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Abstract
Future manufacturing will be characterized by the complementarity between humans and
automation (human-robot collaboration). This requires new methods and tools for the design
and operation of optimized manufacturing workplaces in terms of ergonomics, safety,
efficiency, complexity management and work satisfaction. There have been some efforts in the
recent years to propose a tool for determining optimal human-automation levels for load
balancing.
Although the topic is quite new, it shares some similarities with some of the existing research
in the area of robotic assembly line balancing. Therefore, it is crucial to review the existing
literature and find the most similar models and methods to facilitate the development of new
optimization models and algorithms.
One of the two contributions that this thesis gives to the research world in the RALBP context
is a literature review that involves high quality articles from 1993 to beginning 2018. This
literature review includes visual and comprehensive tables—and a label system— where
previous research patterns and trends are highlighted.
Visualization of data and results obtained by assembly line optimization tools is a very
important topic that has rarely been studied. Data visualization would provide a: 1. better
comprehension of patterns, trends and qualitative data 2. more constructive information
absorption 3. better visualization of relationships and patterns between operations, and 4. better
contribution to data manipulation and interaction.
The second contribution to research found in this thesis is the use of a human modelling (DHM)
tool (called IPS), which is proposed as an assessment to the ergonomic risk that a robotic
assembly line may involve. This kind of studies are necessary in order to reduce one of the most
frequent reasons of work absence in our today society i.e. musculoskeletal disorders (MSDs).
MSDs are often the result of poor work environments and they lead to reduced productivity and
quality losses at companies. In view of the above, IPS was used in order to resolve the load
handling problem between human and robot, depending on their skills and availability, while
fulfilling essential ISO standards i.e. 15066 and 10218:1 and :2. The literature review made it
possible to select highly useful documents in developing assumptions for the experiment and
contributed to consider real features detected in the industry.
Results show that even though IPS is not capable of calculating an entire robotic assembly with
human-robot collaboration, it is able to simulate a workstation constituted of one robot and one
human. Finite and assembly motions for both human and robot are expected to be implemented
in future versions of the software.
Finally, the main advantages of using DHM tools in assessing ergonomic risks in RALB can
be extracted from the results of this thesis. This advantages include 1. ergonomic evaluation for
assembly motions 2. ergonomic evaluation for a full working day (available in future version)
and 3. essential ISO standard testing (available in future version).
Keywords: Human-robot collaboration, robot, assembly line balancing, RALB, visualization,
literature review, IPS IMMA, sustainability, Digital Human Modelling DHM, Simulation,
Workstation Design, ISO 15066.
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1 Introduction
This chapter specifies the motivation, purpose, objectives and background of this project. A
discussion on the research opportunity and therefore the project conduction is given.
Additionally, a report structure is presented to give an overview of the report.

1.1 Motivation
Future manufacturing will be characterized by the complementarity between humans and
automation, especially regarding the production of highly customizable products. This requires
new methods and tools for the design and operation of optimized manufacturing workplaces in
terms of ergonomics, safety, efficiency, complexity management and work satisfaction. There
have been some efforts in the recent years to propose a tool for determining optimal humanautomation levels for load balancing.
Although the topic is quite new, it shares some similarities with some of the existing research
in the area of robotic assembly line balancing. Therefore, it is crucial to review the existing
literature and find the most similar models and methods to facilitate the development of new
optimization models and algorithms. Moreover, visualization of data and results obtained by
assembly line optimization tools is a very important topic that has rarely been studied. Data
visualization would provide a better comprehension of patterns, tends and qualitative data. Data
visualization will absorb information in a more constructive way, visualize relationships and
patterns between operations, and contribute to data manipulation and interaction.

1.2 Purpose and objective
The main aims of this thesis are: 1) conduct a comprehensive literature review in the area of
robotic assembly line balancing and report the latest development in terms of both solution
methods and visualization approaches. This is done in order to:
•
•
•
•
•
•
•

Provide readers easy access to high quality articles (or studies) that are relevant, meaningful,
important and valid
Provide readers with a summary of previous studies
Ensure that no duplicate will be done
Provide clues of where future research is heading
Highlight key ﬁndings
Identify inconsistencies, gaps and contradictions in the literature
Provide a constructive analysis of the methodologies and approaches of other researchers;

2) propose a visualization approach to effectively demonstrate the assembly line balancing
solutions, resulted from different methods, and facilitate the evaluation of different solutions in
context of Manuwork project (see section 3). The most similar models should be selected, and
technical suggestions should be provided for further adoption and development.
Furthermore, a visualization of the obtained result should be made and inspire a better
comprehension as well as a new point a view of the selected field.

1.3 Background
In the recent years, an increasing trend toward robotic assembly line has been reported. Robots
are used in different areas e.g. packaging, transportation, loading/unloading and especially
assembly/disassembly lines. Because of their huge increase, in order to take all the advantages,
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the consideration of robots during the assembly line balancing has become vital. On the other
hand, market condition have increased the importance of a mixed-model RALB (Çil, Mete and
Ağpak, 2016).
In order to obtain state-of-the-art findings, this thesis aims to combine two theories i.e. RALB
and Human-robot collaboration—that are presented down below. For simplicity, each theory is
presented separately.

1.3.1 Simple assembly line balancing
In an assembly line, workstations are placed in a consecutive manner, creating a sequence in
which products are manipulated in a certain way and during a certain amount of time at each
workstation. Balancing an assembly line, i.e. dividing the workload between the workstations
in a balanced way, is one of the main concerns at assembly lines, since it promotes the reduction
of production times and increments efficiency and productivity, as well as worker satisfaction.
Problems related to the balancing of assembly lines are referred as Assembly Line Balancing
Problems or ALBPs and can be classified by several criteria such as type of production, shape
of the line, objective, etc. (Fathi, Álvarez, and Rodríguez, 2016). The first published article on
the ALBP was by Salveson (1995, cited in Fathi, et al., 2011) and it led to the rise of a new
term in the ALBP research field: the simple assembly line balancing problem (SALBP). The
SALBP involves the assignation of tasks to the stations in such manner that each task is only
assigned to one station, the sum of performance task times assigned to each station does not
exceed the cycle time and precedence relationships among the tasks are satisfied (Fathi, et al.,
2011).
In terms of classification, SALBP problems have also been subdivided into three common
categories: SALBP-1, SALBP-2, and SALBP-E. Both idle time (IT) and line efficiency (LE)
can be considered as one of the achievements/objectives in all types of SALBP regardless of
being cycle time or the number of workstations the main improvement criteria. In the case of
SALBP-1, minimization of the number of workstations is necessary in order to reduce IT and
LE, while in the case of SALBP-1, IT and LE are dependent on the minimization of the cycle
time. Moreover, SALBP problems, as well as all types of line balancing problems, fall into the
NP-hard class of combinatorial optimization problems. Since the use of deterministic
algorithms with NP-hard class problems does not ensure the achievement of an optimal
solution, these kinds of problems are tackled using soft computing approaches such as ant
colony optimization (ACO), genetic algorithm (GA), and simulated annealing (SA) to solve
different types of assembly line balancing problems (Fathi and Ghobakhloo, 2014).

1.3.2 Robotic assembly line balancing
During the recent years, diversity of customer requirements have raised considerably due to the
technology advances and growing competition. Therefore, a flexibility across product changing
and demand shifting in the assembly line of the production system is demanded. Robot
assembly line is a good solution for the problem raised (Abidin, Mete, and Özceylan, 2017).
The RALB problem is an extension of the simple assembly line balancing (SALB). RALB’s
goals are to efficiently assign tasks to different workstations and selecting the robot to perform
the allocated task for the specific workstation in order to improve productivity. Technology
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advances help the replacement of difficult or repetitive human labour with robots which can
perform the tasks in a more efficient way (Nilakantan et al., 2016).
The RALB problem can be divided in several sub categories. In this thesis, it is divided into
different characteristics scheme i.e. four optimization categories and 4 line shapes:
•

•

Optimization categories (see section 4.2.1):
1. Type I: makes reference to the objective of minimizing the number of station under the
determined cycle time
2. Type II: aims to minimize the cycle time for a fixed number of stations
3. Type E: deals with the optimization of assembly line balancing efficiency and, thereby,
attempts simultaneously minimizing cycle time (type II) and the number of station (type I)
considering their interrelationship.
4. Min Energy: minimization of energy consumption of the assembly line. This category
usually is considered simultaneously with Type II or E.
Line shapes (see section 4.2.1):
o Straight
o U-Shaped
o Two sided
o Parallel

1.3.3 Human-Robot collaboration
In a human-robot collaboration context, human and machine work together with aim for
efficiency. The human operator controls and monitors the production while the robot is
responsible to perform the most dangerous, monotonous and un-ergonomic tasks. This is a
decisive principle of the Industry 4.0.
In the factory of the future, there will not be any separation between automated and manual
workstations. Humans and robots collaborate optimally – without separation and without safety
fencing.
Different decisive advantages of the human-robot collaboration revolution can be appreciated
(Kuka Ag. 2018):
•
•
•
•
•

Maximum flexibility in production
Relief of employees by performing ergonomically unfavourable work steps that could not
previously be automated
Reduced risk of injuries and infections
High-quality performance of reproducible processes – without requiring type-specific or
component-relevant investment.
Increased productivity and improved system complexity thanks to integrated sensors
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1.4 Outline of the chapters
Project’s outline is presented in a bullet point list where each chapter is briefly explained.
•
•

•
•
•

•
•
•

Chapter 1: introduces the reader to the project’s motivation, purpose, objective, background
and outline of the project.
Chapter 2: discusses how the project been executed. It gives a detailed explanation on the
research strategy, the context philosophical paradigm, data collection techniques used and
how will be validated in terms of methodology approach correctness.
Chapter 3: Briefly describes project’s case study (Manuwork project) and its aims.
Chapter 4: analyses the literature related to RALB.
Chapter 5: briefly explains the DHM software used for the human-robot collaboration in a
robotic assembly line environment
o Review on software used
o Assumptions and scenarios
o Experiment and ergonomic analysis
o Findings
Chapter 6: reviews on sustainability aspects of this thesis
Chapter 7: discusses the papers findings and experiments carried out.
Chapter 9: offers a final conclusion and future research directions are presented.
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2 Method
In this chapter, a detailed explanation on the research strategy, the philosophical paradigm
context, data collection techniques used and how the thesis will be validated in terms of
methodology approach correctness is given.

