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 ABSTRACT 
 

European manufacturing companies are facing challenges of increasing prices of raw material, 

more customized products and competitiveness from industries outside Europe. Those 

challenges make the manufacturing require flexible production processes. The remanufacturing 

industry has the advantages of produce products using less raw material and to a lower cost 

compared with manufacturing. This makes the remanufacturing industry a way for the 

European companies to stay competitive. Challenges of the remanufacturing process are the 

operator exposure of vibrations, monotony tasks and ergonomic issues when disassembling the 

incoming core. To meet the challenges and stay competitive the Swedish manufacturing 

industries is currently examine the advantages of collaborative robots and how implementation 

of collaborative robots can improve production. Implementation of a collaborative robot at a 

workstation requires risk assessment as human safety is an important aspect to consider. 

Simulation modelling can advantageously be used to examine future state scenario or 

investigate how a current system is affected by different variables. To meet the challenges 

described the aim of this thesis has been to examine how to facilitate the design of a 

collaborative disassembly workstation by means of simulation. The work with the thesis is 

based on a case study made at a Swedish remanufacturing company. Following research 

questions has been formulated to fulfil the purpose: 
 

- What are the challenges of verifying the operators´ safety by using simulation? 

- What are the advantages and disadvantages of implementing a cobot in a disassembly 

station? 

- How can simulation be used to facilitate decision making when developing a 

collaborative workstation? 

 

Results show simulation challenges as human’s movements, robot characteristics and the 

ability to simulate it, core condition uncertainty, software knowledge and time consuming 

simulation modeling. Human-robot collaboration enables to combine the characteristics of 

human flexibility and robot precision and repeatability. The robot can advantageously perform 

tasks which are detected as monotonous or not ergonomic to a human. Simulation can 

advantageously be used in an early stage of designing layout of a collaborative workstation for 

reachability verification.  

 

Keywords: disassembly, collaborative robots, remanufacturing, safety 
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1. INTRODUCTION 

This chapter gives a brief background of manufacturing challenges, collaborative robot 

implementation and remanufacturing. Also, the projects problem formulation, aim, research 

questions and limitations made in the project are presented. 

 

1.1 Background 

 

European manufacturing plays a central role of the employment and economic growth for the 

countries within the European Union (EU) (European Commission, 2017). Over the past few 

decades it has been a decrease in European manufacturing with advantage for manufacturing in 

countries outside Europe e.g. China (Bennett, 2014). The manufacturing industry faces a 

competitive future and the challenges to meet are many. Today´s consumer demands more 

customized products. Along with this, the complexity of the products increases which means 

the manufacturing companies must be able to rapidly produce new products to a low volume 

(Thomas et al., 2012; Sundin and Dunbäck, 2013). The increasing global competition together 

with natural resources scarcity and customized, more complex products places higher demands 

on developing more cost effective, flexible production systems to be able to meet those new 

requirements (Bernard, 2011). At the same time, one of the greatest future challenges that 

manufacturing companies are facing is the environmental issues which includes the fact that 

the natural resources are finite which causes increasing prices on raw material for 

manufacturing (Thomas et al., 2012). An overall objective for EU environmental legislation is 

sustainable development due to the need to limit climate change. There are several ways of 

achieving this where reducing energy consumption and carbon dioxide emissions are just two 

examples (2012/27/EU; Thomas et al., 2012).  

 

Remanufacturing can be a way for European countries to maintain production and stay 

competitive (ERN, 2015). The future challenges make the remanufacturing industry 

environmentally beneficial in the way that compared to new manufacturing the 

remanufacturing industry consumes less energy. Also, remanufacturing means less use of raw 

material, reduction of carbon dioxide emissions and less material for land fill (Bennett, 2014; 

ERN, 2015; Sundin and Dunbäck, 2013). There are more advantages of remanufacturing. From 

a customer perspective, it means a lower cost for a product that meets the same quality 

requirements as for a newly produced product (Sundin and Dunbäck, 2013). The 

remanufacturing process can be simplified described by incoming products are cleaned and 

disassembled and the parts that can be renovated are renovated and the parts which are too 

damaged to renovate are being replaced with new spare-parts before the parts are assembled to 

the final product (Priyono et al., 2015; Zhang et al., 2017). Even though the remanufacturing 

industry has a lot of beneficial aspects the industry is facing challenges. The consumers 

requirements of unique products and the finite natural resources bringing new materials to the 

market places higher requirements for remanufacturing production system with respect to 

flexibility. Customized products and new materials require that the production system needs to 

be able to handle adaptable and reconfigurable products but at the same time not compromise 

with lead time (Thomas et al., 2012). Another issue for remanufacturing is the human safety, 

mental and physical health (Matsas and Vosniakos, 2017). The importance of develop a 
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workplace were humans are kept safe at all-time must never be neglected (Ibid). Work-related 

injuries due to vibrations, repetitive movements and ergonomic problems are still ongoing issue 

that requires further improvement at many companies (Arbetsmiljöverket, 2017, 2018).  

 

Automation of manufacturing by implementing robots can be one way to meet the demands of 

a more flexible production system and provide a safe work environment. The robot's flexibility 

and great precision along with repeatability make the robot an important tool in the company's 

competitiveness (Fryman & Matthias, 2012; Wang et al., 2017). The development of the robot's 

work situation has proceeded from working in an enclosed part of the factory to today being a 

partner that shares workspace and tasks together with an operator (Robla-Gomez et al., 2017). 

These kinds of workstations are called human-industrial robot collaborative systems (Ore, 

2015). Those collaborative robots, which are called cobots, are beneficial since they can 

cooperate with an operator and perform the tasks that the operator should not perform due to 

e.g. ergonomic issues, safety risk or work injury that arises of e.g. repetitive movements 

(Robla-Gomez et al., 2017). The cobot may also contribute to time saving and quality 

improvements (Fryman and Matthias, 2012). The cobot´s characteristics together with human's 

flexibility, which is an advantage when handle unforeseen situations, makes a good 

combination as their characteristics complement each other (Wang et al., 2017).  

 

Interaction between human´s flexibility and cobot´s characteristics can be seen as an enabler 

(Wang et al., 2017). Several studies have been made in cobot implementation in assembly 

stations where subjects like human safety, capacity utilization, cost, quality and time potentials, 

social acceptance and interaction between cobots and humans has been investigated, just to 

mention a few (El Makrini et al., 2018; Gualtieri et al., 2018; Müller et al., 2014; Sadrfaridpour 

& Wang, 2018; Wang et al., 2017). This makes the research of cobots in assembly stations 

relatively well investigated. However, for cobot implementation within disassembly in 

remanufacturing the search for theory and knowledge showed deficiencies within the field 

(Casper and Sundin, 2018; European Commission, 2017). 

 

 Compliance with legislation and standards together with a risk analysis of the specific case 

constitute the guidelines in the design of the station (Ruiz Castro et al., 2018). To find out the 

optimal design of a disassembly station with a cobot and an operator a simulation tool can be 

used.  By using simulation software, the risk assessments of the human-robot collaborative 

workstation may be done in a safe and cost-effective way before implementing it in the 

production system. The possibility of simulating different scenarios enables to investigate 

different aspects of the outcome before implementing it to the physical station (Ore, 2015). The 

simulation program can contribute to decision making because the possibility of changing 

various factors to try different options is easy to make an can be tried out to a small cost 

(Bangert, 2013). Despite the advancements made, there are still several challenges related to 

the simulation of disassembly stations using cobots. 

1.2 Problem Formulation 

Even though the implementation of a cobot means that employees may be released from 

unhealthy tasks new challenges have appeared (Robla-Gomez et al., 2017). The new way of 

working, with the cobot working without fences, together with the human, requires a lot from a 

safety point of view. Although there are safety requirements according to laws and regulations 

that have been developed over time and which are to be followed, each workstation that 

contains a cobot are unique and risk assessment as well as risk reduction must be made for that 
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particular station (Fryman and Matthias, 2012; Inam et al., 2018). Implementation of a cobot 

may cause redesign of an existing workstation. Several factors need to be considered when 

implementing a cobot within an existing disassembly station (Vavra, 2016).  One important 

aspect is to ensure the correct and safe cobot operation to avoid injuries to operator, other 

objects and the cobot itself as well as planning for optimal performance of the cobot (Inam et 

al., 2018). Using trial and error for risk assessment can be costly, dangerous and time 

consuming (Ibid). Therefore, risk assessment should be made before implementation of the 

cobot. In addition, also, it is significant to plan for cobot´s optimal performance in terms of 

quality, time and cost (Ruiz Castro, 2018).  

 

For remanufacturing companies, the disassembly process of the production systems comes with 

several challenges (Casper and Sundin, 2018; ERN, 2015; Lundmark et al., 2009). While 

assembly stations in manufacturing companies are automated at a high level the disassembly 

process in the remanufacturing industry is to a higher degree manually (Lundmark et al., 2009). 

Uncertainty of the condition of the incoming products is something that the manufacturing 

assembly does not need to consider but for remanufacturing this is an everyday issue (Casper 

and Sundin, 2018; ERN, 2015). While both manufacturing and remanufacturing companies are 

struggling with increasing numbers of product variants most products are designed for 

assembly with little or no regards to disassembling (Casper and Sundin, 2018; Lundmark et al., 

2009). In addition, parts are not generally designed for surviving neither disassembly nor 

remanufacturing e.g. newer materials may be impossible to remanufacture (Casper and Sundin, 

2018). Also, there is a high risk of receiving contaminated incoming products (Ibid). The 

differences of aspects to consider in assembly and disassembly may make it difficult to directly 

apply all the knowledge that the research in assembly stations has found and use it in 

disassembly stations. 

 

As highlighted previous, the implementation of a cobot within a work station demands risk 

assessment for human safety and ergonomic aspects (Lasota et al., 2017; Robla-Gomez et al., 

2017). Because of the many aspects that need to be considered for this, e.g. decision making 

when considering layout suggestions for the human-robot collaborative workstation or deciding 

who of the operator and the cobot to perform which tasks, the number of possible scenarios can 

be considerable (Bangert, 2013; Ore et al., 2017). Because of this a simulation can 

advantageously be done (Banks, 2000).  

 

Simulation modeling comes with challenges. The reality is complex and there may be several 

factors that can affect the outcome of a real world scenario. A simulation is a model of reality 

which means that there is no need to create a digital twin. The difficulties are to decide what to 

include and exclude in the model (Robinson, 2017). This leads down to the problem of how to 

secure validity and verification of the simulation (Banks, 2000). Also, data collection and 

designing the simulation model can take a lot of time (Sargent, 2013a). 

 

1.3 Aim and Research Questions 

Due to the many aspects to consider in cobot implementation and the challenges found within 

disassembly processes, the purpose of this thesis is to facilitate the design of a disassembly 

collaborative workstation by means of simulation. 

