traditional methods. By sharing the 

information about new opportunities and their functionality, the number of users can be 

increased. Therefore, any research in a relevant area can contribute to accelerating the 

transition to the era of digitalization.  

 

4.5 Benefits of the robotic simulation 

The main goal of the research was to develop the commissioning of the Smelt Spout Robot. 

The goal was approached by using the robotic simulation. Therefore, the research problem 

was of how the robotic simulation can be utilized to optimize the commissioning of the Smelt 

Spout Robot. The research problem was approached by looking for the answers to the 

research questions. Answers were sought, with a help of the scientific articles and the use of 

robotic simulation software KUKA Sim 4.0. The first research question was formed as: 

 

• How the simulation can be utilized to simplify and parameterize the robot programs? 

 

The research showed that the simulation enables the parametrization of the robot programs 

by determining the frames and points to the desired points as offsets with respect to the 

coordinate systems. As Pan et. al (2012, p. 87-94) were expressed, the 3D models can be 

utilized to determine the locations of these variables accurately. The accurate measuring 

tools of the virtual world made it possible to determine the exact dimensions of the points, 

so they do not to be modified later. By understanding the mathematical background of the 

coordinate systems and the relationship between them, the coordinate systems where the 

rotations are determined based on the surface of the 3D models can be determined. The 
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coordinate systems can be determined to the desired point with a few mouse clicks allowing 

the Euler Angles to be updated automatically. 

 

Once the main structure of the programs has been precisely defined in terms of parameters, 

the program can be simplified by creating the control parameters around the points of the 

movements. Utilization of the control parameters is possible only due to the structure of the 

program is formed using fixed dimensions. When the points are not subjected to human error 

during the commissioning, the mathematical equations can be formed between them. With 

a help of calculations, the relationships between parameter changes can be considered and 

updated automatically. In this way, the simplified programs can be created where is no need 

to manipulate the actual robot anymore. Therefore, the programs can be optimized to the 

different environments in advance by creating the digital twin of the robot cell, as the 

Ružarovský (2019, p. 1-6) and Holubek et al. (2014, p. 63) were expressed in their research. 

The possible differences between the ideal and the real world can be considered by 

modifying the values of control parameters. 

 

In a virtual world, everything is ideal, and it does not contain mechanical errors. Therefore, 

when the simulation is utilized in the real-world projects, it is necessary to understand the 

difference between the simulation environment and the real life. Therefore, the second 

research question was formed as: 

 

• Which real-world factors should be considered in the simulation when programming 

a real robot?  

 

When comparing the differences between the real-world and virtual world, the comparison 

can be started from the computational origin also known as the world coordinate system. In 

the default case, the robot is located at the origin of its own world coordinate system. In 

practice, the orientation of the world coordinate system is determined by the orientation of 

the robot. In the virtual world, the world coordinate system of the robot can always be 

determined to be straight with respect to the frame of reference of the layout. In the real 
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world, there is no such benchmark. Because the Smelt Spout Robot was attached to the steel 

support structure, its orientation was depending on the stability and the orientation of the 

steel support structure.  

 

Therefore, even if the components are located identical between the real life and the 

simulation with respect to the robot, their calculated locations may be different with respect 

to the world coordinate system. Thus, the base coordinate systems are used to define the 

location of the other components. They enable to determine the locations of the workpieces 

such as the smelt spouts correctly with respect to the world coordinate system. By specifying 

the location of the relevant workpieces, the possible error in the world coordinate system can 

be correlated. A error of the world coordinate system can be noticed in the large displacement 

movements. 

 

The orientation of the workpieces does not necessarily correspond to the ideal world. They 

can be rotated relative to the world coordinate system. In the simulation world, the 

orientation of objects can be easily determined with the measurement tools but in real life, 

the measurement is not so accurate. Therefore, the additional points must be measured with 

the real robot and use the calculation to determine the actual orientation as was observed in 

this research. 

 

Because the purpose of the research was to expedite the robot commissioning where the 

accuracy is important, the third research question was formed as: 

 

• Which are the advantages and limitations of the robotic simulation and how they 

affect the accuracy? 