2.1 Philosophical paradigm
For this project, the philosophical paradigm adopted is positivism. In positivism studies,
researchers are limited to a more standard research findings i.e. data usually observable and
quantifiable. By that, knowledge is gained through observation (qualitative method) and
measured using for example statistical analysis in a controlled/repeatable environment
(excluding unpredicted data). These findings are commonly seen in technical and physical
science work e.g. Tesla.
As a general rule, positivist studies usually adopt a more deductive approach.
Positivism drives researcher to create hypotheses—to be tested—based on existing theory. This
paradigm shares with science different characteristics i.e.
•
•
•
•

Use of methods
Empiricism
Constant questioning of the hypotheses or theory validity
Seek of cause, effects and relationships during the experiment

Also, it has to be highlighted the flaws of the positivism i.e.
•
•
•
•
•
•

Repetition of the experiments. Software characteristics and use of random numbers.
No consideration of human behaviour, assumption of no distortion during the experiments
Design of the experiments for a quick and efficient internal validity. No points to follow. Based
on researcher criteria.
Generalizability of the research for external validity. This is not always desirable!
Researcher style and focus. Different approach from different researchers.
Seek of patterns during the experiments. No consideration of culture, societies perceive while
dealing with mannequins in virtual simulation for example.

2.2 Research strategy
Oates (2006) stated the use of research strategies as a need for each research question. Each
research question can be executed using one, more or a mix of strategies that fulfil the best the
researcher’s needs. In this section, an analysis of the chosen research methodology is given.
During the creation of an artefact without a research strategy set, is really easy to lose the track
of the initial goals set. It is crucial the performance of a literature review in order to get in
context with the problem, different approached during a certain period as well as analysing the
result obtained and researcher’s thoughts. Once the literature review is documented and analyse,
a design and creation of an artefact can procedure bearing in mind the boundaries or
opportunities set in previous works. Because of that, design and creation, and experiments have
been chosen as main research strategies. Design and creation provides researchers with a
problem-solving approach based on five steps with the finality of:
•
•
•
•
•

Raise awareness of the problem
Suggest creative problem solving ideas
Develop and implement the design idea
Evaluate the artefact’s deviation from expectations
Document a design process conclusion
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Design and creation is a strategy widely used in technical areas that presents both advantages
and disadvantages. In terms of advantages, three of them can be mentioned: 1) Provides a
tangible result—IT artefact—instead of an abstract theory; 2) Appeals to technical and creative
people; 3) State-of-the-art findings. In terms of disadvantages, also three of them should be
mentioned: 1) It is hard to justify its uniqueness; 2) It is risky if the researcher does not have
the necessary skills; 3) It can be invalidated by technology advances.
In addition to the previous strategy, the experiments strategy is used during the simulation phase
in order to integrate the simulation to the project as a whole.

2.3 Methods
The presented project will benefit from use of different data collection techniques i.e.
documents, observations, interviews, qualitative and quantitative data. These techniques are
used in different stages through the entire project.
First, documents will be contribute to the major task of this project i.e. literature review. It will
be used in obtaining information through different types of documents—mostly articles. This
technique has the advantage of been a commonly used and therefore its standardization and
easy to use in findings. On the other hand, it presents the risk of style while analysing the data.
The data will be collected from databases and analysed with qualitative and quantitative
techniques.
Second, several interviews with university experts in order to obtain a brief knowledge of the
software use, character and the expert’s experience. This method has the advantage of been a
quick and efficient method if executed properly. This method is proposed in order to acquire in
a fast and easy way precious information obtained by experts through their studies and
experience. For that, all interviews are prepared so that during their execution no precious
information is lost. This method presents risk such as wrong interpretation of the data, language
restrictions in terms of clearness and, data analysation restriction (time consuming).
For example, the following question help speeding the entire visualization process:
• Any advice for new drivers of the software? A: The software crushes spontaneously and corrupts
the entire file. Save as a new file each 5 min.

Third, observation of the created model based on the automotive department criteria and
literature review. Observation allows researchers to analyse data based on their criteria and
intuition. In many cases, this have been proved to be a good thing if the experts is properly
prepared for the experiments to be conducted. Oates (2006) highlights the importance of theory
validation several times in his book. Computers are based on standards while human mind can
question and therefore reject the theory if proven to be contrarious to the “repeatable findings”.
As well as interviews, style can be a good thing and also a bad thing. Wrong interpretation of
data can cost huge amount of time and money. Sometimes also, the observer’ style and focus
and how this can leave to almost unique findings.
Finally, qualitative and quantitative data methods are used to analyse the previous data. These
methods have a nature of self-election. In other words, even though quantitative data is a
scientific method, is the researcher election (not standard) who choose what and how to analyse
in a quantitative way. Beside this downside of these methods, there are well spread in the
research world and well know. In conclusion, when qualitative and quantitative data methods
are used properly, they can provide the project with:
•
•
•

more validity,
more precise results and
easier validation from other researchers.
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2.4 Validation
Research quality in most cases is determined by generalizable and meaningful validity through
the project development. Internal and—in this case—external validity are relevant for
evaluating the validity of a research study (Druckman et al, 2011, pp 27-40). The project
consider the use of standards and homogeneous mannequin manipulation as internal validity.
In parallel, external validity would be achieved with university experts’ approval and the
verification that ISO standards are followed.
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3 Case study: Manuwork
The word Manwork stands for a European manufacturing management project which is fully named
“Balancing Human and Automation Levels for the Manufacturing Workplaces of the Future”. This 3,5year project is financed by the EU Research and Innovation programme Horizon 2020 and it counts on
the partnership of two Universities, the University of Skövde and the University of Patras, as well as of
the companies CASP, CEA List, Coor, Lantegi Batuak, N. Bazigos S.A., Prima Power, Safran Snecma,
Tekniker, Vicomtech, Volvo Cars and We Plus.
The main aim of Manuwork is to develop an integrated platform that could be used for the future
management of manufacturing workplaces in which humans and automation will be complementary
manufacturing tools (see Figure 3-1). In this vision of the future manufacturing process, operators still
control their workstations but with the support of robotic systems that allow them to work beyond their
own limitations (knowledge, skills, disabilities), promoting a socially sustainable work environment
with an increased production and quality of its targets.

Figure 3-1 Manuwork proposal (Manuwork, 2018)

There is a need for innovative tools and methods to ensure that this far-sighted approach of the
manufacturing process becomes reality. The design and operation of optimized manufacturing
workplaces needs to be upgraded not just in terms of efficiency and complexity management, but also
in terms of ergonomics, safety and work satisfaction. In view of the above, the following objectives
were defined:
• Create a framework for workplace adaptation, in which workplace attractiveness as well as
workers’ performance, comfort and engagement both in the design and adaptation phases.
• Elaborate a measuring method to track workers satisfaction, health and safety at work i.e.
“ergonomics climate”
• Develop a human-automation load balancing method that determines the optimal trade-off
between human and robot involvement in a workstation. Meanwhile, taking into account
process needs i.e. flexibility, available Skills (human and robot), human safety and overall load
of the line.
• Develop an advanced shop-floor tool, facilitating AR technologies, which will be used for
knowledge capturing, networking, guidance and decision support. Therefore, with the assistance
of an expert group of human & social scientists and engineers, the development will be through
a user-centred development approach based on usability, engineering, and lifecyclemethodology.
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This Master Thesis has been devised in the light of the Manuwork Project and its. Therefore, it attempts
to provide guide in the development of a load balancing method between human and automation and
creation of an ergonomic climate.
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4 Literature Review
This chapter presents a survey of the literature dealing with RALB problem with the aim to
review developments and identify the status of existing literature in the area.

4.1 Methodology and review protocol
Concerning RALB literature survey, the first step was the creation of a research methodology
and criteria for a preview study before analysing them in depth.
In order to identify relevant literature works, the search words (keywords): “Assembly line
balancing” and “robot” / “robotic” were used. These keywords were used as searching criteria
in the database Scopus during February and March 2018. The search was limited to only
academical available papers i.e. “articles”, “book chapter” and “conference papers”. The
published date range for the articles involved dates from 1993 to 2018. Also, articles not written
in English e.g. Chinese or Japanese were discarded.
Finally, all preselected works were independently read and studied in depth in order to check
their relevance in content. Therefore, a percentage of the collected papers were rejected due
their lack of relevance. The review protocol is shown in Table 4-1.
Table 4-1. Research criteria

Filter Type

Description and guidelines

Inclusion criteria

Peer-reviewed journals: Articles identified in Scopus
database search.

Result

Only articles with a focus on RALB were included.
Language: Limited to English.
Time period: 1993 to March 2018.
Document type: Articles and conference papers
Keywords

Search Scopus database with the keywords defined above
ensuring substantive relevance by requiring that all articles
and conference papers contain the words "Assembly line
balancing" and “Robot” or “Robotic” in their
title/abstract/key word

Keyword search

"Assembly line balancing" “Robot”

79

Check analysis

All articles in the working sample were studied to examine
their content

-43

Exclusion of articles that are not available to the public or
university of Skovde, articles that do not focus on resolving
the balancing problem i.e. RAL Design, Welding RAL

Final sample size
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The number of RALB articles by year of publication, from 1993 to 2018, can be seen in Figure
4-1. It can be observed the progressive increase in this area—especially in 2016 with a record
of 12—and its decay the following years.

RALB
12
2016, 10

DOCUMENTS

10

2017, 9

8

2015, 7

6
Total

4

2012, 3

2

1993, 1 1995, 1

0
1990

1995

2002, 1

2000

2006, 1

2005

2010

2014, 4

2013, 1

2018, 1

2015

2020

YEAR
Figure 4-1 RALB documents findings per year

Figure 4-2 Number of publications per JournalFigure 4-2, provides an overview of the academic
journals that published the highest number of research papers on RALB problem from 1993 to
2018. As it can be seen, this topic it was not addressed more than 3 times per journal, making
it a more common topic for conferences.
Note that “others” refers to articles published in media other than journals—e.g. conference
papers—or journals with only one publication.