 

To fulfil the purpose three research questions have been formulated 
 

1. What are the challenges of verifying the operators´ safety by using simulation? 
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2.  What are the advantages and disadvantages of implementing a cobot in a disassembly 

station? 

3. How can simulation be used to facilitate decision making when developing a 

collaborative workstation? 

1.4 Scope  

This thesis work is a part of a research and innovation project and explores how a simulation of 

a human-robot collaborative workstation layout and a dismantling sequence can contribute to 

critical decision regarding verifications of accessibility, analysis of the task sequence and the 

distribution of tasks between operator and cobot with respect to operator physical safety and 

cobot reachability when designing the collaborative disassembly station. The simulation 

explores the operator's and cobot's movements during the disassembly sequence, with the 

operator's safety considered. 

 

A case study was made at an existing disassembly work station in a remanufacturing company 

in Sweden. The project work was performed during 20 weeks from the middle of January until 

the middle of May 2019. The case study focuses on the dismantling of a certain sequence and 

does not consider the process steps before and after the specific disassembly sequence. 

 

Safety standards that have been considered during this project are SS-EN ISO 12100:2010, 

SIS-ISO/TS 15066:2016, SS-EN ISO 10218-1:2011 and SS-EN ISO 10218-2:2011. The 

standards are further described in section three. 

 

The virtual model was made in Industrial Path Solutions (IPS) which is a simulation software 

made by Fraunhofer Chalmers Centre (FCC). The robot used in the software is the Universal 

robot UR10. The robot´s technical specifications can be seen in appendix A. The choice of 

using IPS software was made before the project work with the thesis began and was taken by 

the project group. Limitations made in the virtual model can be seen in section 2.4. 

 

The theoretical framework includes the subjects collaborative robots and safety aspects, 

advantages and disadvantages of collaborative robots, remanufacturing, disassembly, safety 

standards, simulation and risk assessment. 

  



  11 

2 RESEARCH METHOD 

The following chapter presents description of the research method and how the thesis was 

carried out. Additively a section for how data was collected and analyzed is represented. The 

chapter ends with a discussion about validity and reliability of the thesis. 

2.1 Research Design and Research Method 

Kothari (2004) highlights the importance of using a scientific method since it is a way to, by 

logical considerations, objectiveness and empirical evidence, build on already established 

scientific facts. The main research method for this thesis was case study. Case study is suitable 

as method for this thesis because as Merriam (1994) stated, case studies are preferable to use 

for qualitative studies and can be used to make a deeper investigation of a specific, strictly 

delimited situation, phenomenon, system or process. Case study is a deeper qualitative research 

method which means that the researcher tries to find out the complexity of the specific case and 

determine the impact of various factors (Voss et al., 2002). Several different research tools can 

be used in a case study. A case study is a representation of reality which can contribute to 

enriched knowledge (Kothari, 2004). Caution should be taken when generalizable conclusions 

are made from one single case study (Ejvegård, 2003). For this thesis, case study is chosen as a 

method for investigation since this choice provides the opportunity for a deeper investigation of 

the influencing factors in the single case. For this thesis the case study was made at a 

disassembly station at a remanufacturing company where the examination of the disassembly 

process and the challenges met were made.  

 

Simulation is a cost-effective way to try out different scenarios. Simulation can advantageously 

be used to provide understanding and identify constraints (Banks, 2000). Therefore, simulation 

was chosen as a method to fulfil the purpose of the thesis. To avoid incorrect conclusions, the 

simulation must be a well-balanced approximation of reality (Law, 2009). Kothari (2004) 

explains that a simulation method can advantageously be used to investigate a future scenario 

which gives an understanding of the future.  

 

2.2 Research process   

For case study method the research process can be divided into different steps consisting of 

choice of topic where defining research problem and purpose are included, review concept, 

theories and previous research findings, design research, choice of methods, collection of data, 

analysing data, interpret and report (Ejvegård, 2003; Kothari, 2004). Following the 

recommendations above, the choice of topic was set as automation and specified as a 

collaborative robot disassembly work station. The research problem was formulated as the 

design of a disassembly workstation where operator´s safety and cobot reachability should be 

considered.  

 

To summarize and get an overview of previous research findings a literature review was made 

by searching for articles and books at Mälardalen University´s network login Primo. Keywords 

used for the search was cobot, collaborative, HIRC, human, remanufacturing, robot and safety. 

This was made because as Kothari (2004) says, before stating the problem it is of importance to 

the researcher to identify previous research findings and find out if there are any theoretical 

shortcomings in the literature. Karlsson (2009) agrees with this and adds that the literature 

study of previous research findings should cover a wider range to give a broader perspective on 
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the subject to the researcher. The literature review of previous research findings and 

discussions with school supervisor contributed to understanding the problem. Because as 

Kothari (2004, p. 12) says “the best way of understanding the problem is to discuss it with 

one´s own colleagues or with those having some expertise in the matter”. Afterwards, the 

problem formulation and research questions were developed. 

 

To investigate the problem further the case study and the literature study was made parallel. 

The purpose of the literature study is to gather knowledge about what has been done in the 

subject up to now (Höst et al., 2006). By examining what others have done within the subject 

and adding new knowledge, it will contribute to the project work (Ibid). The purpose of the 

literature study was to gather knowledge about state of the art within the subjects simulation, 

remanufacturing and collaborative robots. Literature included books, international standards, 

conference proceedings and academic journals. Databases used for search was PRIMO and 

Scopus and were reached via Mälardalen University´s network login. Following keywords 

were used, separately or in combination, advantages, challenge, cobot, collaborative, decision 

making, disadvantages, human, industrial path solutions, IPS, process, remanufacturing, risk 

assessment, robot, safety and simulation. All articles used were peer reviewed. A selection was 

made by reading abstract to select articles that were relevant for this project. Some relevant 

articles were found in the reference list of selected articles and used as a source. The method is 

called snowballing. The literature study contributed to the theoretical frame of reference. 

 

Data collection was based on the case study with the purpose of gather data for designing the 

workstation virtual model and simulation input. The empirical findings and the theoretical 

frame of reference relationship led to analysis. Data collection for primary data can be 

collected by e.g. observations or interviews, structured or non-structured. Secondary data is the 

data collected by others which includes articles and books. For secondary data the researcher 

must carefully consider the information reliability (Kothari, 2004; Yin, 2007). To be able to 

answer the research questions analyse of theory, simulation and empirical findings were made. 

The design of the workstation and the simulation were thoroughly analysed. Conclusions and 

recommendations were drawn from the analysis. Finally, conclusions and recommendations for 

further research were proposed. The research process that has been followed is visualized in 

Figure 1. The process is illustrated as a sequential process but has been followed in a more 

iterative manner. 
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Figure 1: Research process based on Kothari (2004) 

2.3  Data Collection 

The data for this thesis is based on a single case study. The case study was made at a 

disassembly workstation at a Swedish remanufacturing company. The collected data for the 

case study were gathered by passive and active observations, non-structured interviews and 

discussions. Those interviews, observations and discussions were made with representatives for 

the company and the project group for data collection and decision making regarding the 

virtual model´s layout, sequences and process. Yin (2007) says that for collection of 

information, interviews are of great importance to the case study. Gagnon (2010) points out the 

importance of using several different sources for data. Both Gagnon (2010) and Yin (2007) 

says that this is a way to secure validity and reliability to the case study. Data collection was 

made to be able to design the workstation and make the simulation of the disassembly 

sequence.  

 

2.3.1 Discussions 

 

Proper interpretation of research findings is crucial for usability and usefulness. For the less 

experienced researcher interpretation is with advantage discussed with more experienced 

people who have insight in the case study (Kothari, 2004; Yin, 2007). Therefore, during the 

project work discussions have been made with representatives from the company who brought 

valuable knowledge about the case study and representatives from the project group since their 

experience and knowledge about collaborative robots added value to the project work. Also, 

discussions and advices derived from school supervisor because consulting experts are to prefer 
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when writing the report as well as for advice and guiding (Kothari, 2004). Discussions with the 

representatives of the company were held daily and topics such as placement of the robot, 

disassembly sequence order, disassembly process, task allocation as well as challenges in 

disassembly within remanufacturing and specific information about the company were raised.  

 

2.3.2 Observations 

 

As input for simulation a time study was made at the current disassembly work station. The 

purpose of the time study was to use it as a reference time for the simulation. Three time-study 

observations were made for the disassembly sequence. The disassembly sequence was the 

disassembly of 13 rocker arm shaft screws. The rocker arm shaft screws were one M14 and 

twelve M10 and can be seen in Figure 2. The time study was made when the operator started to 

loosen the first screw until all the screws were completely disassembled. The result of the time 

study of the sequence can be seen in Table 1. The averages of the time studies were used as 

reference time for the output of the virtual model, rounded to the nearest whole seconds. Notice 

that the disassembly sequence is performed by one operator only. 

 
Figure 2: D13 engine with 13 rocker arm shaft screws 

 

Table 1: Disassembly sequence, times and average 

 

To find out the locally challenges of the disassembly station active observations for two days at 

the disassembly station took place. The active observations were held at the case company 

disassembly workstation with a skilled operator who guided the way thru the disassembly 

process. The two-day observations included execution of the dismantling of three products. The 

active observations at the disassembly station contributed to a deeper knowledge for the 

disassembly process, primary data collection and discussions with the operator about 

challenges within the disassembly process. Observations were documented with field notes. 

Advantage of active observations is the possibility of gathering inside information and 

knowledge that might be difficult to find out in another way (Yin, 2007).  

Disassemble of Time 1 Time 2 Time 3 Average 

13 rocker arm shaft screws 42 sec 42 sec 93 sec 59 sec 
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2.3.3 Interviews 

 

Non-structured interviews were made with representatives for the company. The interviews 

provided knowledge about challenges within remanufacturing in general and disassembly in 

particular. It contributed to a clear picture of today´s greatest challenges of the disassembly 

process at the company. The interviews were made with four people at the company. Two 

operators at the disassembly station were interviewed about the disassembly process at the 

company. The interview was made for about 30 minutes and field notes were taken. A 

production engineer and a remanufacturing engineer/technical trainer were interviewed about 

the remanufacturing process at the company, challenges about remanufacturing and the 

disassembly process. For those interviews field notes were made as well and the time spent for 

the interviews was 20 minutes each. The interviews were made at the company. The questions 

asked can be seen in appendix B.  

 

2.3.4 Meetings and mail contact 

 

Two skype-meetings were held with two IPS simulation software experts. Also, a weekly mail 

contact was established with the two experts. The purpose of the meetings and mails was to 

bring more knowledge about the software and expert advice about how to build the simulation 

model. Mail contact and weekly skype-meetings has been held with project group 

representative. The purpose of the mail and meetings were to provide the project group 

representative with information about how the work with the thesis progressed. Also, 

information about how to perform the photogrammetry was conducted during a skype-meeting 

with a skilled photogrammetry person. 