 

As Perez et al. (2020) were expressed that the accuracy of the movements of the robot was 

low in the first simulation software at the beginning of the millennium but not anymore. The 

research showed that the accuracy has been developed and the robotic simulation can be 
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used these days to create digital twins and simulate the theoretical model of the robot cell as 

Ružarovský (2019, p. 1-6) and Datteri & Schiaffonati (2019, p. 117) were mentioned. The 

pre-planned movements in the simulation worked the same way in the real life. The points 

that were dimensioned according to the 3D models corresponded well to the reality. Some 

modifications were needed due to the mechanical errors, but the required modifications were 

minor. The programs created in the simulation can be also work without modifications in 

practise as was presented in this study. Due to the parametrization was created utilizing the 

measuring tools of the robotic simulation, they can be considered accurate. In the real world, 

equally accurate dimensioning is more difficult, thus the measuring tools are a clear 

advantage of the robotic simulation. 

 

One of the weaknesses of the simulation is it totality that requires understanding and 

experience on many issues such as robot programming and 3D modeling. Even if have 

experience from the robot commissioning in practice, moving a robot in a virtual world can 

seem to challenge. Therefore, the complexity can affect the usability of the simulation. In 

addition, the learning process can require time which may affect the interest of companies 

in utilizing simulation. The interest may also be affected by the costs of the simulation. As 

de Paula Ferreira (2020) was expressed, the salaries of skilled people are so high that the 

salary combined with the licensing costs of simulation applications, the total cost can be 

high. Old traditional working methods may then seem sufficient, especially if the benefits of 

the simulation are not known. If the utilization of the simulation is an option, the young 

persons from the beginning of their career may be the best option due to the low salaries and 

the enthusiasm of young people. This may decrease the accuracy of the simulation due to 

lack of experience. 

 

On the other hand, the simulation environment can be effective and risk-free teaching tool 

to robotics, as González‑García (2019, p. 923-933) was expressed. There, the robot 

programming can be learned without fear of collisions and damages. In the simulation, the 

points of the movements can be visualized in which case the new level in programming can 

be reached. The mathematical background of the points is easier to understand so their 

mathematical relationships can be utilized. Therefore, as the number of simulation users 



92 

 

increases and the traditional methods are replaced, the accuracy of the robotics increases due 

to the theoreticality of the simulation. 

 

While the risk-free teaching environment increases the accuracy, there are also some 

drawbacks. Because the robot can be moved by dragging the arrows of tool coordinate 

systems in the virtual world, the simulation does not teach how to manipulate the real robot 

nor consideration of axis limits. In the simulation, the robot can be returned to the home 

position by pressing the reset button but in reality, the robot should be manipulated using the 

robot’s teach pendant that could be difficult if does not understand the limitations of the 

axes. In addition, the simulation does not teach how to avoid dangers because they do not 

exist in the virtual world.  Therefore, when the simulation is used as a teaching tool, it would 

be ideal to use a real robot alongside it, as in this research. This makes it easier to combine 

the virtual world and real life. On the other hand, it is possible that the manipulation of the 

robot becomes easier and similar to the virtual world in the future with the digital revolution. 

 

One of the challenges that can impair the accuracy of the simulation is the software bugs. As 

the research observed, some robot movements did not work as they should, and the new 

solutions had to be found. In this research, the errors had a big impact on the whole 

development process because they guided to search for new ways to program the robot. In 

any case, the debugging of software bugs can be time-consuming and frustrating. 

 

After all, the overall results showed that the robotic simulation is a capable tool for 

parametrize the robot programs and optimize the robot cell in the virtual world. It provides 

opportunities to test the suitability of different robots for the modeled environment and 

ensure their reachability. With a help of the simulation the movements of the robot can be 

planned in the virtual world and visualize for the other engineer as Scheidegger et al (2019, 

p. 475) were also mentioned. When the robot movements are seen by multiple people in the 

design process, it can be ensured that there are no obstacles on the way of the robot. Finally, 

the collisions can be checked in the different situations using robotic simulation tools. Thus, 

the simulation can be used to expedite the entire project schedule by indicating the potential 

causes of the delay. 
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It is likely that the use of simulation will become more common when supply increases. 

When the number of user increases, also the amount of customer feedback is increasing. The 

increase in the number of users will also increase competition between the software 

developers. With increasing competition and customer feedback, applications are evolving, 

and their prices are decreasing. However, it should be noted that other simulations options 

are available, such as VR simulation that may challenge the traditional robotic simulation 

applications in the future. The Table 30 summarizes the benefits and limitations of the 

robotic simulation as a SWOT-analysis. 

 

Table 30. SWOT-analysis of robotic simulation. 

Internal Strenghts 

• Measuring tools. 

• Reachability tests and the robot 

selection. 

• Robot cell optimization. 

• Movements planning in advance. 

• Program tests and collision 

detection. 

 

Weaknesses 

• Software bugs. 

• License costs. 

• Learning can be time consuming. 

• Require understanding of many 

disciplines. 