Number of publications

23

3

Cleaner
Production

2

3

2

Computers & Engineering
European
Industrial Optimization Journal of
Engineering
Operational
Research

3

Int J Adv
Manuf
Technol

Others
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Figure 4-2 Number of publications per Journal
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In Table 4-2, the articles used in the literature review for this thesis are divided according to
the type of RALB described in each of them and the year of publication.
Table 4-2 Objective function(s) per year

Year

Type I

1993
1995
2002
2006
2009
2012
2013
2014
2015
2016
2017
2018

1
1
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Type II
(without
Energy)

Type II +
Min. Energy

1
1
1
1
1

2
3
8
4
1

2
1
2

Type E
(without
Energy)

2
1
1
2
1
1

Type E +
Min. Energy

2
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4.2 Characteristics scheme
The complexity of the RALB problem depends on the features that are taken into account as
well as the assumed constraints. In order to facilitate the bibliography analysis, this chapter
summarize and classifies in a scheme design the main factors in the RALB problem
formulation.
In order to simplify the search of articles cited in this literature review, labels for each paper
have been created under the following criteria:
•
•
•
•
•
•

Harvard reference
RALB type i.e. I (1), II (2) and E
Optimization type: SO, MO
Line layout i.e. straight (S), U-shaped (U), Parallel (P) and two-sided (T)
Production type i.e. single (S), mixed (X) and multi (M)
Finally the solution (optimization algorithm) of the research group is labeled under the
algorithm nature i.e. Heuristic (H), Metaheuristic (M) and lineal programing and its variations
(LP)
Table 4-3 Lavel creation

Label

Nr
from
Table
4-11
Nr
from
1 to
36
1

Example

Label character
Hardvard reference

RALB
type

Optimization
type

Line
layout

Production
type

Algorithm

(Author, year)

1
2
E

SO
MO

S
U
P
T

S
X
M

H
M
LP

Nilakantan,Ponnambalam,
and Nielsen (2017)

E

MO

S

S

M

1-E-MO-S-S-M

4.2.1 Line layout types
Assembly lines are mainly classified according to their design in the classical AL literature.
This classification, which includes straight, U-shaped, two-sided and parallel AL, can also be
used for RAL.
4.2.1.1

Straight

Assembly line balancing is well-known in mass production system but this problem is nondeterministic polynomial-time (NP)-hard, even for the simple straight line (Ariffin, Fathi and
Ismail, 2012).
The straight line is the conventional layout type and stations are located serially in a line, see
Figure 4-3. This layout has some drawbacks, as length of line and less flexible system. It is the
most commonly used line layout due to its simplicity for algorithm testing (Nilakantan,
Ponnambalam, and Nielsen, 2017).
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Figure 4-3 Straight line layout

4.2.1.2

U-shape

In U-shaped assembly lines the positions of start and end are the same. Implementing this kind
of layout allows for tasks to be assigned to a workstation even after the rest of tasks (prior and
posterior) have been allocated to other workstations or the same one, see Figure 4-4. It also
increases flexibility regarding the number of operators, which can be adjusted to the changes in
demand. Plus, in comparison to straight line, U-shape configurations reduce repetitive
movements from operators and improve material handling and productivity. Moreover, it has
been noticed that cycle time and cost of assembly can be reduced using U-shaped assembly
lines (Nilakantan and Ponnambalam, 2015).
There are several examples of different industries that have benefit from changing their original
layouts to U-shaped layout, including Toyota Motors and Boeing (Nilakantan and
Ponnambalam, 2015).
Although there are clear advantages related to the use of U-shaped assembly lines, U-type
configurations are also more complex. Therefore, U-shaped assembly line balancing (UALB)
problems need to be studied and have been studied since the 1990’s.
First, small size UALB problems were approached by Miltenburg and Wijngaard (1994) and
Urban (1998). Miltenburg and Wijngaard (1994) proposed an algorithm to solve an UALB
problem with 11 tasks with the objective of minimizing the number of stations and the ranked
positional weight technique to solve large -size problems, while Urban worked on a 45 task
UALB and used an integer programing problem to solve it.
Larger U-shaped assembly line problems were addressed the following years: Scholl and Klein
(1999) worked on a 297-task UALB problem using the branch-and-bound method and proposed
the U-line optimizer (ULINO) technique in order minimize the number of stations, cycle time,
or both. Also, other studies include exact methods to solve U-shaped assembly line problem
(Miltenburg, 1998; Gökçen et al., 2005; Nakade and Ohno, 1999; Zhang and Cheng, 2010).
Nevertheless, UALB problems fall under the category of NP hard. Therefore, a lot of research
on UALB problems using heuristics and metaheuristics has been done, and metaheuristic
algorithms such as GAs, ACO, tabu search, PSO and simulated annealing are repeated
throughout the literature (Kim, Kim, and Kim, 2000, 2006; Khaw and Ponnambalam, 2009;
Baykasoglu, 2006; Hwang, Katayama, and Gen, 2008; Zha and Yu, 2014). Outstanding
examples of the kind research mentioned above on UALB problems include the following:
Ajenblit and Wainwright’s (1998) worked on UALB with the objective of balancing the
workload and minimizing total idle time by using a GA. The simulation of annealing method
by Erel, Sabuncuoglu, and Aksu (2001); The heuristic approaches to solve the UALB
augmented by GAs using 10 task assignment rules proposed by Martinez and Duff (2004); The
particle swarm optimization with negative knowledge (PSONK) algorithm developed by
Sirovetnukul and Chutima (2010) in order to address an UALB problem with the objective of
minimizing the number of workers and the walking distance as well as achieving equity of
workload. Worthy of note is the fact that PSONK has been compared to the non-dominated
sorting genetic algorithm-II (NSGA-II) and has outperformed it. The heuristic based on the
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critical path method used by Avikal et al. (2013) for task allocation with the objective of
increasing labour productivity and minimizing the number of workstations that proved to be
better for the U-shaped assembly line compared to straight assembly line in terms of the
objectives stated above (Nilakantan and Ponnambalam, 2015).
Incidentally, robots are becoming an essential element of assembly lines, but Robotic assembly
line balancing problems get more complicated when implementing U-shaped layouts since they
need to be approached regarding characteristics both of the robots and of the layout. In this
connection, Nilakantan and Ponnambalam (2015) have proposed two different ways of dealing
with RUALB. Their work focused on type II RUALB, therefore, the main objective was
minimizing cycle time in order to maximize the production rate of an U-shaped assembly line
with a fixed number of workstations. Their methodology included the application of
consecutive heuristic to assign tasks and robots to the workstations and PSO algorithm to solve
the problem. As a result, robotic U-shaped assembly lines proved to be quicker (less cycle time)
than robotic straight assembly lines (Nilakantan, and Ponnambalam, 2015).
Conversely, PSO was also used in another RUALB study that considered minimization of
energy consumption as the primary objective and minimization of cycle time as a secondary
objective. Likewise, robotic U-shaped assembly line performed better than robotic straight
assembly line both in terms of minimizing energy consumption and cycle time (Nilakantan,
Ponnambalam, and Huang, 2015).

Figure 4-4 U-shaped line layout

4.2.1.3

Two sided

Two-sided assembly lines have a layout in which working stations, known as mated-stations
for this kind of layout, are faced to each other so workers can perform their tasks in parallel (Li
et al, 2017), see Figure 4-5. The main advantages over the traditional straight assembly line is
the fact that the assembly line length can be reduced, as well as the material and tools handled
and throughput time. Plus, the cost of tools and fixtures is also lower (Li et al, 2016).
Two-sided assembly line balancing (TALB) problem arises from a two-sided layout and its
solutions are of great interest mainly in industries focussed on the assembly of large sized
products such as cars, trucks and buses (Li et al, 2016). Additionally, a new version of this
problem has arisen with the incorporation of robots to this kind of layout in which workers are
replaced for robots: the two-sided robotic assembly line balancing (TRALB) problem. As with
any other robotic assembly line balancing problem, TRALB focus is both on task assignment
and robotic allocation, and two main types can be found depending on their objectives: type I
TRALB (TRALB-I) problem, in which the number of workstations is optimized, and type II
TRALB (TRALB-II) problem, in which the objective is the minimization of cycle time (Li et
al, 2017).
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Although several works on ALB, TALB and RALB can be found in the literature, that is not
the case for TRALB, which has only been the focus of a few studies.
Li et al. (2016) have studied several ways of dealing with TRALB. In one of their works
TRALB-II problem was addressed, thus, with the objective of minimizing cycle time. On the
one hand, a mixed-integer programming model was developed and solved by the CPLEX solver
for small-sized problems. On the other hand, larger sized problems were tackled with the
development of a co-evolutionary particle swarm optimization algorithm (C-PSO). Cycle time
was optimized at a reasonable computational time with this method, which proved to
outperform most of the five metaheuristics to which it was compared for the majority of the
problems that were considered. In other research on TRALB-II, Li et al. (2017) used a discrete
cuckoo search (DCS) algorithm. Since in TRALB-II problem two sub problems are contained
(the task assignment and robotic allocation), Li et al. (2017) developed a new cooperative coevolutionary cuckoo search algorithm (CoCS) in which two subpopulations, each with one subproblem, were included. The results of the comparative analysis considering five other
algorithms proved the effectiveness and superiority of the developed DCS and CoCS. Another
study about TRALB, also conducted by Li et al. (2016), focused on two different objectives:
minimizing energy consumption and minimizing cycle time. A RSA algorithm proved to be
efficient when trying to solve the multi-objective model proposed and outperformed both
simulated annealing (SA) algorithms with only one objective and the well-known elitist nondominated sorting genetic algorithm (NSGA-II). Similarly, Aghajani et al. (2014) proved the
usefulness of the SA to solve a type II robotic mixed-model two-sided assembly line balancing
(RMTALB-II), thus, with the objective of minimizing cycle time. In this work, a Mixed-Integer
Programming (MIP) model was developed as well as the mentioned SA algorithm. Sequencedependent setup time and setup time for each robot were considered, as well as positional
constraints related to the robots.

Figure 4-5 Two sided line layout

4.2.1.4

Parallel

As the name implies, parallel assembly lines (PALs) allow for more than one line to be
established in a parallel layout, see Figure 4-6. This arrangement enhances the flexibility and
capacity of the line and, in comparison with traditional assembly lines, has some clear
advantages. On the one hand, the line is shorter, hence, less space is needed. On the other hand,
it allows the workflow to continue even if a problem emerges at certain line, since other lines
can continue to operate in parallel layout (Gökçen et al, 2016). Several propositions have been
made to define and solve the PAL balancing (PALB) problem, in which more than one assembly
line needs to be balanced together. Gökçen et al. (2016) defined the PALB problem for the first
time using a mixed-integer programming (MIP) model, and Benzer et al. (2007) presented a
network model to solve it. Scholl and Boysen (2009) proposed a binary integer programming
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model and a branch and bound algorithm for PALB problem with the split workplace. A goalprogramming approach, which includes precise and fuzzy goals, was proposed by Kara et al.
(2010). Özcan et al. (2010) studied the balancing and sequencing of parallel mixed-model AL
problem and presented SA algorithm to solve the problem. Moreover, several studies have been
made integrating PAL with two-sided line in order to use benefits both type of lines (Özcan et
al, 2010; Kucukkoc and Zhang, 2014; Ağpak and Zolfaghari, 2015; Tapkan et al, 2016). Finally,
Lusa (2008) published a survey paper about PAL in which detailed information is included.
Despite all the work done and published on PALB, there is only one study that focused on
robotic parallel assembly line balancing (RPALB). This study was conducted by Çil et al.
(2018), who proposed a mathematical model define and solve the problem, as well as iterative
beam search (IBS), best search method based on IBS (BIBS) and cutting BIBS (CBIBS)
algorithms to solve the large-size problem due to its complexity. Their results proved the
superiority of the proposed algorithms in terms of performance, which makes them a
competitive and promising tool for further researches.