 

2.3.5 Documents 

 

For the virtual model made in the simulation software, CAD-models for UR10 robot, engine 

positioner, the D13 engine, table, boxes, manikin- and cobot tools was used. The CAD-models 

provided the virtual model with correct dimensions and proportions. For the manikin the 

default male manikin was used because this represents the average height and weight of a male 

person. The default manikin in IPS software has a weight of 78 kg and a height of 1756 mm. 

Although the software offers a female manikin, the male was chosen as there are 82% male 

employees at the company. The accurate dimensions of CAD-models and manikin increases 

validity since this data are not created as a result of the case study (Yin, 2007). A 

photogrammetry was made at the physical disassembly station at the case company and the 

result was used as a background for the virtual model with the intention of visualizing a real-

life scenario to the viewer. The result of the photogrammetry can be seen in Figure 3. 



16 

 

 
Figure 3: Photogrammetry of current work station layout 

2.4 Simulation 

The software used for designing the virtual model is called Industrial Path Solutions (IPS). It is 

a simulation software developed by Fraunhofer-Chalmers Centre (FCC). IPS consists of several 

modules. Used in this project was the intelligently moving manikins (IMMA) module, rigid 

body path planner module, point cloud tools module and robot optimization. The IPS software 

was a choice of the project group. The software is developed to evaluate ergonomics, assembly 

feasibility and motion planning. The software is still under development (FCC, 2019). A 

manikin is a model of a human body. In this thesis what refers to as a manikin is the human 

model of the operator in the IPS simulation software. The IMMA module finds collision free 

paths for the manikin movement. This enables the opportunity to change the manikin´s 

movements along the modelling phase to choose a safe, collision free path for the manikin. The 

same is applicable for the robot optimization module. If the program is unable to find a 

collision free path for the robot there will not be a solution which means that the creator will 

redo the model until a pleasant solution can be found. 

 

Banks (2000) states that each simulation model is unique and each creator of simulation-

models require knowledge within and practice to learn the software to make a proper analysis 

of the outcome. Therefore, as a start up a short introduction to the IPS simulation software and 

eight weeks of part-time study to learn the software took place. The introduction was held 

during one day with an IPS simulation-software experienced person. After the eight weeks 

start-up period a virtual-design model of the workstation future state was made in IPS 

simulation software. The purpose of the model was to simulate a future scenario where a cobot 

and an operator, through collaboration, disassembles parts of an engine and with the help of the 

simulation model be able to answer the research questions. The analysis of the simulation 

would determine the workstation layout and evaluate the operator and the cobot movements 

with respect to operator´s safety.  

The method used for designing the simulation is called the Human-industrial robot 

collaboration (HIRC) design method which is a linear process made by Pahl and Beitz (2007) 

engineering design method and further developed by Ore, Hansson and Wiktorsson (2017). The 

activities of the method are visualized in Figure 4. Input for using the method is a workstation, 

with geometrical boundaries, that can benefit from a robot. 
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Figure 4: HIRC design method by Ore, Hansson and Wiktorsson, (2017) 

 

Table 2 shows an overview of the method steps and which actor completed the steps. The first 

and partly the second and third step of the method which consist of activities like a first rough 

analysis of the work station and determine what robot to select was already made by the 

company before the work with the case study began. The remaining steps were completed by 

the author and will be described below. 
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Table 2: Activities and steps in HIRC design method 

Activity Steps Completed by 

Identified potential HIRC 

workstation 
• Identify HIRC workstation. • Company 

Planning and clarifying 

the task 
• HIRC possibilities of investigated workstation. 

• Analyse company-specific demands on workstation. 

• Formulate evaluation criteria and design variables. 

• Set evaluation criteria and design variables. 

• Elaborate a requirements list. 

• Author/Co

mpany 

• Author/Co

mpany 

• Author 

• Author 

• Author 

Requirement list • Result from previous steps. • Author 

Conceptual design • Identify essential problems. • Author 

Principal solution • Principal solution. • Author 

Embodiment design • Preliminary design of HIRC workstation. 

• Refine and improve HIRC workstation design. 

• Find and solve errors and weak spots. 

• Prepare the preliminary HIRC workstation 

documentation. 

• Author 

• Author 

• Author 

• Author 

Definitive solution • Definitive solution. • Author 

Detail design • Detail evaluation and adjustments of the resulting 

documentation. 

• Author 

Workstation 

documentation 
• Workstation documentation. • Author 

Workstation design • Workstation design. • Author 

  

Decision about chosen variant of the industrial robot was set by the project group before the 

project work with the master thesis began. The collaborative robot used in the virtual model 

was the Universal robot called UR10. The reachability of the UR10 is 1300 mm with a payload 

capacity of 10 kg. The cobot has six degrees of freedom and a repeatability of ± 0,1 mm. The 

cobot´s full technical specification can be seen in appendix A. For human safety the UR10 

comes with built-in safety systems. It is designed to be user-friendly with a built-in force 

sensing system which makes the cobot stop when obstacles occur and the cobot can be 

controlled to operate at a lower speed as a human enters the work area. The UR10 cobot is easy 

to program and does not require expert knowledge in programming. The UR10 cobot supports 

hand guiding which means that the cobot can be programmed by physically moving the cobot 

arm to show what to perform (Universal robots, 2019).  

 

Evaluations according to operator and cobot’ operation time was made by a time study. Design 

constraints regarding cobot´s maximum payload, reachability and manikin anthropometry was 

set. A requirement list was the result of the first six steps. A literature study was made to gather 

more knowledge about not only collaborative robot workstations but also laws and regulations 

to bring a deeper understanding of what to include in the virtual model. A conceptual model of 

a simulation is a description of the simulation to be (Robinson, 2017). To summarize and get an 

overview of the simulation model a conceptual model was made. The conceptual model 

includes problem definition, general objectives for the simulation model, assumptions and 

limitations, input and output since those steps are suggested by Robinson (2017). The 

conceptual model can be seen in appendix C. Input for the conceptual simulation model can be 

seen in Figure 5. A documented conceptual model is recommended since it contributes to 

increase credibility of the model and set the right requirements for the simulation model 

(Robinson, 2017). A first design of the virtual model was made based on the discussed 

requirements. The model was evaluated together with representatives from the company. 

Documentation about the virtual model was made during the work. Discussion was made 
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within the project group to find the best principal solution. A text document about the 

simulation sequence order was made and evaluated by representatives from the project group. 

 
Figure 5: Input for simulation model 

 

With the knowledge from the literature study and the data collection the building of the virtual 

model started with the creation of the virtual model´s station layout. As a start two different 

layout proposals for the future layout were made with IPS software. The layout proposals were 

evaluated together with representatives from the company and the project group. Discussions 

regarding a first position of cobot, cobot tools, placement of materials and equipment were 

made. The building of the disassembly sequence and decisions regarding the sequence order 

were made in agreement with representatives from the company and project group. The ISO 

standards set requirements for the simulation. As an example, the velocity of the cobot´s tool 

center point (TCP) shall not exceed 250 mm/s in a reduced mode (ISO, 2011). Kinematic is 

used for the moving objects in IPS simulation. The use of kinematics allows the software to set 

restrictions on how the robot's joints can move in relation to each other (FCC, 2019). The 

description of how the simulation were made can be read in section 4.1.6. Decisions about what 

parts to include in the disassembly sequence in the simulation were taken during discussions 

with company representatives. A screw joint, the rocker arm shaft screws, were selected to be 

disassembled in the simulation. The choice of the screw joint was made because of the 

ergonomically difficulties that occur during dismantling of the screws and because of the 

vibrations from the tool that, in a long-term perspective, are affecting the operators in a 

negative way.  

 

Limitations made within the virtual model: 

• One operator and one cobot were considered at the work-station.  

• Robot brand and model was already defined as the project work began. 

• The default manikin was decided to represent the operator anthropometry.   

• The simulation presents a disassembly sequence of a screw joint. 

• Operator safety is considered. In this thesis the definition of operator safety is limited to 

the physical aspect of safety which means that the operator should not be exposed to 

situations where physical damage may occur. In the study no account has been taken of 

operator´s ergonomics or psychical safety. 
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• The virtual model is a simplification of reality and does not include simulation of 

vibrations from tools, contaminated or missing parts even though this is common 

challenges within disassembly processes. 

2.5 Data Analysis 

Data analysis is a critical part of a case study. Unfortunately, it is one of the least developed 

parts (Yin, 2007). This thesis work followed Gagnon (2010) suggestions to organize and 

identify the literature, categorize and code it. With the research questions in mind the literature 

was read and relevant parts were highlighted. The sortation and highlighting were made to ease 

the comparison of the literature. Key terms was identified which made the collected literature 

to be sorted by subject. The subjects were remanufacturing, collaborative robots and 

simulation. Within the subjects remanufacturing and simulation the highlighted parts was 

coded as advantages and disadvantages and for the subject collaborative robots the highlighted 

parts was coded as safety and other. The highlighted parts were sorted in a spread-sheet with 

the subjects as headings and with authors, note and code as subheadings.  

 

Gagnon (2010) says that the correct data collection and analyse must be made to be able to use 

it for certain software. The collected CAD-models for the simulation was confirmed correct by 

measurements. The IPS software made it possible to start the analysis at an early stage in the 

modelling phase since the software finds collision free paths for the manikin and the cobot. 

Merriam (1994) states it; analysis of a case study is an iterative process that is going on during 

the project period. As the building of the simulation proceeded it was presented on a weekly 

basis to the representatives of the company with the purpose of receiving feedback. The 

feedback contributed to improvements for the simulation. Analyse of the simulation model was 

made iteratively as the work with the model proceeded. Cobot reachability and collision free 

paths for cobot and manikin was analysed in IPS software. 

 

The design of the workstation and the simulation was used to verify reachability for the cobot 

and the manikin and to determine station layout. The physical station´s limitations together 

with cobot´s reach contributed to the cobot´s placement on top of the engine positioner in the 

virtual workstation layout. Several different placements for the cobot was tried and discussed 

with the company representatives and with the project group before the final position was 

determined. The cobot´s reach limited parts of the operation sequence which caused 

predetermined task allocation for cobot and manikin. This limitation was found during 

analysing the simulation model. The final solution for task allocation and operation sequence 

occurred because of cobot’s reachability limitations and during discussions with project group 

and company representatives. Also, IPS software comes with limitations. The final virtual 

simulation model is made based on the limitations and boundaries that have been made within 

the case. 

 

Gagnon (2010) proposes to analyse the empirical findings by writing a case summary and let a 

person of interest read it. The person of interest should confirm whether or not the summary 

reflects the reality of the case. For the thesis work a summary of the case was written and a 

representative of the company confirmed coherence to reality. Yin (2007) explains pattern 

matching as an analytical tool where empirical findings are compared with an expected pattern. 