 

External Opportunities 

• Parametrization of old robot 

programs. 

• Functionality tests without access 

to a real robot. 

• Acceleration of the delivery 

process. 

• Effective teaching tool. 

• Technology development due to 

the growing competition. 

 

Threats 

• Lack of professionals. 

• Can reduce the number of people who 

know how to manipulate the right 

robot. 

• VR simulations and new 

technologies. 

 

 

As can be seen from the SWOT analysis, the robotic simulation has a lot of strengths and 

opportunities but there are also weaknesses and threats. It is important to note that the KUKA 
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Sim 4.0 simulation software was used in the research. The program proved to be a potential 

tool and will be involved in the new robot development projects in the future. The software 

bugs had been fixed in the new version of the software that became available at the end of 

this research.  

 

4.5 Validity of the research 

The research methods had been chosen successfully because they were mutually supportive. 

The research problem was of how the robotic simulation can be utilized to optimize the 

commissioning of the Smelt Spout Robot. Therefore, the research started by reading the 

scientific articles on the possibilities of the simulation. Because one of the development 

targets were the robot programs and their parametrization, it was important to understand 

the used programming language that the modifications would be possible. Thus, the basics 

of the KUKA Robot Language were examined. It was also important to understand the 

mathematical background of the motion programming to parametrize the robot programs, 

thus it was investigated. Therefore, the literature review offered a comprehensive package 

of the relevant information for the development process. 

 

The selected simulation software provided an opportunity to learn the programming 

language in the simulation environment. The simulation tool was selected as KUKA Sim 4.0 

that provided compatibility not only with the programming language but also with the robot. 

Once the programming language was in possession, the case development was started by 

parametrizing the old programs in the simulation environment. According to the theoretical 

background the new base coordinate system teaching method was developed and tested in 

the simulation. 

 

Because the purpose of the research was to develop the commissioning, the development 

process also had to be tested in practice to evaluate the success and accuracy of it. The test 

environment resembled the environment of the Smelt Spout Robot which was therefore 

suitable for testing the new programs. Because the development process worked also in 



95 

 

practice and the commissioning can be considered improved, the research methods can be 

considered suitable for the research. They supported each other and guided the research 

towards the goals. In addition, they offered the solution to the research problem. Thus, the 

validity of the research can be considered high. 

 

4.6 Suggestions for the future  

Based on the results of the research and the result analysis above, there are several 

opportunities for the future development. From the general point of view, the robotic 

simulation would be good to be strongly involved in the design process of robot cells. The 

first simulation tests can already be made after a visit to the customer’s site. Based on the 

measurements on site, the 3D environment can be modeled and used in the simulation. 

Therefore, the obstacles that radically interfere the robot’s movements can be identified in 

advance. In this way, the area of the robot cell can be optimized already at the design stage. 

The use of simulation at a later stage of the robot cell projects is also an advantage, as the 

robot’s transition movements can be planned and tested in virtual world. By transferring the 

robot programs from the simulation environment to the real robot, the unnecessary teaching 

work can be avoided, and the time required for commissioning is further reduced. 

 

From the case perspective, the commissioning of the Smelt Spout Robot made significant 

progress. However, there are still areas that can be developed to expedite the commissioning 

and decrease the required level of competence. First, by manufacturing a new teaching tool 

which is sharper and shorter than the actual cleaning tool, the teaching process can be 

significantly improved. Thus, the suitable approach angles can already be determined to the 

approach points and there is no need to change the angles during the teaching process 

anymore. Therefore, it is not necessary to create new parameters (Table 8) for the teaching 

or use the robot teach-pendant anymore. In this way, the tool can be guided to the 

measurement points directly from the touch screen of the PLC. Thus, the level of competence 

required for the teaching process can be decreased. 
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As was previously expressed, because the PLC is located outside the robot’s fences, the 

manipulation of the robot from the touch screen is slow due to the back-and-forth walking 

between the robot and PLC. One option could be to utilize the benefits of the digitalization 

and the remote control of the PLC, by creating a mobile application for the teaching situation. 

Then the commissioner could manipulate the robot next to it by using a smart phone that can 

be found in almost everyone’s pocket. The mobile application could represent the user 

interface of the PLC by including a digital remote control. It could include four buttons based 

on the parameters in the Table 8. It could also contain an emergency stop button, and text 

fields where the parameters for the movements could be written based on the measurements. 