Figure 4-6 Parallel line layout

4.2.1 Single and Mix-model product
Single-model assembly lines give rise to high volumes of a single product. In contrast to single
model production or assembly lines, mixed-model assembly line allows for the assembly of
different models of a product within the same assembly line, which increases flexibility in
production, making it easier to satisfy customer demands (Çil et al., 2016). Nevertheless, with
this kind of production two problems need to be addressed: mixed-model assembly line
balancing, which refers to the assignment of tasks to workstations, and model sequencing,
which refers to the determination of model operation sequence on the assembly line (Li et al,
2017).
4.2.1.1

Mix-model

Since increasing flexibility is a major focus nowadays in the industries due to the economic
opportunities it creates, concurring with the use of robots, in the past few years, some researches
have studied robotic assembly line balancing problems in mixed model assembly lines, defined
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as robotic mixed-model assembly line balancing (RMALB). In this cases task assignment,
model sequencing and robot allocation are interlinked sub-problems (Li et al, 2017).
Çil et al. (2016) studied a type II case of the robotic mixed-model assembly line balancing
(RMALB-II) problem, thus, the objective was minimizing cycle time with a fixed number of
work stations. Two already existing mixed-integer linear programming models (MILP) were
taken as a base and modified to define a small sized RMALB-II problem, providing optimal
solutions up to 53 tasks. In order to solve large-size problems, a BS-based approach, which
included the development of several versions of the BS algorithm, was developed, showing
that, although with the limitations of the study, the proposed algorithm is promising for future
research (Çil et al, 2016). Li et al. (2017) also developed a generic MILP to tackle a small size
RMALB with the objective of minimizing the makespan and solved it using CPLEX solver. In
order to solve larger sized problems, a RSA algorithm and a restarted co-evolutionary genetic
algorithm (RCoGA) were developed, both of which had been proven to be effective in other
mixed-model assembly line balancing problems by that time. Those two methods were
improved with respect to the already existing ones and proved to be superior (Li et al, 2017).
Conversely, Aghajani et al. (2014) tackled a different RMALB problem, since in their case,
their focus was on two-sided lines, in which task allocation is different from one-sided lines. In
particular, their study was based on type II robotic mixed-model two-sided assembly line
balancing (RMTALB-II), thus, with the objective of minimizing cycle time. In this study
sequence-dependent setup time and setup time for each robot were considered, as well as
positional constraints related to the robots. Plus, a Mixed-Integer Programming (MIP) model
was developed and a simulated annealing (SA) algorithm was used to solve large sized
problems, proving to be useful in that matter when its performance was evaluated (Aghajani et
al, 2014).
4.2.1.2

Multi-model

Similarly, to mixed-model assembly lines, multi-model assembly lines are able to deal with the
assembly of different products. By contrast, in the case of multi-model assembly lines, only a
batch of a particular model of the product is generated at a time. Furthermore, in multi-model
assembly lines, sequences of batches of products are assembled with intermediate setup
operations at a specific setup time (Kammer et al, 2017).
Since the use of robots and the ability to produce different products within the same assembly
line have become attractive options in many industries, Kammer et al. (2017) left aside the
already studied mixed-model robotic assembly line balancing problems and focused on multimodel robotic assembly line balancing (MuRALB) problems. In their research, a novel heuristic
was developed and used to solve type II multi-model robotic assembly line balancing problem.
Therefore, the objective was minimizing cycle time, which in their case relied on the number
of times a robot must be configured for a new task on a new product. Their solution proved to
have a good performance even with large size problems and in an acceptable period of time.
Nevertheless, this MuRALB solution did not consider neither spatial requirements nor idle time
for robots. In this regard and considering that the increase in spatial requirements and, thus, the
decreased flexibility it causes, are major drawbacks in batched production, Kammer et al.
(2017) proposed taking that into account in future studies of MuRALB problems and
recommended the use of metaheuristic algorithms and hybrid optimization approaches.
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4.2.2 Objective function(s)
Assembly line refers to a production system in which a flow of components is processed in a
way that a continuous assembly of each component is made consecutively. This type of
production system is widely used in the industry. Therefore, it is essential to solve the general
ALB problem of maximizing production as well as its quality, while at the same time
minimizing costs and time (Nilakantan and Ponnambalam, 2014).
In order to improve productivity, manufacturing flexibility and safety in the workstation, robots
are being used in assembly line processes nowadays. The simple assembly line balancing
problem (SALBP) has been replaced by the RALB problem, in which more constraints need to
be considered. Since quality depends on the type of robot used and the task that it has to
perform, the selection of the best robot is the main concern. It is necessary to notice that parts
are usually supplied in different sized trays or pallets, so limitations in robots storage space
need to be considered, as well as the number of tools they can handle. Finally, some parts or
tools may be shared by different tasks, adding another concern to the problem (Kim and Park,
1995). When addressing RALB problem, the aim is to find a way to improve overall
productivity while dealing with the assignation of tasks to specific workstations and allocating
robots for each station.
The characteristics of each type of RALB problem, as well as the research already conducted
to address them are discussed in the following subsections.
4.2.2.1

Type I

Type-I RALB problem seeks to minimize the number of workstations or the cost of the
assembly line for a given cycle time.
Rubinovitz, Bukchin, and Lenz (1993) was the first research group that published a way to deal
with type-I RALB problem using a homonymous algorithm. With the main objective of
minimizing the overall cost, RALB algorithm was used for the design and balancing of a robotic
assembly line. Within the total cost, both fixed equipment and tooling costs, and variable
equipment usage and gripper exchange costs were considered. RALB algorithm’s input
includes task times associated with different types of equipment as well as their cost, and a set
of potential assembly sequences derived from a Liaison Diagram, as proposed by DeFazio and
Whitney (1986, cited in Rubinovitz, Bukchin, and Lenz, 1993).
In order to put the algorithm to use, several assumptions or constraints were taken into account
for the RALB model (see Table 4-4):
Table 4-4 Constraints based on Rubinovitz, Bukchin, and Lenz, (1993) experiment

1
2
3
4

The precedence relation between assembly task elements is known, and it does not
change.
The assembly task is composed of basic task elements which cannot be further
subdivided.
Task element times are deterministic
Task element times are dependent on the robot selected to perform the task element.
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5

A task element can be performed at any station of the assembly line. Provided that the
robot selected for this station can do the task, and that precedence relations are
observed.
6 A single robot is assigned to each station on the line.
7 The line is balanced for a single product.
8 Material handling, loading and unloading times are negligible or included in the task
element times.
9 Set-up and tool changing times are negligible or included in the task element times.
10 The purchase cost of the robots is not considered by RALB, as the different types of
robots are assumed to be available.

The heuristic rule—which limits the search space by eliminating nodes with relatively low
probability to lead to an optimal solution—was followed, and considerable testing was
conducted to recommend the best operation modes. The implementation of the Branch and
Bound and Frontier Search as solution technique used allowed for easy inclusion of real-life
constraints, including the limitation of the availability of the number of robots of each type
(Rubinovitz, Bukchin, and Lenz, 1993).
RALB algorithm’s output includes a specification of the assembly stations as well as the type
of robot assigned to them and the tasks performed at each station. By minimizing the number
of stations for a given assembly production rate (and therefore a maximum cycle time), RALB
algorithm proved to be efficient and useful when using robots for flexible assembly in medium
and small batch sizes. Nevertheless, an important constraint must be taken into account: idle
times at each station cannot be minimized due to the usage of only one assembly sequence for
each model (Rubinovitz, Bukchin, and Lenz, 1993). Since then, researchers have tried other
algorithms to solve RALB problem but, at the same time, the previous guideline for the models’
constraints have been followed in an almost identical manner, differing maybe in some points,
depending on the research needs.
In 1995, Kim and Park proposed an integer programming approach consisting of a strong
cutting plane algorithm to deal with type-I RALB. That way, the number of work stations was
minimized. The algorithm ran with a specific running time that could be modified if possible
in case a higher solution quality was needed. Also, the procedure gave a lower bound on the
optimal solution against which the quality of the best solution of the moment could be measured
(Kim and Park, 1995).
Nilakantan and Ponnambalam (2014) addressed the NP-hard RALB problem by applying four
variants of particle swarm optimization (PSO) with the objective of minimizing the total
production cost when the number of workstations are fixed. Based on fine tuning parameters
they compared their four proposal and found that PSO-TVAC variant produced a better result
for the objective on minimizing the overall assembly line cost. In addition, they also reported
the used parameters and computational time.
Finally, Table 4-5Table 4-7 represents a more visual summary of Type I objective functions
and a comparison of different authors solution.
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Table 4-5 Type I comparison

Articles

Min. number of
workstations

Rubinovitz, Bukchin,
and Lenz, (1993)

*

Kim and Park, (1995)

*

Nilakantan, and
Ponnambalam, (2014)

4.2.2.2

Min.
assembly line
cost

Solution procedure

homonymous
algorithm
strong cutting
plane algorithm
*

4 type of PSO

Ref. label

36_1_SO_S_S_LP
35_1_SO_S_S_LP
27_1_SO_S_S_M

Type II

Levitin, Rubinovitz, and Shnits (2006) where the first ones to tackle the type II robotic assembly
line balancing (RALB-II) problem, in which different robot types might be used to process the
assembly tasks. Also, due to each robot capability and specialization, different processing time
to perform a task are needed. They assumed that: 1. all types of robots were available without
limitations, and 2. the purchase cost of the robots was not considered. Their objective was to
minimize cycle time by selecting the best fit robot type for each workstation and task. They
proposed two variations of genetic algorithm (GA) to solve the problem. In addition, a local
exchange procedure is used to further improve the quality of the solutions. Best possible
combinations of GA parameters are reported by conducting sensitivity analysis on randomly
generated datasets.
Gao et al. (2009) presented a 0–1 integer-programming problem for RALB and proposed a
hybrid genetic algorithm (hGA) to find efficient solutions for type-II RALB problem. The
proposed GA uses partial representation technique, which expresses only part of the decision
information about a candidate solution in the chromosome. The coding space contains only
partial candidate solutions including the optimal one. They presented new crossover and
mutation operators to adapt to the nature of the problem. In order to strengthen the search
ability, local-search procedures are also implemented by them.
Table 4-6 represents the authors’ assumptions in order to classify the setting in which the
problem arises. In this thesis, for type II only Gao et al. (2009) assumptions are presented since
the majority of researchers also based their assumptions on them (some presented one or two
changes). Therefore, Table 4-6 can be classified as the generalized constraints that researchers
followed.
Table 4-6 Constraints based on Gao et al. (2009) experiment

1
2
3
4

Assembly tasks cannot be subdivided. The precedence relations among the activities
are known and invariable.
The duration of an activity depends on the assigned robot. The duration of an activity
by a robot is deterministic.
A single robot is assigned to each station.
The number of workstations is equal to the number of available robots because the
assembly line aims to maximize the productivity by using all robots at hand.
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5
6

7

There are no limitations on assignment of tasks or robots to any station. In case a task
cannot be processed on a robot, the assembly time is set with a very large number.
Material handling, loading and unloading time, as well as set-up and tool changing
time are negligible, or are included in the activity time. This assumption is realistic on
a single-model assembly line. Tooling on such robotic line is usually designed such
that tool changes are minimized within a station. If tool change or other type of set-up
activity is necessary, it can be included in the task time.
The line is balanced for a single product.