The empirical findings were compared with theoretical findings derived from the literature 

study and similarities were confirmed. Measurements were done to verify the data collected 

from the disassembly station.  
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Analyses to be able to answer research question number one was made by examination of the 

possibilities of the IPS software when designing the simulation model. During skype-meetings 

and mail contact with IPS software experts knowledge about how the software could be used 

and what parts of the research questions that was possible to answer. Literature about 

simulation modelling, the IPS software, human safety and collaborative robots and the 

technical specifications and characteristics of the UR10 robot was read. The literature and the 

simulation and the similarities within were compared. For research question number two 

derived theory were compared with answers from interview questions. Similarities between 

theory and empirical findings were identified. The simulation sequence, theory about 

simulation, IPS software, UR10 robot, ISO standards, human safety and collaborative robots 

and information gathered by skype-meetings with IPS simulation experts were compared and 

similarities was found for the third research question. 

2.6 Validity and Reliability 

Validity and reliability is how to ensure the correctness of the study. Validity means to ensure 

that the right measurements are made, that the right tool is used for the right task. Reliability is 

to ensure that the measurements are made in the right way, to ensure accuracy for 

measurements made. A high validity requires high reliability, but a high reliability does not 

necessarily mean high validity (Kothari, 2004). Yin (2007) points out construct validity, 

external- and internal validity and reliability as design criteria to be used for case studies.  

 

Construct validity is to assure the right measurements are used for intended measures (Yin, 

2007). Voss et al. (2002) mentioned that increase construct validity can be made by finding 

convergence from several different sources. Yin (2007) says that construct validity can be 

achieved by triangulation and by letting persons with insight in the case study read the thesis 

draft. For this thesis triangulation has been used for data collection. This has been made by 

comparing the multiple data collected by literature study, observations, interviews, discussions, 

meetings and mails. The comparison made resulted in found similarities within. School 

supervisor and project group member has been reading the thesis draft to critically inspect the 

accuracy of the content.  

 

External validity means that the study's conclusions should be generalizable (Voss et al., 2002; 

Yin, 2007). In this thesis this was made by the empirical findings that include collection of data 

from multiple resources and comparing the findings with findings in the literature study. 

Kothari (2004) and Ejvegård (2003) say that to ensure generalizable conclusions evidence 

should be found by other research methods or case studies as well. For single case studies there 

is always a risk for bias (Voss et al., 2002). An advantage of a single case study is the ability of 

observing and analysing the case in detail (Yin, 2007). This thesis is made by a single case 

study which should be taken into consideration when generalizable conclusions are made. The 

similar findings which were found in the literature study and supported the empirical findings 

increased the external validity of examined case. 

 

The internal validity is achieved when case study findings corresponds with theoretical 

evidence found in literature which makes the findings generalizable (Gagnon, 2010). Voss et 

al., (2002) say that to achieve internal validity triangulation can be used. Triangulation has 

been made with interviewing different stakeholders comparing the answers. The work with the 

case study and the writing of the thesis was made at the company. The closeness to the 

disassembly station made it possible to have daily connection with operators at the workstation 
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and other company representatives which enables to iteratively verify and confirm collected 

data and control the results. 

 

Reliability is the use and documentation of methods. The purpose of ensuring reliability is that 

another person should be able to perform the very same study, using the very same methods 

and achieve the same result (Yin, 2007). Reliability has been increased using well documented, 

scientific methods. A summary of how validity and reliability was ensured can be seen in Table 

3. 

 

 
Table 3: Summary of how validity and reliability was assured 

Design criteria Application Applied 

   

Construct validity Triangulation, feedback from stakeholders Data collection 

External validity Theoretical reference Research design 

Internal validity  Triangulation Data analysis 

Reliability Document methods Data collection 
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3 THEORETIC FRAMEWORK 

This section highlights the theoretical findings within the topics remanufacturing and 

collaborative robots and their safety. Theory is derived from books, conference papers and 

journal papers. 

 

3.1 Remanufacturing 

In this thesis, the definition of remanufacturing that is provided by the British standard 

Institution's BS 8887-2: 2009 Terms and definitions are used. Cited by ERA (2015, p.4) the 

definition states: “Returning a product to at least its original performance with a warranty that 

is equivalent or better than that of the newly manufactured product.”  

Additionally, disassembly, restoring and replacing parts of the product to achieve condition as 

new. 

 

The world's natural resources are limited. Price of raw material increases as the natural 

resources decreases. That and the fact that energy consumption arises globally makes circular 

manufacturing important. Remanufacturing not only saves natural resources but also uses less 

energy consumption compared to new production. Also, it reduces landfill, as old products are 

renovated and restored to be as good as new instead of being discarded. A study made by 

Zhang et al. (2017) showed that company drivers to remanufacture are morally, ethically, 

profitability and environmentally established. Remanufactured products are sold at a lower 

price and cost less to produce compared to products from new production, which results in a 

win-win situation as both customers and the environment benefit from this (ERN, 2015). 

Remanufacturing process differs from manufacturing process in the way that remanufacturing 

process includes disassembling and cleaning of the incoming products (Lundmark et al., 2009). 

Even though remanufacturing is beneficial in many ways also it comes with challenges. 

Modern manufacturing places high demands on flexibility and safety. The remanufacturing 

industry is currently facing increased demands for flexibility in their production because of 

increasing variations of products (Casper and Sundin, 2018). Lundmark et al. (2009) highlights 

challenges like product quantity-, quality- and timing-uncertainty along with complicated 

disassembly sequences. In addition, the authors says that remanufacturing of a certain product 

demands more labor than manufacturing for the very same. Moreover, the authors state that 

remanufacturing has a lower degree of automation than manufacturing does. ERN (2015) 

displays three challenges for the remanufacturing industry to overcome where process 

technologies are one of them. Production planning may be difficult since there is uncertainty of 

incoming products (Lundmark et al., 2009). 

 

The remanufacturing process starts with an incoming, used product, known as cores. The 

product are being cleaned and inspected before the disassembling of the product starts. The 

inspection goes on as the disassembly process progress. Damaged parts are being 

remanufactured and parts that are too damaged to be renovated are being recycled. The 

remanufactured parts are being assembled with new parts and the assembled product is being 

tested before delivered to customer (Lundmark et al., 2009; Zhang et al., 2017).  

 

3.1.1 Disassembly 

 

The disassembly sequence of the remanufacturing process comes with some challenges. Not 

only are the great variety of the products a challenge but also it is not uncommon that two 
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identical products are very different when it comes to how many parts of the product that can 

be remanufactured (Lundmark et al., 2009). Casper and Sundin (2018) says that one of today´s 

challenges in remanufacturing are the uncertainty of the condition of the incoming products 

since parts can be missing and screws, nuts and bolts could have been tightened with varying 

results. This uncertainty demands further inspections as the disassembly goes on. The high risk 

of contaminated incoming products complicates the disassembly process even more. Lundmark 

et al. (2009) discuss the issue that products usually are not designed for disassembly. Because 

of this product may be damaged when disassembled (Priyono et al., 2015). Also, this issue 

causes great variances in required disassembly time which makes it difficult to set accurate 

lead-times (Lundmark et al., 2009). Moreover, how successful the disassembly process is are 

depending on the skills of the operator as well (Priyono et al., 2015). 

 

3.2 Advantages and Disadvantages of Collaborative Robots 

Robots have been an important part of the industry for decades. The automation of the industry 

has added quality, speed and reduced costs (Vavra, 2016). The top five reasons to automate are, 

according to Vavra (2016), improve throughput, reduce direct labour costs, improve product 

quality, improve worker safety and reduce overall footprint. Müller et al. (2014) describes the 

human-robot collaboration as a factor that increases productivity and efficiency, in addition, the 

collaboration enables customized production. Gopinath et al. (2017) say that collaborative 

robots are beneficial for humans since they can perform tasks that would be repetitive and 

unergonomic for a human to perform. Wang et al. (2017) agrees with this and adds the fact that 

robots are excellent at performing work that requires precision. Fryman and Matthias (2012) 

and Ruiz Castro et al. (2018) agree with former authors when they say robots are a good 

complement to the human workers. Also, the authors states that robots are good for work that 

requires high quality and can be beneficial in several ways when taking over tasks that may be 

a risk for a person to perform. The development of collaborative workspace contributes to 

improvements in quality and flexibility as humans can take fast decisions in real time (more 

flexible) and robots are good at performing precise, repetitive tasks (Ruiz Castro et al., 2018). 

 

The conventional robots that work enclosed by the fence occupies floor space. The 

collaborative robots enable a reduction of this floor space because a cobot´s work area also 

includes the human work area (Fryman & Matthias, 2012). This contributes to cost savings as 

both human and robot uses the same area (Grahn et al., 2016). The collaborative robot has 

some of the same advantages as the regular robot working within fences by that means they can 

work without breaks and has a high process capacity (Müller et al., 2014). Moreover, 

collaborative robots can be used as a lifting tool which enables reduce cost as lifting tools can 

be eliminated (Grahn et al., 2016). 

 

An experiment with developing a manual work cell to a collaborative robot cell by Cherubini et 

al (2015) showed a decrease of strain injuries risk. Wang and Zhang (2017) examined human-

robot collaboration within an assembly station. The authors believe that the benefits with a 

human-robot collaborative workstation are the human intelligence, additional observations and 

flexibility together with cobot´s characteristics. Wang and Zhang (2017) talks about human 

safety and determines that safety risk occurs because of human behavior uncertainty. They say 

that slowing down the cobot movements when a human is near is from a safety point a good 

view but for productivity a negative way of solving safety issues. The authors’ points out that 

both safety and productivity are important to consider. 
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A challenge when implementing collaborative robots to the industry is the human acceptance 

of interacting with a robot (Sadrfaridpour and Wang, 2018). Grahn et al. (2016) writes about a 

study where ten operators were asked about collaborative robots. The study showed that 30% 

of the respondents answered negative to robots working without fences. Over- and under-

reliance between human and robot might lead to a decrease of performance outcome 

(Sadrfaridpour and Wang, 2018). As humans entering the collaborative work-zone the robot 

cannot work at full speed. According to regulations the velocity of the robots TCP must be 

limited to 250 mm/s (Grahn et al., 2016). Inam et al. (2018) says that the operator should 

provide knowledge about robot behavior before collaborative work begins. Some robots require 

expert knowledge and a lot of time spent for programming. However, nowadays at the market, 

there are robots which are easily programmed by hand-guiding which does not require expert 

knowledge or take much time (Grahn et al., 2016). 

3.3 Collaborative Robots and Safety 

The development of the robots has gone from a robot working within fences, which secures the 

humans safety, to work collaborative with humans. A collaborative workspace requires 

thorough safety consideration (Ruiz Castro et al., 2018). As stated above, robot´s accuracy and 

human´s flexibility makes the collaboration beneficial (Ibid). However, human flexibility is not 

exclusively positive because even though human-robot interaction safety is considered in the 

most meticulous way, humans tend to change their behavior in an unexpected way which 

makes it impossible to predict all possible scenarios when planning for robot motions (Wang 

and Zhang, 2017). This makes real-time motion planning important. Using task-based and 

geometric constraints simultaneously has proven to be beneficial. As an example, it can enable 

identification of areas where humans are most likely to move or identify configurations that are 

not solution-supporting. Other constraint fusion techniques exist as well (Lasota et al., 2014). 