 

From the commissioner safety view, it would be better to be outside of the robot’s fences. If 

the robot is controlled only from the PLC touch screen, the teaching area and the teaching 

tool should have cameras to guide the tool to the desired points. There is also possibility to 

utilize the motion and touch sensors by attaching them to the points to be measured. In that 

case, a condition can be used in which the measured point would only be accepted if the tool 

was close enough to the point. This would reduce the possibility of human error in the 

measurements.  

 

One option could be to take advantage of the laser technology. There could be a laser sensor 

at the end of the teaching tool that would indicate the distance between TCP and the 

measuring point. By directing the laser beam towards the desired points and creating the 

calculation, the parameters of the points could be calculated. In this way, the robot can be 

manipulated from the PLC touch screen with the help of cameras. When the laser would 

point accurately enough at the desired location, the point could be stored farther, which 

would also reduce the risk of collisions. 

 

The teaching process is not the only area that could be further developed. The parametrized 

programs that have been developed in this research can be exploited in the future to optimize 

the cleaning processes. By testing the different combinations of the cleaning parameters, the 

options for the cleaning can be created. They can be also used to find the optimal 

combinations of cleaning parameters that maximize cleaning quality but minimize tool wear. 
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The possible cleanup options can be created for the different behaviors of the melt flow. For 

example, if the width of the melt flow or the solidification varies, there may be different 

cleaning combinations available for the customer. Such as a strong cleaning, standard 

cleaning, and soft cleaning where the cleaning depth would be adjusted. The options would 

allow the customer to influence the quality of cleaning, as in robotic vacuum cleaners. 
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5. Conclusions 

The main objective of the research was to optimize the commissioning of the Smelt Spout 

Robot. The commissioning had to be accelerated and simplified as it was time-consuming 

and required a high level of competence in robotics. One of the drawbacks was the robot 

programs that were made with a traditional robot programming. Therefore, the purpose was 

also decreasing the required level of competence by parametrizing the robot programs. The 

robotic simulation was chosen as the main research method. It was used in conjunction with 

a literature review to find answers to the research questions presented at the beginning.  

 

The robotic simulation enables the utilization of 3D-models shapes as a part of robot 

programming. Additional coordinate systems that are rotated parallel to the surfaces of the 

3D-models can be created for the programs. They can be used to simplify the programs by 

dividing them into smaller parts. The robot’s motion points can be parametrized with respect 

to these coordinate systems which allows the programs to be adjusted in parts.  

 

In the virtual world, the environment is always ideal because it can be created with respect 

to the virtual frame of reference. There is no such possibility in the real life because it 

includes mechanical differences due to the manufacturing tolerances. These errors create 

inaccuracies between the simulation and real world and thus affect the accuracy of the 

programs in practice. On the other hand, it is also possible that the programs can work 

without necessary modifications, as the research showed.  

 

Therefore, the robotic simulation is the effective tool for creating a digital twin of the robot 

cells. It can be used already at the design stage to optimize the robot’s environment in 

advance by visualizing the robot’s movements to other engineers. The accuracy of the 

simulation is so high that it can also be used in the parametrization of the robot programs. 

With extremely accurate measuring tools, the robot’s programming points can be set to a 

precisely defined point. When the basic structure of the programs can be created accurately, 

mathematical equations can be utilized between the parameters. In this way, the parameter 
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changes can be automated, which reduces the possibility of human error. The biggest 

weakness of the simulation is the scope of the software that requires an understanding about 

many disciplines which make it difficult to exploit it in the beginning. However, the number 

of benefits is so great that it is likely that the new virtual tools will replace the old traditional 

methods in the future. 

 

In this master’s thesis, significant development steps were taken by utilizing the advantages 

of the simulation. The commissioning was expedited by half and the required level of 

expertise decreased significantly by parametrizing the robot programs. In addition, the 

accuracy of the commissioning was improved by creating the rotation calculation for the 

coordinate systems. Because the research was conducted during the target period and its 

purposes were achieved, the research can be considered successful.  
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Appendix 1: User interface of KUKA Sim 4.0 

 

Figure 1. Home tab. 

 

 

 

Figure 2. Modeling tab. 
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Figure 3. Program tab. 

 

 

Figure 4. Drawing tab. 
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Appendix 2: Safety devices in KUKA Sim 4.0. 

 

Figure 1. Safety Devices: Space monitoring. 

 

Figure 2. Safety Devices: Tool monitoring.
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Appendix 3: Collision detection in KUKA Sim 4.0. 

Figure 1. A collision is highlighted in yellow. 
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Appendix 4: Orientation of the tool coordinate system. 

 

Figure 1. Tool coordinate system orientation at the first spout. 

 

Figure 2. Tool coordinate system orientation at the third spout. 

 