Nilakantan et al. (2012) solved RALB problem with PSO algorithm that they minimize the
cycle time and maximize the production rate of the line.
Aghajani et al. (2014) presented the first two-sided ALB line layout for the type II problem.
Their objective was to minimize the cycle time for a given number of workstations using a
simulated annealing algorithm (SA).
Nilakantan, Huang, and Ponnambalam (2015) considered RALB problem with energy
consumption. They used PSO algorithm to minimize cycle time and energy consumption,
simultaneously.
Nilakantan and Ponnambalam (2015) studied on robotic U-shaped assembly line balancing that
they minimize the cycle time on compare the U-shaped assembly line and straight assembly
line and they used PSO.
In continuity with the type II robotic assembly line balancing problem, Nilakantan et al. (2015)
used particle swarm optimization (PSO) algorithm and a hybrid cuckoo search and particle
swarm optimization (CS-PSO) to solve the balancing problem, showing with their results that,
although both algorithms provided suitable solutions, hybrid CS-PSO performed better in terms
of cycle time.
Çil et al. (2016) defined the RMALB-II problem mathematically by modifying the Mixedinteger linear programming models proposed by Yoosefelahi et al. (2012) and Aghajani,
Ghodsi, and Javadi (2014), being the model proposed by Yoosefelahi et al. (2012) the one that
presented a better computational performance for small and medium-sized test problem. They
developed several versions of the Beam Search (BS) algorithm (using different priority rules at
the local search stage) to solve the problem for minimizing the sum of cycle times over all
models.
Rabbani et al. (2016) studied a U-shaped type II mixed-model RALB with the objective of
minimizing cycle time, robot purchasing costs, robot setup costs, and sequence dependent setup
costs. The model tries to determine an optimal or near optimal configuration of tasks,
workstations and robots. They used two different multi-objective evolutionary algorithms
(MOEAs) to solve the problem (i.e. NSGA-II and MOPSO), and concluding the superiority in
performance of the NSGA-II.
Moreover, Li et al. (2016) used a co- evolutionary particle swarm optimization too in order to
address the type II robotic two- sided assembly line balancing problem. A mixed-integer
programming model of the proposed problem was developed and solved by CPLEX in the case
of small-sized problems. Regarding the proposed co- evolutionary particle swarm optimization,
it showed to outperform five other commonly used metaheuristics. Li et al. (2017) tackled the
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balancing problem of robotic mixed-model assembly lines (RMALB/S), in which three
subproblems can be found: task assignment, model sequencing and robot allocation. They
developed a mixed-integer programming model in order to reduce cycle time and used CPLEX
solver to solve small-sized problems. Moreover, in order to address the RMALB/S problem, a
restarted simulated annealing algorithm and a co-evolutionary algorithm were also used and
improved, outperforming previous algorithms.
Kammer et al. (2017) proposed a heuristic algorithm with the objective of minimizing the total
cycle time for solving the multi-model RALB (MuRALB). Their novel heuristic algorithm
works for different combinations of batch sizes and robots but does not consider either spatial
requirements or reduction in idle time for the robots.
Çil et al. (2018) proposed a mathematical model to define a type II robotic parallel assembly
line balancing problem and used iterative beam search (IBS), best search method based on IBS
(BIBS) and cutting BIBS (CBIBS) algorithms to solve the large-size problem. This
methodology proved to be statistically superior in terms of performance to other algorithms
previously used. IBS also proved to be superior in a type II robotic assembly line balancing
study conducted by Abidin, Mete, and Özceylan, (2017).
Finally, Table 4-7 represents a more visual summary of Type II objective functions and a
comparison of the 12 most cited authors’ solution.
Table 4-7 Type II comparison

Articles

Min.
the
cycle
time

Min.
the
setup
robot

Min.
the
number
of robot
cell

Min.
energy

Min. the
sequence
dependent
set up time

Ref.
Label

Two GA
versions

33_2_SO_S_S_M

Levitin et al. (2006)

*

Gao et al. (2009)

*

Hybrid GA

32_2_SO_S_S_M

Nilakantan et al.
(2012)

*

PSO

28_2_SO_S_S_M

Aghajani, Ghodsi, and
Javadi, (2014)

*

SA and MIP

24_2_SO_T_X_M&
_2_SO_T_X_LP

Nilakantan and
Ponnambalam (2015)

*

PSO

19_2_SO_U_S_M

Rabbani, Mousavi, and
Farrokhi-Asl (2016)

*

NSGA II and
MOPSO

18_2_MO_A_X_M
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Çil, Z., Mete, S. and
Ağpak, K. (2016)

*

BS variations

4_2_SO_S_X_M

Kammer,
Janardhanan, and
Nielsen (2017)

*

Novel Heuristic
algorithm

8_2_SO_S_M_H

Nilakantan, Huang,
and Ponnambalam
(2015)

*

*

PSO

20_2_MO_S_S_M

Nilakantan,
Ponnambalam, and
Huang (2015)

*

*

PSO

22_2_MO_S_S_M

Li, Tang, and Zhang
(2016)

*

*

RSA

17_2_MO_T_S_M

Nilakantan,
Ponnambalam, and
Jawahar (2016)

*

*

PSO and DE

16_2_MO_U_S_M

Çil et al., 2018

*

BS

2_2_SO_P_X_M

Abidin Mete, and
Özceylan, 2017

*

IBS, PSO
and CS-PSO

3_2_SO_S&U_S_M

Li et al., 2017

*

RSA and RCoGA

9_2_SO_S_X_M

Abidin, Mete, and
Ağpak, 2016

*

Goal
programming

13_2_SO_S_X_LP

Li et al., 2016

*

C-PSO

15_2_SO_T_S_M

Nilakantan et al., 2015

*

Local Search, CPSO, GA and CS

21_2_SO_S_S_M
2_SO_S_S_H
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4.2.2.3

Type E

Type E Robotic Assembly Line Balancing problem (RALB-E) is a type of RALB that deals
with the optimization of assembly line balancing efficiency and, thereby, attempts
simultaneously minimizing cycle time (type II) and the number of station (type I) considering
their interrelationship.
Although most of researchers have focussed on Type II or I RALB ever since robotic assembly
line issues were raised, some research groups have addressed RALB-E in the current decade.
Regarding the fact that time is a limiting factor in the industrial context, different metaheuristic
methods have been used to achieve quick results/solutions.
Yoosefelahi et al. (2012) presented a multi-objective model for RALB to minimize the cycle
time, robot setup costs and robot costs. They developed a new mixed-integer linear
programming model. As the RALB problem is NP-hard, three versions of multi-objective
evolution strategies (MOES) were presented. They concluded that the proposed hybrid MOES
is efficient based on the simulation results obtained.
Daoud et al. (2012) defined the efficiency as the gripping products and developed a mixed
integer linear program in order to maximize that. The method was developed with the aim of
assigning suitable tasks and product components to each robot so that efficiency was
maximized, and then it being installed in programmable logic controllers (PLC). This work was
partly motivated by a real time factory automation problem involving several pick and place
robots working in parallel, and partly due to the scarce data concerning RALB-E. Regarding
the optimization process, ACO and PSO algorithms were used (Daoud et al. 2012). In a
different study but with the same objective, Daoud et al. (2013) tried to find solutions of a
higher quality as the ones found in their previous work with the development of an adaptive
harmony search with a guided local search (GLS) to avoid local optimal solutions, fuzzy logic
controller (FLC) and artificial neural network. Their worked in the field led to the publication
of a third research work in which the already used algorithms ACO and PSO were used again
along with the GA (Daoud et al. 2014). In addition, GLS was developed to improve the search
ability of the mentioned algorithms, avoiding local optima. ACO coupled with GLS proved to
be the most efficient method, obtaining optimal solutions in a small execution time. Moreover,
the application of fuzzy logic controllers and the development of a mathematical formulation
for robotic assembly lines balancing were proposed as possible future work (Daoud et al. 2014).
Alternatively, Nilakantan et al. (2016) aimed to address RALB with two different models: timebased model and cost-based model, in order to minimize both cycle time and production cost,
which can also be categorized as type E RALB, using a Differential Evolution (DE) algorithm.
Morever, two possible configurations for assembly operations were considered: straight-line
layout and U-shaped line layout. As a result, for most of the problems, lower costs were
achieved in cost-based models and lower cycle time was achieved in time-based models. In
terms of configuration, U-shaped robotic assembly line was observed to be more efficient
(required less cost and cycle time) than straight line robotic assembly line in most of the cases,
which leads to the conclusion that managers or decision makers should use this kind of studies
to help them decide which solution would better suit the needs of the company (Nilakantan et
al. 2016).
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Nilakantan et al. (2016) proposed for future researches addressed to the RALB problem, the
use of other efficient metaheuristics algorithms available in literature review as well as a focus
on robotic assembly lines designed for mixed and multi-models. They highlighted the flaw of
most related literature published on focusing only on single objective optimization instead of a
multi-objective one.
Müller et al. (2017) presented an approach for the redundant configuration of robotic lines with
stochastic failures. Therefore, they develop a GA (coupled with a Markov chain model) for this
problem to assign operations and robot types to the stations and select backup stations with the
objective to maximize the long-term production rate.
Finally, Table 4-8 represents a more visual summary of Type E objective functions and a
comparison of different authors’ solution. The last two articles are explained in Section 4.2.2.4.
Table 4-8 Type E comparison

Articles

Max
efficiency

Min Energy
consumption

Solution procedure

Ref label

Yoosefelahi et al. (2012)

*

MOES

31_E_MO_S_S_M

Daoud et al. (2012)

*

ACO and PSO

30_E_MO_S_S_M

Daoud et al. (2013)

*

Different versions of
HS

29_E_MO_S_S_LP

Daoud et al. (2014)

*

ACO, PSO and GA
simultaneously

26_E_MO_S_S_LP&M

Nilakantan et al. (2016)

*

DE

6_ E_MO_U_S_M

Müller, Grunewald, and
Spengler, 2017

*

GA

12_ E_MO_S_S_M

Nilakantan et al. (2017)

*

MOCC

10_ E_MO_S_S_H
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Nilakantan,
Ponnambalam, and
Nielsen (2017)