Understandably, this development causes high demands on safety regulations (Wang, 2016). 

Also, safety regulation results in limitations in speed and force of the robot which means that 

the robot´s full capacity is not being utilized (Ruiz Castro et al., 2018).  

 

The human should be kept safe in any conditions during interaction with the robot. For a safe 

human-robot interaction every station is unique and there are many aspects to consider. The 

design and layout of the workspace, robot system limits, risk reduction and task identification 

are just some aspects that Vavra (2016) mentions. Lasota et al. (2014) have written a summary 

of safe human-robot collaboration according to ISO/TS 15066.  Their work covers papers about 

the human safety aspects written 2008-2015. The authors discuss control methods for robot 

motions and divide it into two categories: pre- and post-collision. The pre-collision methods 

addressed are quantitative limits, speed and separation monitoring and potential field methods. 

The two latter methods can be divided into two sub-categories each: safety zones and 

separation distance, non-intrusive real time measurements, human features and robot features 

respectively. Quantitative limits mean limitations of robot parameters like joint velocity or 

force to prevent human injuries. Using static or dynamic safety zones and within those zones 

control the speed of the robot and the distance between robot and object is what the authors 

refer to as speed and separation monitoring. The safety-zones can be controlled by external 

sensing devices to track humans’ motions within the zone which makes the robot stop or slow 

down as human enterers the zone. The dynamic safety zone can be visualized with a projector. 

Vavra (2016) suggests painting the floor where the human-robot interaction takes place to 

easily visualize the interactive space to the operator. El Makrini et al. (2018) solved the safety 

issue, when implementing a cobot within the automotive industry, by using safety skin on the 

robot which enabled the robot detection of human contact. The authors used gesture and face 
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recognition for communication with the cobot. The implementation of the cobot led to reduced 

material consumption and improvements in quality. Wang (2016) presents a human safety 

system using depth images and 3D models for collision avoidance where the robot will move in 

another direction or stop if the human is at risk. The robot will continue its task as soon as the 

risk is eliminated. Wang (2016) continues by saying that the safety of the operators requires 

real time data for collision detecting as well as collision avoidance. Lasota et al. (2014) writes 

that the potential field method uses vectors to control the robot's movements to avoid real-time 

collision and planning robot motions considering human presence by using distance of 

separation, robot motion legibility, reachability and human vision field and have been made 

successfully when improving safety in human-robot interaction. 

 

Observed post-collision safety methods that are brought up by Lasota et al. (2014) are divided 

into collision detection, localization and reaction with the sub-categories non-collaborative 

contact, collaborative contact and evaluation and interactive control methods with the sub-

categories detection of collaborative intent and interaction strategies. Post-collision control 

methods demand some kind of collision detection system. The authors present two methods 

were the system is capable of distinguish between intentional and unintentional robot 

collisions. Also, for the reaction of the collision there are systems that make the robot react to a 

collision by move in another direction and then stop or modify its motion path. The authors’ 

highlights an experiment were human injuries caused by robots with sharp tools can be 

reduced. If the human are entering a collaborative mode the system must be able to know 

whether or not the collision is intentional and what part of the human body that the robot is 

allowed to be in contact with. This means real time evaluations and decisions which ends in 

reactions and requires sensors to function.  

 

The workplace design must be made so it guarantees the safety of the human and prevents 

accidentally, dangerous collisions between robot and human (Gualtieri et al., 2018). Gualtieri et 

al. (2018) proposes to allow some of the space at the workstation to the robot alone where it 

will be able to work at full speed without the risk of human collision. The authors present an 

axiomatic design method for designing a collaborative workstation. Mateus et al. (2019) gives 

examples were cameras are used to let the robot detect objectives and movements in the 

surroundings. Mateus et al. (2019) states that there are further possibilities for human-robot 

collaborative work. The authors propose a methodology for design of a collaborative 

workplace. The methodology uses information from product CAD models as a base to make a 

structure and combine this with the requirements of product assembly. This is used together 

with ergonomics of human and robot capability which sets a safe collaborative workplace.  

3.4 Safety Standards 

A human life must never be compromised. For a safe approach, safety standards, both general 

and robotic standards must be taken into consideration. There are several standards available. 

The following standards have been considered for this thesis:  

 

• SS-EN ISO 12100:2010 Safety of Machinery -general principal for design –risk 

assessment and risk reduction. 

• SIS-ISO/TS 15066:2016 Robots and robotic devices -collaborative robots. 

• SS-EN ISO 10218-1:2011 Robots and robotic devices -safety requirements for 

industrial robots -part 1 robots. 

• SS-EN ISO 10218-2:2011 Robots and robotic devices -safety requirements for 

industrial robots -part 2 robot systems and integration.  
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The international A-standard ISO 12100 provides tools for a safe design of machinery. The 

standard includes risk assessment and risk reduction (ISO, 2010). ISO 10218-1 and ISO 10218-

2 include guidelines and requirements for safe collaboration between human and industrial 

robots (ISO, 2011). ISO 15066 specifies safety requirements for collaborative robots.  

 

3.5 Risk assessment 

Risk assessment should be performed when developing a human-robot collaborative 

workstation (ISO, 2016). Inam et al. (2018) says that to ensure operator safety in a human-

robot collaborative workstation it is not enough to use only ISO standards. To ensure operator 

safety risk assessment and risk reduction measurements shall be made (ISO, 2010). Risk 

reduction can be achieved thru safety rated monitored stop, hand-guiding, speed and separation 

monitoring and power and force limiting which are described in SIS-ISO/TS 15066:2016.  

 

The robot can work at full speed but when a human enters the collaborative workspace the 

speed of the robot shall be reduced. There shall always be a separation distance between robot 

and human. If this distance is below minimum value the robot shall stop. The lower speed the 

shorter separation distance is needed (ISO, 2016). The speed of the robot´s TCP shall not 

exceed 250 mm/s in a reduced speed mode (ISO, 2011). Formulas for calculations of minimum 

protection distance and total stopping time can be seen in SIS-ISO/TS 15066:2016 and SS-EN 

ISO 13855:2010 Safety of machinery - Positioning of safeguards with respect to the approach 

speeds of parts of the human body (ISO, 2010; ISO, 2016). 

 

Gopinath and Johansen (2016) propose to use Job Safety Analysis (JSA) for risk assessment. 

JSA divides the task into subtask and risk assessment is made for those subtasks. The authors 

present a tool for safe hand-guiding of an industrial robot. Yamada et al. (1999) used Fault Tree 

Analysis (FTA) when identified hazardous situations that occurred at a coexistence human-

robot system. The identified risk factors were set as human errors, outsiders entering the work 

zone and abnormal robot motions.  Inam et al. (2018) made a case study using Hazard 

Operability Analysis (HAZOP) for risk identification. The method uses a structured way to 

identify risks. Inam et al. (2018) points out the importance of robot behavior knowledge of the 

operator collaborating with the robot to be able to generate a beneficial, risk reduced 

cooperation. Failure Modes and Effects Analysis (FMEA) is used in the design process to 

determine failure (Korayem and Iravani, 2008). Other methods for risk assessments exists as 

well (Inam et al., 2018).  

 

3.6 Production system development 

There are several different reasons why companies urge a need to develop their production 

system. Common reasons are mentioned by Bellgran and Säfsten (2010) as the need of 

increasing capacity, improving work environment, change in a product or the introduction of 

new products. The development process of a production system can be divided into steps like 

design phase, building the production system and evaluation of implemented solution (Ibid). 

The production system development process starts with the design phase were companies 

identifies their need of change and makes a current state analysis (Bellgran and Säfsten, 2010; 

Bruch and Bellgran, 2013). Another step of the design phase is to set the objectives (Ibid). In 

the design phase relevant information and data is collected (Bruch and Bellgran, 2014). Further 

on in the design phase the design of the conceptual production system is made and evaluated 
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(Bruch and Bellgran, 2013). The design phase also includes to identify the requirements of how 

to proceed from current state to the objectives and choose a suitable solution (Bellgran and 

Säfsten, 2010). Different steps of the design phase can be seen in Figure 6. Bruch and Bellgran 

(2013) says the design process are an iterative process. The next step in the process is to 

implement chosen solution (Bellgran and Säfsten, 2010). 

 
Figure 6: Different steps of the production system design phase made from Bruch and Bellgran (2013). 

 

 

3.7 Simulation 

The process of modeling a simulation is mentioned by several authors in different approaches. 

But the process is quite similar with steps like identify and formulate the problem, data 

collection, develop conceptual model, build the simulation model, analyze validity, experiment 

and analyze results (Fowler and Rose, 2004; Skoogh et al., 2012; Steinemann et al., 2013). Law 

(2009) recommends talking to as many people as possible that is involved with the problem to 

obtain the very best understanding of it. He writes that it is of importance for the validity of the 

simulation model to formulate the problem correctly. The author continues by saying that 

correct problem formulation will lead to understand what data to collect. Skoogh et al. (2012) 

writes about the problem of collecting data that is accurate, valid, consistent and reliable as 

well as the problem of how to process and store the data. Robinson (2017) claims that the 

conceptual modeling part of the simulation process is the most difficult but also the most 

important. This is the part when to decide what to include and exclude in the model. Fowler 

and Rose (2004) say that too many details may not make the simulation model calculate a more 

accurate answer. Fowler and Rose (2004) means that the simulation model needs enough 

details to give correctly results but not so much that makes the model difficult to understand. 

Flexibility, less data collecting and easier to develop and understand is just some of the benefits 

that Robinson (2017) points out with a simpler model. However, Law (2009) says that it is 
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important that the model is a well estimation of the real system to be able to give accurate 

results. Most of the simulation models is made only for one specific case (Fowler and Rose, 

2004; Steinemann et al., 2013). Law (2009) recommends testing the validity for each case the 

simulation model is used. Even though Law (2009) and Sargent (2013b) points out the 

importance of the model being an appropriate approximation of the real scenario they both says 

that increasing validity may cost more than it will yield meaning that it might take a long time 

collecting new data and it doesn´t necessarily mean that it will increase the validity. Banks 

(2000) points out that two models made of the same process made by two different modelers is 

very likely to result in two different models. However, the result of the simulation should be 

analyzed thoroughly (Steinemann et al., 2013; Law, 2009).  

 

A simulation is beneficial since it allows companies to try out different future scenarios without 

utilizing resources which can be done to both existing and non-existing systems (Banks, 2000). 