4.2.2.4

*

*

PSO and DE

1_ E_MO_S_S_M

Minimizing energy consumptions

Most of the literature dealing with RALB problem focuses on objectives that do not take into
account an essential problem related both to the environmental impact and energy cost: the
amount of energy consumption of manufacturing systems. With regard to this matter,
Nilakantan, Ponnambalam and Nielsen (2017) proposed a minimization of energy consumption
of the assembly line by the use of an energy-efficient manufacturing system as part of the
solution to RALB problem with an objective of maximizing line efficiency. Concerning their
study using PSO and DE algorithm, DE reported a better line efficiency, as well as a faster way
to obtain solutions. Within the same study, and as part of future potential studies, maintenance
operation and new models for other types of robotic assembly line were proposed, as well as
the experimentation of alternative metaheuristic algorithms (Nilakantan, Ponnambalam, and
Nielsen, 2017).
Conversely, Nilakantan et al. (2017) studied other methods to simultaneously decrease energy
consumption (thus, decreasing carbon footprint) and increase line efficiency. For that purpose,
a Multi-objective co-operative co-evolutionary (MOCC) algorithm was developed and
improved to carry out a set of 32 benchmark problems. Although its comparison to already
well-known algorithms resulted in proving the superiority of the MOCC, a series of constraints
regarding the multi-objective model developed need to be taken in consideration. On the one
hand, operation and standby mode were considered as energy consumption modes, being power
consumption the only cause of carbon footprint. On the other hand, any robot could be allocated
to any station and operate each task, which is not necessarily a realistic approach. Thus, future
approaches taking the practical constraints into account should be developed (Nilakantan,
Ponnambalam and Nielsen, 2017).
In addition, the same group published two years earlier a study regarding likewise the RALB
problem, but considering as objectives: type II and energy consumption simultaneously
(Nilakantan, Huang and Ponnambalam, 2015). Stating that both time and energy are relevant
factors in terms of productivity increase and energy consumption reduction, Nilakantan, Huang
and Ponnambalam (2015) remarked that the primary focus between those two factors, and
therefore the appropriate model, could vary at different time horizon due to their dependence
to the priority of the management. Thus, their future work proposal included the consideration
of a specific time horizon so the algorithm could be tested regarding other factors, e.g.
maintenance operation and effect of failures of the resources in the system. Conversely, in
reference to computation time for the evaluation of objectives, the time-based method was
preferable to the energy-based model.
Another important contribution in relation to minimizing the energy consumption and cycle
time was made by Li, Tang and Zhang, (2016) who focused on type II two-sided robotic
assembly line balancing (TRALB). Their work included the creation of a model for TRALB,
which considers both line balance and energy consumption cost, and the development of a
restarted simulated annealing (RSA) algorithm so that Pareto-optimal solutions were obtained.
The multi-objective model was tested by comparing the RSA and SA algorithms, which resulted
in a better performance (more reduction of energy consumption) from the RSA algorithm.
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Comparisons were also made between RSA and non-dominated sorting genetic algorithm
(NSGA-II) with seven benchmark problems in order to test the RSA algorithm, resulting in
RSA being also superior in this case. These promising results obtained from a single model
TRALB problem lay the foundation for a future development of solutions to multi and mixed
model TRALB problems, through which a better performance could be achieved with recent
metaheuristics, e.g. co-evolutionary algorithms and scatter search algorithm.
Finally, Table 4-9 represents a more visual summary of this strategy’s objective functions and
a comparison of different authors’ solution.
Table 4-9 Minimizing energy consumptions comparison

Min.
the
cycle
time

Min. energy
consumption

Nilakantan, Huang, and
Ponnambalam (2015)

*

Nilakantan, Ponnambalam, and
Huang (2015)

Articles

Max.
efficiency

Solution procedure

Ref label

*

PSO

20_2_MO_S_S_M

*

*

PSO

22_2_MO_S_S_M

Li, Tang, and Zhang (2016)

*

*

RSA

17_2_MO_T_S_M

Nilakantan, Ponnambalam, and
Jawahar (2016)

*

*

PSO and DE

16_2_MO_U_S_M

Nilakantan et al. (2017)

*

*

MOCC

10_ E_MO_S_S_H

Nilakantan, Ponnambalam, and
Nielsen (2017)

*

*

PSO and DE

1_ E_MO_S_S_M

4.2.3 Documents label overview
Finally, all documents presented in literature review have been labelled and gathered into the
same table (Table 4-10) in order to create facility for new research. In this context, facility
implies being comprehensive, visual and easy to find.
Table 4-10 Labels of papers cited in literature review
Nr.

Reference

Label

Nr.

1

Nilakantan, Ponnambalam,
and Nielsen, 2017

E_MO_S_S_M

19

Nilakantan and
Ponnambalam, 2015

2_SO_U_S_M

2

Çil et al., 2018

2_SO_P_X_M

20

Nilakantan, Huang, and
Ponnambalam, 2015

2_MO_S_S_M

2_SO_S_S_M
2_SO_U_S_M

21

Nilakantan et al., 2015

2_SO_S_S_M
2_SO_S_S_H

2_SO_S_X_M

22

5

Abidin Mete, and
Özceylan, 2017
Çil, Mete, and Ağpak,
2016
Lopes et al., 2017

2_SO_P_X_LP

23

6

Nilakantan et al., 2016

E_MO_U_S_M

24

3
4
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Reference

Nilakantan, Ponnambalam,
and Huang, 2015
Zacharia et al. 2015
Aghajani, Ghodsi, and
Javadi, 2014

Label

2_MO_S_S_M
2_SO_S_S_M
2_SO_T_X_M
2_SO_T_X_LP
38

25

Müller, Spengler, and
Sodhi, 2014

2_SO_S_S_LP

26

Daoud et al., 2014

E_MO_S_S_M
E_MO_S_S_LP

7

Li et al., 2017

2_SO_T_S_M

8

Kammer, Janardhanan,
and Nielsen, 2017

2_SO_S_M_H

9

Li et al., 2017

2_SO_S_X_M

27

10

Nilakantan et al., 2017

E_MO_S_S_H

28

11

Gen et al., 2016
Müller, Grunewald, and
Spengler, 2017
Abidin Çil, Mete, and
Ağpak, 2016
Gultekin, Tula, and
Akturk, 2016

2_MO_S_S_M

12
13
14
15
16
17
18

Li et al., 2016
Nilakantan, Ponnambalam,
and Jawahar, 2016
Li, Tang, and Zhang, 2016
Rabbani, Mousavi, and
Farrokhi-Asl, 2016
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29

Nilakantan and
Ponnambalam, 2014
Nilakantan and
Ponnambalam, 2012
Daoud et al., 2013

E_MO_S_S_LP

E_MO_S_S_M

30

Daoud et al., 2012

E_MO_S_S_M

2_SO_S_X_LP

31

Yoosefelahi et al., 2012

E_MO_S_S_M

2_MO_S_X_LP

32

Gao et al., 2009

2_SO_S_S_M

2_SO_T_S_M

33

2_MO_U_S_M

34

2_MO_T_S_M

35

2_MO_A_X_M

36

Levitin, Rubinovitz, and
Shnits, 2006
Levitin, Rubinovitz, and
Shnits, 2002
Kim and Park, 1995
Rubinovitz, Bukchin, and
Lenz, 1993

1_SO_S_S_M
2_SO_S_S_M

2_SO_S_S_M
2_SO_S_S_M
1_SO_S_S_LP
1_SO_S_S_LP

39

4.3 Literature Review results
In this section, the articles explained in literature review are classified in schemes and explained
according to characteristics. The goal is to identify a variety of shortcoming, patterns and
research opportunity of the literature in addressing the RALB problem.

4.3.1 Documents overview
In this section, all RALB literature review findings are collected in quantitative tables (see
Table 4-11) where reader can visualize each document’s classification by:
•
•
•
•
•
•

line shape
objective function
algorithm
production information i.e. relevant assumption for ergonomic experiment
citation and
Number of articles (references) the research group used for their own paper.
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Table 4-11 Documents overview

RALB type

Article information

Title

Energy-Efficient Straight Robotic Assembly Line Using
Metaheuristic Algorithms. Advances in Intelligent
Systems and Computing, pp.803-814.
A beam search approach for solving type II robotic
parallel assembly line balancing problem
An Efficient Heuristic Algorithm for Solving Robotic
Assembly Line Balancing Problem. 8th International
Conference on Information Technology (ICIT).
Analysis of the type II robotic mixed-model assembly
line balancing problem.
Balancing a robotic spot welding manufacturing line:
An industrial case study. European Journal of
Operational Research, 263(3), pp.1033-1048.
Differential evolution algorithm for solving RALB
problem using cost- and time-based models. The
International Journal of Advanced Manufacturing
Technology, 89(1-4), pp.311-332.
Discrete cuckoo search algorithms for two-sided
robotic assembly line balancing problem. Neural
Computing and Applications.
Heuristics for solving a multi-model robotic assembly
line balancing problem. Production & Manufacturing
Research, 5(1), pp.410-424.
Mathematical model and metaheuristics for
simultaneous balancing and sequencing of a robotic
mixed-model assembly line.
Multi-objective co-operative co-evolutionary
algorithm for minimizing carbon footprint and
maximizing line efficiency in robotic assembly line
systems. Journal of Cleaner Production, 156, pp.124136.
Recent advances in hybrid evolutionary algorithms
for multiobjective manufacturing scheduling.
Redundant configuration of robotic assembly lines
with stochastic failures. International Journal of
Production Research, pp.1-21.
A Goal Programming Approach for Robotic Assembly
Line Balancing Problem. IFAC-PapersOnLine, 49(12),
pp.938-942.
Automated robotic assembly line design with
unavailability periods and tool changes. European J.
of Industrial Engineering, 10(4), p.499.
Co-evolutionary particle swarm optimization
algorithm for two-sided robotic assembly line
balancing problem. Advances in Mechanical
Engineering, 8(9), p.168781401666790.
Design of energy efficient RAL system using
evolutionary algorithms.
Minimizing energy consumption and cycle time in
two-sided robotic assembly line systems using
restarted simulated annealing algorithm. Journal of
Cleaner Production, 135, pp.508-522.
Multi-objective metaheuristics for solving a type II
robotic mixed-model assembly line balancing
problem.
Robotic U-shaped assembly line balancing using
particle swarm optimization. Engineering
Optimization, 48(2), pp.231-252.
An investigation on minimizing cycle time and total
energy consumption in robotic assembly line
systems. Journal of Cleaner Production, 90, pp.311325.
Bio-inspired search algorithms to solve robotic
assembly line balancing problems. Neural Computing
and Applications, 26(6), pp.1379-1393.
Minimizing energy consumption in a U-shaped
robotic assembly line. IEEE.
Planning the construction process of a robotic arm
using a genetic algorithm. The International Journal
of Advanced Manufacturing Technology, 79(5-8),
pp.1293-1302.
Balancing of robotic mixed-model two-sided
assembly line with robot setup times. The
International Journal of Advanced Manufacturing
Technology, 74(5-8), pp.1005-1016.
Robust Flowline Design for Automotive Body Shops.
Proceedings of the 2014 Industrial and Systems
Engineering Research Conference Y. Guan and H.
Liao, eds..
Solving a robotic assembly line balancing problem
using efficient hybrid methods. Journal of Heuristics,
20(3), pp.235-259.
Solving Cost based Robotic Assembly Line Problems
Using Variants of Particle Swarm Optimization.
International Conference on Control,
Instrumentation, Communication and Computational
Technologies (ICCICCT).
An efficient PSO for type II robotic assembly line
balancing problem. 8th IEEE International
Conference on Automation Science and Engineering.
Different versions of an adaptive harmony search to
solve a robotic assembly line balancing problem.
IEEE.
New mathematical model to solve robotic assembly
lines balancing. IFAC Proceedings Volumes, 45(6),
pp.1353-1358.
Type II robotic assembly line balancing problem: An
evolution strategies algorithm for a multi-objective
model. Journal of Manufacturing Systems, 31(2),
pp.139-151.
An efficient approach for type II robotic assembly
line balancing problems. Computers & Industrial
Engineering, 56(3), pp.1065-1080.
A genetic algorithm for robotic assembly line
balancing. European Journal of Operational
Research, 168(3), pp.811-825.
A GENETIC ALGORITHM FOR ROBOTIC ASSEMBLY
LINE BALANCING. IFAC Proceedings Volumes, 35(1),
pp.79-84.