A simulation must not be a digital twin of a real case scenario. In fact, a simulation model is 

always an approximation of the reality (Law, 2009). But the simulation can be a way of 

considering and analyzing scenarios made from certain well-defined factors, which makes a 

simplification of reality. What factors to consider differs from case to case (Ore et al., 2017). 

Simulation can be used to examine future scenarios as well as existing production system e.g. 

bottlenecks (Banks, 2000). Everyday difficulties when building a simulation are correct 

understanding of the problem, setting the right objectives, correct data collection, verification 

and validation (Banks, 2000; Law, 2009). Banks (2000) says that simulation modeling may be 

time consuming and the art of simulation modeling takes time to learn. Knowledge and 

experience within the software is required (Ibid).    
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4. RESULT  

This section presents the project and actors within it. The case company is presented, and the 

case including the empirical findings is described. 

4.1 Empirical Findings  

4.1.1 Unification project 

 

 The Swedish automotive industry is facing a demand of flexibility due to an increase of 

customized products. This entails high demands on manufacturing processes because increased 

complexity such as variability and configurability must be handled. At the same time a more 

cost-effective production is sought which means increased automation. To meet this demand 

Volvo is investigating the possibility of developing collaborative workstations. An advantage 

of a collaborative robot is the flexibility. To examine the possibilities of solving those issues a 

project started named Unification. The Unification project aims to fulfil this by develop 

methods, tools and work procedure for handling the complexities of variability and 

configuration both in preparation and real-time for digitizing vehicle and powertrain assembly 

systems where human operators and collaborative robots share assembly and disassembly 

tasks. Participants in the project are Chalmers, AB Volvo, Fraunhofer Chalmers, SETEK and 

ARHO. Physical demonstration-stations are being built up in existing industrial facilities with 

the purpose of demonstrate the project objectives, potential and results.  

 

Volvo Group Trucks Operations Research & Technology Development is part of the 

Unification project. As a part of the project a disassembly work sequence with a collaborative 

robot and an operator was examined. As part of validation and demonstration of the project 

results, an industrial use case was developed. The work was done in cooperation with both 

Volvo production site and Unification project partners.  

 

4.1.2 Company description 

The use case company where examination has been made is a Swedish remanufacturing 

company which is a part of the larger division Volvo Group Trucks Operations, referred to as 

Volvo Group. Volvo Group is a world leading vehicle industry that provides transport 

solutions. The group employs 100 000 people in 18 different countries. The Volvo Group 

manufactures trucks, buses, construction equipment, marine and industrial engines under the 

leading brands Volvo, Renault Trucks, Mack, UD Trucks, Eicher, SDLG, Terex Trucks, 

Prevost, Nova Bus, UD Bus and Volvo Penta. Volvo Group Trucks Operations encompasses all 

production of the Volvo Group’s engines and transmissions, as well as all production of Volvo, 

Renault and Mack trucks. The organization is responsible for spare parts supplies to the 

Group's customers as well as for designing, operating and optimizing logistics and supply chain 

for all brands, production facilities and distribution centres where the Volvo Group operates. 

Also, Volvo Group provides customized solutions by financing solutions, insurance, rental 

services, spare parts, preventive maintenance, service agreements, assistance and IT-services. 

The Volvo brand is well known and associated with the core values of quality, safety and 

environmental care. To retain competitiveness the focus is on quality, lead time and delivery 

reliability when improving production processes. The Research & Technology Development 

department is responsible for planning and execution of projects to develop future solutions for 
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the Group Trucks Operations business. This is done in close cooperation with external partners, 

industry, institutes and academia, in public funded research and innovation projects, as well as 

in internal projects with stakeholders and users in the Volvo organization.  

 

The case company remanufactures engines and components from heavy duty vehicles and 

applications, cars and boats for the benefit of the global market. The company employs 225 

people with a male percentage of 82 %. Within Volvo Group the company is one of six other 

remanufacturing industries around the world. The company´s vision is to be a world class 

business partner supplying exchange parts in a sustainable way. The values, aspirations, vision 

and mission can be seen in Figure 7. The formulated objectives support the vision saying that  

 

“As a cohesive, trustworthy, flexible and passionate team we deliver quality products, to the 

right cost and at the right time. Our workplace is safe, healthy and innovative. Through our 

remanufacturing craftsmanship we are professional in everything we do”. 

 

Although the company focuses on quality, lead time and delivery reliability in their production 

processes it must never compromise with human safety. The company continuously develops 

and improves ergonomics and human safety in all aspects. 

 

 
Figure 7: Values, aspirations, vision and mission of Powertrain Production Remanufacturing 

The company receives worn-out products which are being cleaned and disassembled. The 

disassembled parts are inspected to determine the parts condition and decide whether to recycle 

or remanufacture it. The recycled parts are replaced with new parts which are assembled with 

the remanufactured parts to an engine as good as new. There is a product variety of 200 

different truck engines. The operators work in one shift, two by two. 

4.1.3 Remanufacturing Process Description 

The remanufacturing process starts with the incoming cores from dealers are being inspected, 

documented and transferred to storage. The production planners make the production schedule 

for the factory which sets the production order for the core. The core enters the 

remanufacturing process at the disassembly station. The disassembly process is being described 

in detail further below. The reusable, disassembled products are sent to cleaning before 

imperfections and inaccuracies are corrected by machining. The remanufactured parts are 

inspected to secure quality. Passed parts are together with new parts assembled to a new 

product updated to latest specification. The assembled product is tested and if passed the 
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product are painted and sent to packaging before delivery to logistics service warehouse in 

Gent. The remanufacturing process can be seen in Figure 8. 

Figure 8: Case company remanufacturing process 

4.1.4 Station Layout 

The disassembly area in the plant is located as the first station when entering the building. The 

station includes a washing machine, tool storage and two engine positioners. The layout of the 

two disassembly areas and washing machine can be seen in Figure 11. A single disassembly 

area is approximately 4x6 meter; the area can be seen in Figure 9 marked by a red line. The 

engine positioner enables the engine to be rotated and moved vertically. Each disassembly area 

has a grid floor right in front of the engine positioners where fluids and smaller screws and nuts 

are being collected. On both sides of the grid-floor the operators have tool storage where they 

find the tools needed to disassemble an engine e.g. nutrunner and sockets. Containers for the 

disassembled parts are located closely to the disassembly area. A picture of the disassembly 

area can be seen in Figure 10. As seen the space of the disassembly area is limited. There are 

no walls around the area but the disassembly station is limited by the washing machine, two 

passages for forklifts and the following station. 
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Figure 9: Marked area approximately 4x6 meter 

 

 
Figure 10: Picture of one of the disassembly areas 

4.1.5 Disassembly Process Description 

At the disassembly workstation the operators work one-shift, five days a week. Currently there 

are five persons working at the disassembly station. One person has the work task of filling and 

emptying the washing machine and four operators are working in two teams to disassemble 

engines at two equally equipped disassembly areas. The target point is to disassemble four to 

five engines per shift. For washing and disassembly, throughput for one engine should be 3,4 

hours. The disassembly process begins with the incoming products being transported by means 

of the overhead crane straight into a washing machine one by one. This is visualized by the 

grey arrow in Figure 11. When the engine is cleaned it is being attached to one of the engine 

positioners by two operators. The engine´s disassembly position is visualized with the dotted 

line in Figure 11. The disassembly procedure is currently performed by two operators. The task 

is to strip the engine piece by piece until it is completely disassembled. The procedure does not 



34 

 

follow a certain pattern, the operators choose from engine to engine what part to pick and in 

what order to disassemble the engine parts. The disassembled parts are put in different 

containers depending on what the next step in the remanufacturing process for the part is. The 

blue arrows in Figure 11 show how the engine is transported by the overhead crane from the 

washing machine to the engine positioner. The dotted lines mark the position of an engine 

attached to the engine positioner. 

 

 
Figure 11: Current layout and movements within the disassembly area 

 

From a holistic point of view, the company is facing challenges in terms of a competitive 

market and rising raw material costs. Those facts cause demands to increase quality and 

flexibility and decrease costs e.g. less use of raw material in the production. For the 

disassembly station at the case company the advantages are heavy tools and bad postures when 

trying to loosen stuck parts together with monotonous tasks and challenging ergonomic issues. 

Vibrations from tools when loosening screws and nuts and contaminated parts makes the 

disassembly process at the station a hard work. Also, the unscrewing is seen as non-value 

adding work. 

 

4.1.6 IPS Workstation Layout and Simulation 

Layout restrictions were identified for the physical disassembly station at the company. The 

over-head crane which are used for transporting the engine and heavy, disassembled parts in 
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the workstation makes it impossible to place the cobot over the engine, hanging from the 

sealing which otherwise would have improved cobot reachability. Cobot placement on the side 

of the engine would have caused inflexibility as the cobot physically would have occupied 

space and reachability for the operator. The layout restrictions together with discussions with 

company representatives and project group led to the final workstation layout with the cobot 

placed on the engine positioner which can be seen in Figure 12. The over-head crane is not 

visualized in the simulation. 

 
Figure 12: Virtual model workstation layout 

 

A photogrammetry was made. The method was chosen by the project group as the result is 

made to a relatively low cost compared to e.g. scanning. The photogrammetry was made by 

taking photos of the physical disassembly station. A total of 573 pictures were taken for the 

photogrammetry. The photogrammetry was made in the software Reality capture by a 

representative at the project group. The result of the photogrammetry can be seen in Figure 13. 
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Figure 13: Simulation model complete with photogrammetry 

 

Learning the simulation software was time-consuming. There was a lack of exercises to 

practice the software. Although there was support via skype and e-mail by IPS software experts 

the education of how to make the simulation was mostly made by trial and error. Difficulties 

occurred when not knowing if a problem in the making of the simulation were because of 

wrongfully made simulation because of lack of knowledge or because of a bug in the software. 

 

The simulation was made by choosing robot joint position as start and stop point for the robot 

action and let the IPS software found a collision free path between the points. For the manikin 

movements the IPS software detects collisions and unergonomic movements. The simulation 

made showed the cobot and manikin disassembling 13 rocker arm shaft screws. The cobot 

unscrew number 1-10 and the manikin unscrews number 11-13. The number and placements of 

the screws can be seen in Figure 14. The simulation sequence starts with the cobot picks up 

M10 socket for loosening rocker arm shaft screw number 10-2, in descending order. The 

screws should be loosening gradually in two sequences. This is made caused by a constraint, 

the valve springs puts a pressure from below, which means that the shaft is bent if it is only 

loosened at one end. Therefore, the cobot loosen the screws just a bit in the first screw 

sequence. Thereafter the cobot changes to a larger M14 socket and loosens screw number 1 

completely. The cobot changes back to the M10 socket and loosens screw number 10-2 

completely. The manikin loosens screw number 13-11 in descending order. The manikin starts 

with screw number 13 at the same time as the cobot starts with screw number 10. The manikin 

completes the first round before the cobot. While waiting for the cobot to start at the second 

round the manikin works with other screws on the side of the engine. When the cobot is ready 

to start loosening screw number 10 again the manikin starts to loosen screw number 13 for the 

second time. When the manikin has loosened screw number 13-11 for the second and last time 

the manikin starts to pick the screws. The manikin picks screw number 13-1 in descending 

order. The simulation sequence ends when the manikin has picked up all of the 13 screws. 