Nº

Author

Year

Type I

Type II

Line shape

Type E

Minimizing energy
consumption and
maximizing efficiency

Straight

x

x

x

1 Nilakantan, J., Ponnambalam, S. and Nielsen, P.

2017

2 Çil, Z., Mete, S., Özceylan, E. and Ağpak, K.

2018

x

3 Abidin Ç L, Z., METE, S. and ÖZCEYLAN, E.

2017

x

x

4 Çil, Z., Mete, S. and Ağpak, K.

2016

x

x

2017 L.
5 Lopes, T., Sikora, C., Molina, R., Schibelbain, D., Rodrigues, L. and Magatão,

Two-sided

x

x

x

SO

Max. line efficiency by Min. total energy
consumption

x

x

x

Min. cycle time

x

x

x

Min. cycle time

x

x

x

Min. sum of cycle time

x

x

x

Min. cycle time

Min. cycle time

x

x

x

Min. cycle time

9 Li, Z., Janardhanan, M., Tang, Q. and Nielsen, P.

2017

x

x

x

Min. cycle time

10 Nilakantan, J., Li, Z., Tang, Q. and Nielsen, P.

2017

11 Gen, M., Zhang, W., Lin, L. and Yun, Y.

2016

12 Müller, C., Grunewald, M. and Spengler, T.

2017

13 Abidin Çil, Z., Mete, S. and Ağpak, K.

2016

x

x

14 Gultekin, H., Tula, A. and Akturk, M.

2016

x

x

15 Li, Z., Janardhanan, M., Tang, Q. and Nielsen, P.

2016

x

16 Nilakantan, M., Ponnambalam, S. and Jawahar, N.

2016

x

x

x

Several multiobjective scheduling problems

x

x

x

X

Max. long-tem production rate

x

x

x
x

x

18 Rabbani, M., Mousavi, Z. and Farrokhi-Asl, H.

2016

x

x

19 Mukund Nilakantan, J. and Ponnambalam, S.

2015

x

x

20 Mukund Nilakantan, J., Huang, G. and Ponnambalam, S.

2015

x

x
x

23 Zacharia, P., Tsirkas, S., Kabouridis, G. and Giannopoulos, G. 2015

x

24 Aghajani, M., Ghodsi, R. and Javadi, B.

2014

x

25 Müller, C., S. Spengler, T. and S. Sodhi, M.

2014

x

26 Daoud, S., Chehade, H., Yalaoui, F. and Amodeo, L.

2014

27 Nilakantan, J. and Ponnambalam, S.

2014

28 Nilakantan, J. and Ponnambalam, S.

2012

29 Daoud, S., Amodeo, L., Yalaoui, F. and Chehade, H.

x

x

x

x

x

x

2013

x

30 Daoud, S., Amodeo, L., Yalaoui, F., Chehade, H. and Duperray,2012
P.

x

x

EA

GA

PSO

BS

x

DE

x

x
x

Production
type

Number of
robots per
workstation

Activity
subdivision

Article's
Number of Number of
number of
cited times cited times
references
GOOGLE
SCOPUS

Single

1

Single

Not allowed

0

0

15

Mixed-model

1

Single

Not allowed

1

0

51

Single

1

Single

Not allowed

0

0

19

Mixed-model

1

Single

Not allowed

6

3

45

Mixed-model

>1

Single

Not allowed

4

0

36

Single

1

Single

Not allowed

8

7

33

Single

1

Single

Not allowed

4

1

38

Multi-model

1

Multiple

Not allowed

1

0

33

Mixed-model

>1

Single

Not specified

2

0

41

Single

1

Single

Not specified

3

3

35

Single

1

Single

Not allowed

2

0

46

Single

1

Single

Not allowed

0

0

48

Goal programming

Mixed-model

1

Single

Not allowed

3

2

14

Local search

Mixed-model

1

Single

Not specified

1

1

19

C-PSO

Single

1

Single

Not specified

12

8

32

x

Single

1

Single

Not allowed

9

8

37

Single

1

Single

Not specified

14

10

38

MoPSO

Mixed-model

>1

Multiple

Not allowed

13

8

28

x
PSO and CSPSO

IBS

x

x

x

x

x

x

x

Self developed heuristic
algorithm
RSA

RCoGA

MOCC

.

HSS-MoEA, HSSMoEA-DE

.

HSS-MoEA-DE

x

Min. cycle time and total energy consumption

x

x

x

Min. cycle time and sum of the power
consumptions on all stations

x

x

x

Min. sum of cycle time, robot setup cost, robot
cost, and sequence-dependent setup cost

x

x

Min. cycle time

x

x

x

Single

1

Single

Not allowed

25

17

57

Min cycle time and total energy consumption

x

x

x

Single

1

Single

Not allowed

25

21

33

x

Min. cycle time

x

CS-PSO

Single

1

Single

Not allowed

19

14

41

x

Min. energy consumption

x

x

x

Single

1

Single

Not allowed

2

2

15

x

Min. cycle time

x

x

Single

1

Single

Not allowed

5

3

32

x

Min. sum of cycle time

x

Mixed-model

1

Single

Allowed

19

17

29

x

Min. initail cycle time and Max. the sum over
all entries of the RCM which measures
the systems’ level of redundancy
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Single
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5

3

14

x

Single

1

Single
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18

14

43

x

x
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x

x

x

x

ACO

x

x

x

x

Min. cycle time

CS

Robot models
involved in the
same
workstation

x

x

x

x

SA

Citation

Production information

Min. cycle time

x

x

2015

x

Other algorithm

x

Min. total energy consumption and max. line
efficiency

2016

22 Nilakantan, M., Ponnambalam, S. and Huang, G.

x

x

17 Li, Z., Tang, Q. and Zhang, L.

21 Mukund Nilakantan, J., Ponnambalam, S., Jawahar, N. and Kanagaraj,
2015 G.

x

x

x

x

x

Algorithm used

Mixed-integer programming

x

x

x

x

x

x

x

x

Min. cycle time and cost

2017

x

Non-real
case

x

8 Kammer Christensen, M., Janardhanan, M. and Nielsen, P.

x

MIP

Real
case

Metaheuristic

x

Heuristic

Case study

Objective(s)

x

x

Algorith type

MO

x

x

2017

Parallel

x

x

S.
6 Nilakantan, J., Nielsen, I., Ponnambalam, S. and Venkataramanaiah,2016

7 Li, Z., Dey, N., Ashour, A. and Tang, Q.

U-shaped

Objective function

x

x

x

x

x

x

x

x

x

x

RSA

NSGA-II

NSGA-II

Local search

x

x

x

Mixed-integer programming

x

x

Lexicographic goal
programming

x

x

GLS

x

Max. line efficiency

x

Min. assembly line cost

x

x

x

Single

1

Single

Not specified

0

0

20

Min. cycle time

x

x

x

Single

1

Single

Not allowed

14

12

5

Single

1

Single

Not specified

0

0

15

Single

1

Single

Not allowed

0

1

15

Single

1

Single

Not allowed

50

40

25

x

Max. of the seized components by means of
robots

x

x

Max. of the seized components by means of
robots

x

x

x

Min. cycle time, robot setup cost and robot cost

x

x

x

x

x

x

x

x

HS-GLS
x

x

31 Yoosefelahi, A., Aminnayeri, M., Mosadegh, H. and Ardakani, H.
2012

x

x

32 Gao, J., Sun, L., Wang, L. and Gen, M.

2009

x

x

x

Min. cycle time

x

x

GA and hGA

Single

1

Single

Not allowed

72

58

25

33 Levitin, G., Rubinovitz, J. and Shnits, B.

2006

x

x

x

Min. cycle time

x

x

x

Single

1

Single

Not allowed

178

123

23

34 Levitin, G., Rubinovitz, J. and Shnits, B.

2002

x

x

x

Min. cycle time

x

x

x

A strong cutting plane algorithm for the robotic
assembly line balancing problem. International
Journal of Production Research, 33(8), pp.2311-2323.

35 KIM, H. and PARK, S.

1995

x

x

x

Min. the number of workstation

x

RALB – A Heuristic Algorithm for Design and
Balancing of Robotic Assembly Lines. CIRP Annals,
42(1), pp.497-500.