Table 4 and Table 5 shows the simulation sequence order and the sequence time as the actors’ 

starts and complete each task. The seconds in Table 4 and Table 5 are rounded to nearest whole 

number. The simulation sequence has a total time of 108 seconds. 
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Figure 14: Number and placements of rocker arm shaft screws number 1-13 

 
Table 4: Cobot simulation sequence order 

Time (seconds) Task 

0-1 Travelling time 

1-2 Pick M10 socket 

2-8 Travelling time 

8-20 Loosen screw no 10-2 

20-22 Travelling time 

22-23 Tool change to M14 socket 

23-26 Travelling time 

26-28 Loosen screw no 1 

28-30 Travelling time 

30-33 Tool change to M10 socket 

33-41 Travelling time 

41-52 Loosen screw no 10-2 

52-55 Travelling time 
 

Table 5: Manikin simulation sequence order 

Time (seconds) Task 

5-6 Pick up tool 

6-7 Travelling time 

7-13 Loosen screw no 13-11 

13-15 Travelling time 

15-37 Loosen other screws 

37-38 Travelling time 

38-44 Loosen screw no 13-11 

44-46 Travelling time 

46 Release tool 

46-47 Travelling time 

47-108 Pick screw no 13-1 
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5. ANALYSIS 

This chapter presents analysis of the empirical findings. The research questions are 

discussed in separate sections. Analysis regarding verification of operator safety, 

advantages and disadvantages of implementing collaborative robots and how simulation 

can facilitate decision making are made.  

 

5.1 Challenges of Verifying the Operator´s Safety by Using Simulation 

The IPS software provides the modeler with information about manikin safety when the design 

of the simulation model is in progress. This contributes to new ideas of how to solve for 

manikin safety. Even so, challenges are met when trying to verify operator's safety by using 

IPS software. The challenges were: 

 

• Many possible scenarios for human movements  

• Differences between IPS software and UR10 robot characteristics 

• Learning the software 

• Simulation modelling is time consuming 

 

The simulation sequence visualized operator´s movements when disassembling a screw joint. 

The operator´s movements could be visualized in a great number of different ways. Just like 

Lasota et al. (2014) and Wang and Zhang (2017) stated humans tend to change the way they 

work. Unlike robots, humans´ movements are not repeatedly the same every time. Verification 

of operator´s safety is met but only if operator´s and cobot´s movements are the same as the 

manikin´s and cobot´s movements in the simulation. The unpredictable movements of human 

do not necessarily mean that the operator´s safety is jeopardized but it makes the safety of the 

operator difficult to verify. Also, the manikin anthropometry may affect the outcome of the 

safety. For a much taller or shorter operator a revision of the simulation needs to be done and 

human safety must be reconsidered. This goes in line with what Banks (2000) and Law (2009) 

says that a change in a variable means a new simulation scenario which causes that a new 

analysis needs to be done. Vavra (2016) says every simulation case is unique.  It would take 

much effort to simulate all possible scenarios since human´s movements are very varying and 

changes in other variables adds on the number of possible scenarios as well. As Banks (2000) 

states simulation can be time-consuming. It was not possible to visualize all possible scenarios 

for this thesis work.  

  

Although it is possible to detect collision between the manikin and cobot in IPS software it is 

not possible to visualize the built-in force sensing system of the UR10 robot. For force 

limitations the IPS software is not optimal. Even though the UR10 robot has built-in force 

sensing system the IPS software is built to find obstacles-free solutions which make the 

software unable to show the built-in safety solution that makes the UR10 robot stop when 

obstacles occur. The same applies for safety skin as El Makrini et al (2018) used in their 

project. The IPS simulation software does not find a pleasant solution if a collision is detected. 

The modeler must redo the simulation until a collision-free solution is found or stop if a 

collision free solution cannot be found. Also, the IPS simulation software does not consider 

what Lasota et al. (2014) discusses, whether the collision is intentional or unintentional. A 

difficult part is to detect whether the collision is intentional or not.   
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Learning a simulation modeling software takes time and effort. To be able to build a simulation 

model the modeler need to have knowledge and experience within the software (Banks, 2000) 

which will grow over time as the modeler learns the software. The simulation modeling for this 

thesis started with a one day introduction and continued by a training period. The training 

period took place without guidance except skype and email contact with a person skilled in the 

software. There were no prepared exercises or tasks to practice at. The experience and 

knowledge about the software grew as effort was put to practice the software. The training of 

the simulation software was time-consuming. The learning of the software continued over the 

whole period as the software was used. For the building of the model advice every now and 

then from experts via email and skype helped in the building and learning process. The learning 

process might have had a quicker development if prepared exercises were available or if there 

was a simulation software teacher nearby to provide guidance at any time. Also, the outcome of 

the simulation model might have been different if greater knowledge within the software had 

been obtained.  

 

The process of simulation modelling is time consuming (Banks, 2000). The modelling process 

does not just include the building of the simulation model but also identification and 

formulation of the problem, data collection, developing conceptual model, analyzing validity, 

experimenting and analyzing results (Fowler and Rose, 2004; Skoogh et al., 2012; Steinemann 

et al., 2013). As theory derived all of the process steps are important and effort has been put to 

accomplish the process steps for this thesis work. Although data collection took some time the 

most time consuming part of the process was to build the simulation model. Not only different 

layouts and scenarios were tried but also the software is under development and problems with 

the software occurred from time to time which caused delays. Simulation software experts were 

consulted when software issues occurred. Greater knowledge within the software and guidance 

by a simulation software teacher nearby might had reduced the time spent for the simulation 

modeling.  

5.2 Potential Benefits and Disadvantages of Implementing a Cobot in a Manual 

Disassembly Station 

Findings from the case study show that the condition of the engine varies which makes it 

difficult to predict what parts to remanufacture and what parts to scrap until a physical 

inspection has been made. At the case company this is made during the disassembly process. 

The time study made at the case company for the disassembly sequence showed variations in 

time spent. This could be because of e.g. stuck or broken parts. Also, the empirical findings 

showed that there is a risk of missing or replaced parts at the core. This is in line what Casper 

and Sundin (2018) stated that one of today´s challenges in remanufacturing are the condition 

uncertainty of the engine and that uncertainty demands further inspections as the disassembly 

goes on. That type of inspection requires flexibility and therefore advantageously can be 

performed by a human being (Ruiz Castro et al., 2018). This statement could explain why 

Lundmark et al. (2009) say that remanufacturing has a lower degree of automation than 

manufacturing. Because of the uncertainty of product condition, a cobot must be able to detect 

differences in the core e.g. if a certain part is broken, missing or replaced.   

 

As stated above the condition of the core has an impact of the disassembly process. Even so, in 

the simulation there is no uncertainty of the core´s condition. All screws have the correct 

dimensions and no parts are contaminated or missing although both theory and empirical 

findings showed that this is not always the case. The simulation showed that time spent for 

cobot and operator to disassemble the 13 rocker arm shaft screws is longer than the time spent 
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for two operators. But the performance time for cobot unscrewing the ten rocker arm shaft 

screws in the simulation is just an estimation made. No calculations have been made regarding 

the time it takes for the robot to loosen the screws. However, as the simulation shows, the 

manikin needs to wait for the robot to finish the first sequence of loosening the screws until the 

second sequence can start. As seen in the simulation the manikin may work with other tasks 

when waiting for the cobot to finish its task.  

 

The empirical findings exposed a current disassembly process which is not optimized to the 

operator as the case study at the workstation presented safety issues for the operator. Empirical 

findings showed that the dismantling of the 13 rocker arm shaft screws exposed the operator to 

tasks which are not ergonomic, vibration and monotony tasks. As theory derived exposure of 

vibrations might lead to work injuries (Arbetsmiljöverket, 2017, 2018). The empirical findings 

harmonize with the theory of Casper and Sundin (2018) as the disassembly process are being 

complicated with parts that occasionally are contaminated and stuck. The implementation of a 

collaborative robot enables the opportunity to the operator to entrust the task of loosening 

screws to the cobot, thereby reducing the operator exposure of the vibrations. Gopinath et al. 

(2017) suggest that implementation of a cobot could reduce some of the operator´s monotonous 

tasks. Loosening a larger amount of screws can be perceived as monotonous to a human being 

but can be a suitable task for a cobot since repetitive, precise tasks are advantageously done by 

a cobot (Fryman & Matthias, 2012; Ruiz Castro et al., 2018). 

 

The UR10 robot can be programmed by hand-guiding which means that anyone can learn how 

to program the robot without expert knowledge in programming (Universal robots, 2019). An 

advantage of this is that no educated robot programmer needs to be involved. This may save 

both time and money as anyone at the company could program the robot. Another advantage 

worth mentioning, the robot can work around the clock as it does not get sick or require breaks 

like human does. However, robot´s requires maintenance and breakdowns may occur. Those 

kinds of stops cause impact of the production which must be taken into consideration before 

implementing a collaborative robot.  

 

There is a risk of a critical view of working collaborative with a robot. It is not likely all 

operators would think of human-robot collaboration in a positive way (Sadrfaridpour and 

Wang, 2018). The question was raised to the two operators at the case company whether or not 

they felt positive about working collaborative with a robot. The reaction of the operators 

indicated a positive view of collaborative robots as this kind of robot could perform 

monotonous tasks and improve operator´s ergonomics. Grahn et al. (2016) met a 30% negative 

reaction when asking ten operators about robots working without fences. If the same question 

was asked to a greater number of respondents the distribution of the answers might be different. 

Inam et al. (2018) propose to educate the operators in robot behavior. This could provide the 

operators greater knowledge about working with a collaborating robot and might positively 

influence the operator's opinion of collaborative robots. 

 

There is an urge to mention the economical perspective of implementing a collaborative robot 

at a disassembly workstation. Not only does the acquisition of the robot come with a cost but 

also the implementation of a collaborative robot might cause a need of rebuilding an existing 

workstation. This needs to be taken into account before implementation of a cobot can be a 

reality.  
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5.3 How Simulation Can Be Used for Decision Making When Developing a 

Collaborative Workstation 

The production system development process starts with the design phase (Bellgran and Säfsten, 

2010). As stated in theory the design phase is made by several different steps which can be 

made in an iterative way (Bruch and Bellgran, 2013). A simulation can be made to evaluate 

existing production systems e.g. find bottlenecks (Banks, 2000) for analysis in the design 

phase. In line whit Banks (2000) the case study shows that a simulation can be used in the 

design phase to try out different scenarios of a future state. The simulation is made based on an 

existing workstation trying out future scenarios. Also, the simulation in the thesis work has 

been used to find solutions when collision free paths are made. 

 

To be able to make a valid simulation it is of importance to fully understand how the process 

that should be simulated looks like (Law, 2009). Like Law (2009) suggest, gathering different 

information may be good, not only for problem formulation but for the validity of the model. 

According to Fowler and Rose (2004), Law (2009) and Robinson (2017) the plan would be to 

try to keep the simulation model as simple as possible but not for the cost of validity. 

Wrongfully calculations from a simulation model may lead to wrongfully conclusions which 

may lead to great costs for the company.  

 

Advantageously the simulation model can be used for workstation layout decision making. The 

IPS software is compatible with CAD models. An advantage that comes by using CAD models 

is the accuracy of the dimensions. For the simulation model made in this project CAD models 

was used for the UR10 robot, engine positioner, D13 engine, human and robot tools, screw tray 

and table. Ensuring that the right dimensions are used increases the validity of the work (Yin, 

2007). IPS software has been used to verify cobot reachability. From the position on top of the 

engine positioner the cobot reaches to unscrew ten out of thirteen screws. This can be stated 

with quite great certainty as the dimensions are verified both with the use of CAD-models and 

measurements at the physical disassembly station. The reachability of the cobot was 

determined in the future workstation layout design phase of the simulation modelling. The 

simulation model provided the opportunity to try out different workstation layouts in an easy 

way and to a low cost. For this thesis several different layouts could be explored in just a few 

hours e.g. by moving the cobot to different positions. The simulation model can be used early 

in the planning process in an explorative manner like layout design decision making. This goes 

in line with Banks (2000) statement that a simulation allows companies to try out different 

future scenarios without utilizing resources.  

 

The disassembly simulation sequence had an operational time of 108 seconds. However, the 

time spent for the simulation sequence is not based on any calculations and therefore no 

conclusions should be drawn from this. Even so, and even if the disassembly sequence with a 

collaborative robot would take longer time spent than the very same disassembly sequence 

would do for one operator there is a possibility that the operator can work with other tasks 

while waiting for the cobot to finish its task. The operator may loosen screws on the side or in 

the front of the engine as long as the operator is not occupying space for the cobot. However, as 

said, the time spent for the cobot disassembly sequence might be longer or shorter than the 

simulation shows.  

 

Like stated above, the uncertainty of human´s movements makes human safety difficult to 

verify. As Sargent (2013) mentioned, validation of the simulation model must be made for each 

scenario simulated. A changed movement of the human means a new scenario to simulate. The 
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numbers of simulations that are required to simulate all the different movements that a human 

might do when performing the disassembly sequence are too many to manage within the scope 

of this thesis. Educating operator for collaborative work with cobot can be profitable from a 

risk reduction point of view (Inam et al., 2018). The simulation with manikin movements was 

made iteratively. Decisions about how the manikin should move was a result of planning and 

sometimes trial and error. The process proceeded until IPS software found a collision free 

solution for the manikin movements. 

 

Risk assessment must be made when implementing a cobot to a workstation to establish a safe 

work environment for the operator (ISO, 2016). As stated in theory there are several different 

methods which can be used for risk assessment (Gopinath and Johansen, 2016; Inam et al., 

2018; Korayem and Iravani, 2008). IPS software is able to determine collision free paths for 

both operator and cobot when disassemble the 13 rocker arm shaft screws. The IPS software is 

used as tool to secure operator safety and therefore could be used as a tool for risk assessment. 

 

 



  43 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

 

The future demand for the Swedish manufacturing industry of a more flexible manufacturing 

process and the requirements of a high-quality manufacturing process has led Swedish 

companies to examine the possibility of implementing collaborative robots in the production 

processes. Collaborative work between human and robot are beneficial since their 

characteristics complement each other. Previous studies of collaborative work between human 

and robot have shown improvements in quality, human safety and material consumption 

(Cherubini et al., 2015; El Makrini et al., 2018). Empirical findings show operator exposed to 

vibrations, monotony tasks and tasks that are not ergonomic that can cause work injuries over 

time. Theory demonstrates a collaborative robot as a solution to those issues as the robot 

preferably can perform repetitive tasks and does not suffer from ergonomic issues (Fryman and 

Matthias, 2012; Ruiz Castro et al., 2018).  

 

Although similarities can be drawn between manufacturing and remanufacturing the processes 

differs as the remanufacturing process includes disassembly (Lundmark et al., 2009). The 

disassembly process is challenging since it struggles with core condition- and production 

planning uncertainty. The collaborative robots provide new opportunities for production, as 

their characteristics can be used advantageously for certain types of work. Implementation of a 

collaborative robot at workstation might require redesign of the workstation layout. Also, for 

human-robot collaborative work the most important aspect to consider is human safety. 

Therefore, risk assessment must be made before implementing a collaborative robot. For a 

cost-effective and safe way of examining design and safety of a future collaborative 

workstation simulation can be used. Simulation has the advantage of being able to investigate 

future scenarios without risking human safety or at an excessive cost.  Therefore, this study 

was conducted, and the purpose of this thesis was to facilitate the design of a disassembly 

collaborative workstation by means of simulation.  

 

As the case study and theory shows a simulation can be used in the design phase of production 

system development both for analyzing the current state of a production system and to try out 

future solutions. Also, it can be used to analyze the proposed solutions. This means that the 

simulation advantageously can be used early in the production system development process.  

 

A simulation model of a future collaborative workstation has been made to answer the research 

questions about how to verify operator´s safety at a collaborative workstation, advantages and 

disadvantages of implementing a collaborative robot at a disassembly workstation and how 

decision-making can be supported by a simulation model. Although the IPS simulation model 

provides a simplified picture of reality some conclusions can be drawn. The use of CAD 

models when designing the future workstation provides the simulation model with accurate 

dimensions of subjects. CAD models contribute to the simulation in the way that it can 

advantageously be used to verify the robot's reachability in the workstation's virtual model. 

 

Using simulation software for design of the workstation layout is beneficial since different 

layouts can be investigated in a safe manner and to a low cost. Different workstation layout 

decisions can be investigated without the risk of human safety. The simulation model can 
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advantageously be used to find out where to place the robot, tools and other equipment for a 

safety collaborative workstation. The simulation model can be used to examine human safety 

aspects. However, the human natural pattern of movement is made up of variation which 

causes difficulties when human safety is to be ensured by a simulation. Visualization of cobot 

work area, operator education, task-based and geometric constraints are just some examples of 

solutions that exists to solve for this. 

 

The velocity of the cobot movements can easily be adjusted in IPS software. Both empirical 

findings and theory derives the core condition uncertainty which affects the disassembly 

process. By the time the work with the thesis was made it was not possible to investigate this 

issue further by IPS simulation. 

 

 

6.2 Method discussion 

 

There is a necessity to consider the number of potential margins of error and mention 

something about source and method criticism. For this thesis the case study method was used. 

For case study method different tools may be used. During the work with this thesis the HIRC 

design method, observations, interviews and a literature study were made. For the case study 

method, subjectivity is possible, which can lead to a complicated process for another researcher 

to repeat the examination. An example could be a participant who is interviewed who might 

responds differently later.  

 

Articles found in the literature study were mostly from around 2000-2018. For the articles 

search there was no restriction made for the time-span of the articles. The subject of 

collaborative robots is relatively novel and therefore the articles is up to date. However, a 

larger amount of articles studied might have affected the outcome of the literature study. Also, 

using other databases for literature search might have given a different result.  

 

The HIRC design method was used for the design of the human-robot collaborative 

workstation in IPS software. It was developed from Pahl and Beitz’s (2007) design method by 

Ore, Hansson and Wiktorsson (2017). As an advantage it should be mentioned that the HIRC 

design method was developed by the authors with the IPS software in mind. Even so, and 

although the steps of the method were followed thoroughly the method´s appropriateness can 

be discussed. Some steps of the method were found difficult to follow and there is certain space 

for free interpretations of the method that may make it difficult for another person to repeat. 

 

The outcome of the simulation model is affected by input and the decisions made when 

designing the model. The simulation model could have been affected by subjectivity. Decisions 

what to include and exclude in the model could differ from one modeler to another. Just as 

Banks (2000) say, a simulation case made by a number of different designers will have a 

number of different model outcomes. Also, the software used for simulation comes with 

restrictions e.g. there were not possible to simulate UR10 robots build-in safety system. 

Another simulation software might had given a different outcome. 
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6.3 Recommendations for future research 

 

Theoretical findings show a comprehensive documentation of collaborative human-robot 

workstations for manufacturing. However, the same subject for remanufacturing 

documentation has been found to a lower degree. The disassembly process is affected by the 

condition uncertainty of the core. The core may be missing parts, be contaminated or parts may 

be stuck (Casper and Sundin, 2018). For condition uncertainty of the core, theory emphasizes 

with empirical findings. Although these issues are important to consider when developing a 

collaborative disassembly workstation, in IPS software it is not possible to simulate how the 

varying condition of the incoming products would affect the robot performance. Therefore, a 

future research is proposed of how the uncertainty of the core affects the disassembly process 

at a collaborative workstation.    

 

Challenges of verifying the operator´s safety are the many possible scenarios due to the 

uncertainty of human movements and the differences between the IPS software and the 

characteristics of the UR10 robot. Only one of the many possible scenarios have been 

simulated which means there are several more outcomes that are possible to investigate to 

verify operator safety. 

 

Calculations of torque and time for the cobot disassembly task could be made as this would 

provide the simulation with accurate data which could contribute to an analysis regarding time. 

 

For this thesis a single case study was made. To improve reliability the same study could 

preferably be made at other companies. Also, further investigations of additional tasks for the 

cobot to perform can be made.   
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APPENDIX A –Universal robot 10 technical specification 

 

 
Figure 15: Technical details of UR10 
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APPENDIX B –Interview questions 

Interview questions for the two operators. 

• How long have you worked as an operator at the disassembly station? 

• How would you describe the disassembly process? 

• How would you describe your work tasks? 

• How do you know what parts of the engine to save and what parts to scrap? 

• What do you think are the challenges of the disassembly process?  

• How many people are working at the disassembly station? 

• How is the work tasks distributed? 

• What is the takt time at your station? 

• The time study of disassemble the screw joint showed great variations in time. What 

could be the reason for this? 

• In what way do you think a collaborative robot would be beneficial for your company?  

• How do you think you would experience working collaborative with a robot? 

 

Interview questions for production engineer and remanufacturing engineer/technical trainer. 

• How long have you worked at your current role at the company? 

• What do you think are the main challenges of remanufacturing? 

• How would you describe the remanufacturing process at your company? 

• What do you think are the challenges of the disassembly process? 

• What is the throughput time for the disassembly station? 

• What is the throughput time for your products? 

• In what way do you think a collaborative robot would be beneficial for your company?  
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APPENDIX C –Conceptual model 

 

 