36 Rubinovitz, J., Bukchin, J. and Lenz, E.

1993

x

x

x

Min. the number of workstation

x

x

Single

1

Single

Not allowed

4

0

9

x

Strong cutting plane
algorithm

Single

1

Single

Not allowed

41

33

16

x

Branch-and-Bound with
Frontier search and heuristic

Single

1

Single

Not allowed

66

49

12

Note: Restarted simulated annealing algorithm (RSA), Restarted co-evolutionary genetic algorithm (RCoGA), multi-objective co-operative evolutionary algorithm (MOCC), hybrid sampling strategy-based multiobjective evolutionary algorithm (HSS-MoEA), HSS-MoEA combining with differential evolution (HSS-MoEA-DE), hybrid evolutionary algorithms (HEA), Goal programming (GP), Simulated annealing (SA), Ant colony optimization (ACO), guided local search (GLS)

4.3.2 Objective function(s)
Concerning RALB problem, different strategies have been applied in order to solve this NPhard problem. As shown in Table 4-12, Type II is the dominant one with a 72% of the
publication. It is followed by Type E with a 20%. Finally, the consideration of minimizing
energy consumption reached a 15% of attention.
Table 4-12 RALB objective function percentage
Characteristic

Quantity
3
25
4
8
2
36

Type I
Total
Min. Energy
Total
Min. Energy

Type II
RALB Type
Type E

Percentage
8%
72%
10%
20%
5%
100%

Figure 4-7 shows the amount of documents per year and the objective function(s) which are
classified in different colours.
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Figure 4-7 RALB objective function(s) per year

4.3.2.1

Multi or single objective

Table 4-13 shows the researchers’ focus on addressing the RALB problem. In the table, it can
be observed that 21 number of research articles are focused on single objective (SO)
optimization, while 15 (número de articulos) are focused on Multi-objective (MO)
optimization. In case of needing more information regarding which article focuses on MO and
SO, see Table 4-10.
Table 4-13 Multi or Single objective
Characteristic
Objective

SO
MO

Quantity
21
15
36

Percentage
58%
42%
100%

4.3.3 Line shape
Many researchers disagree between different types of line shape. Since the majority considers
two-sided and parallel to be shaped as straight lines, that is the terminology adopted for this
thesis as well. Nevertheless, it is worth stressing that a two-sided line can be straight or Ushaped. In light of the above, all two-sided and parallel lines are classified in the same group,
independently of their sub-line shape (straight or U-shaped). In the RALB area, the most studied
line is the straight, with a 66% where others do not exceed 16%, see Table 4-14.
Table 4-14 Line shape
Characteristic
Straight
U-shaped
Two-sided
Parallel

Shape

Quantity
24
6
4
2
36

Percentage
66%
16%
11%
5%
100%

4.3.4 Type of production
The robotic assembly line is destined to manufacture a product. This process can be destined
for a single unique product (single), a mixed between products in the same category (mixedmodel) and a batch of the unique product (multi model). Table 4-15 includes the number
(quantity) and percentage of articles focused on single, mixed- and multi model robotic
assembly lines.
Table 4-15 Product production type
Characteristic
Production type

Single
Mixed
Multi

Quantity
27
8
1
36

Percentage
75%
22%
3%
100%

4.3.5 Most cited article
In Figure 4-8, the top ten most cited articles, researchers’ names and RALB configurations can
be easily visualized. A distinction between cited times in Google and Scopus have been made.
The first two research groups in addressing the Type II RALBP are the most cited, followed by
the first group in addressing RALB and resolving the type I. Likewise, Yoosefelahi et al. (2012)
was the first research group in addressing the Type E problem. This outcome was expected
since, as discussed in the literature review, most researchers base their assumptions on them
except for minor modifications in some cases. To understand the rest of the articles’ RALB
configuration (label) see Table 4-3.
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14
19
14
18
17
25
17
19
21
25

Nilakantan et al. (2015) 2_SO_S_S_M&H
Daoud et al. (2014) E_MO_S_S_M&LP
Nilakantan and Ponnambalam (2015) 2_SO_U_S_M
Aghajani, Ghodsi, and Javadi (2014) 2_SO_T_X_M&LP
Nilakantan, Huang, and Ponnambalam (2015) 2_MO_S_S_M
Kim and Park (1995) 1_SO_S_S_LP

33

41
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Figure 4-8 Most frequently cited papers in RALB

4.3.6 Article that involved most references
In Figure 4-9 the top 10 articles with the highest amount of references can be found. In it, it can
be seen that the articles with the highest number of references belongs to Nilakantan and
Ponnambalam (2015), who referenced to 57 articles in their research of a type II, SO, U-shaped,
Straight line resolved with a metaheuristic algorithm. In order to understand the label of the rest
of the articles see Table 4-3.
Li et al. (2017) 2_SO_T_S_M

38

Li, Tang, and Zhang (2016) 2_MO_T_S_M

38

Li et al. (2017) 2_SO_S_X_M

41

Nilakantan et al. (2015) 2_SO_S_S_M&H

41
43

Daoud et al. (2014) 1_SO_S_S_M

45

Çil, Mete, and Ağpak (2016) 2_SO_S_X_M

46

Gen et al. (2016) 2_MO_S_S_M

48

Müller, Grunewald, and Spengler (2017) E_MO_S_S_M

51

Çil et al. (2018) 2_SO_P_X_M

57

Nilakantan and Ponnambalam (2015) 2_SO_U_S_M
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Figure 4-9 Articles that contain the most references

4.3.7 Activity subdivision
During the manufacturing process, tasks/activities can be subdivided if needed. Lopes et al.
(2017) gave a visual example of task subdivision need in welding robots due to geometrical
constraints, see Figure 4-10.
In terms of activity subdivisions, Table 4-16 includes the number and percentage of times
researchers decided whether or not to subdivide activities. As it can be observed in the
mentioned table, almost all researchers decided to not subdivide tasks. Those who decided not
to sub-dived, in their experiments when a robot was not capable of accomplishing the task, the
workstation’s time was left to indefinite or long period.
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Figure 4-10 Task subdivision when needed (Lopes et al., 2017)

Table 4-16 Subdivision of activities
Characteristic
Activity subdivision

Quantity
1
35
36

Yes
Not

Percentage
3%
97%
100%

4.3.8 Number of robots per workstation
Other key character during the literature review was the investigation of different authors
assumptions on the number of robots and their diversity in each workstations. Since most
researchers aimed for demonstrating their algorithm’s optimization potential, their assumptions
in this area were kept simple. As it can be seen in Table 4-17, only 4 documents (Lopes et
al.,2017; Li et al., 2017; Rabbani, Mousavi, and Farrokhi-Asl, 2016; Müller, Spengler, and
Sodhi, 2014) presented a use of more than 1 robot per workstation but with no subdivision of
tasks between different workstations or inside.
Table 4-17 Number of robots per workstation
Characteristic
Robot nº per Workstation

Quantity
32
4
36

1
>1

Percentage
89%
11%
100%

4.3.9 Real case
In terms of addressing real cases, RALB is a new problem with only 25 years of investigation.
Therefore, only few articles presented a real case where they resolved the problem, see Table
4-18. Unfortunately, these papers are more into welding robots, which are not the main interest
of this thesis i.e. collaborative robots.
Table 4-18 Real case
Characteristic
Real case

Yes
Not

Quantity
3
33
36

Percentage
9%
91%
100%

4.4 General results
The literature review presented in section 4.3, is summarized in a quantitative table (see Table
4-19) where research patterns and trends can be easily visualized.
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These trends show the direction researchers took in addressing this problem. It must be
emphasized that no real cases were studied, since researchers focused only on SO (min cycle
time of a straight line with a single product), which is an unrealistic approach.
Table 4-19 Summary of RALB literature review
Characteristic
Type I
Type T
II
E
RALB Type
Type T
E
E

Objective

SO

Quantity
3
25
4
8
2
36
21

MO

15

42%

36
27
8
1
36
3
33
36

100%
75%
22%
3%
100%
9%
91%
100%

Production
type

Single
Mixed
Multi

Real case

Yes
Not
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Percentage
8%
72%
10%
20%
5%
100%
58%

Characteristic

Shape

Algorithm

Activity
subdivision
Robot nº per
Workstation

Quantity

Percentage

Straight

24

66%

U-shaped
Two-sided
Parallel

6
4
2
36
25
2
6
3
36
1
35
36
32
4
36

16%
11%
5%
100%
70%
5%
16%
8%
100%
3%
97%
100%
89%
11%
100%

Metaheuristic
Heuristic
LP
Mix
Yes
Not
1
>1
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4.5 Optimization method
Table 4-20 displays the number of articles using different optimization algorithms in order to
optimize RALB. The creation of this table is based on the literature review overview table
(Table 4-11). The optimization algorithms are labelled into three categories i.e. Meta-heuristic,
heuristic and linear programming (and variations). In addition, aiming for simplicity, all
variations of one algorithm are gathered into the same label (e.g. hybrid GA is under GA label).
Finally, it should be noticed that some articles presented several algorithms in their findings in
order to solve the presented problem.
Table 4-20 All algorithms used in the literature review
Meta-heuristic
Meta-heuristic: Ant colony optimization (ACO)
Meta-heuristic: Genetic algorithm (GA)
Meta-heuristic: Particle swarm optimization (PSO)
Meta-heuristic: Simulated annealing algorithm (SA)
Meta-heuristic: Beam search (BS)
Meta-heuristic: Cuckoo search (CS)
Meta-heuristic: Artificial bee colony (ABC)
Meta-heuristic: Evolutionary algorithm (EA)
Total:

2
11
14
3
3
2
1
4
40

Total:

1
4
1
6

Total:

2
1
1
1
1
6

Heuristic
Heuristic: Multi-objective co-operative evolutionary algorithm (MOCC)
Heuristic: Local search
Heuristic: Self-created (Kammer, Janardhanan, and Nielsen, 2017)
Lineal programming and variations
LP: Goal programming
ILP: Strong cutting plane algorithm
MIP: Self-created (Aghajani, Ghodsi, and Javadi, 2014)
MIP: Self-created (Lopes et al, 2017)
ILP: Branch-and-Bound with Frontier search and heuristic

The first group is composed of 37 metaheuristic methods used in articles, where, the most
popular are: PSO with 14 articles involved out of 36 and GA with 11.
Metaheuristic methods rely on natural, physical or biological principles, which are reflected
through various operators at a basic level. These methods are able to manage uncertainties and
multiple objectives, and provide robust optimizations for NP-hard problems. In addition, even
though they aim to find a near-optimal solution instead of the optimal, and have no rigorous
proof of convergence to the optimal solution, metaheuristic methods are computationally faster
than an exhaustive search.
The second largest group is composed by eight heuristic algorithms used as optimization
method in the literature reviewed. Researchers tend on using BS (3 used) and Local search (4
used).
Heuristic is a technique which tries to find solutions that are close to an optimal at a satisfactory
computational cost time, without the guarantee of feasibility or optimality (Reeves, 1993, cited
in Jawahar et al, 2014). This technique has been used to solve real complex optimization
problems encountered in the industry, creating solutions or improving existing ones by
exploring the nearest solutions based on specific rules/strategies (Erel and Sarin, 1998, cited in
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Jawahar et al, 2014). In 1997, Scholl and Voß (1997, cited in Jawahar et al, 2014) proposed two
types of heuristics for simple assembly line balancing problems (SALB). Since then, heuristics
have also been used for solving problems similar to the ones form SALB. For example,
heuristics have shown to be especially useful in a design process, since the quick solutions they
provide allow for modifications in the design in a reasonable amount of time. Additionally,
when a specific problem is proposed for the first time in the literature, this technique’s results
can be used as benchmarks for that problem (Jawahar et al, 2014).
Finally, the third largest group is the one formed by linear programming (LP) and variations of
it where Integer LP (ILP) and mix integer programming (MIP) are sorted under the same label.
Linear programming (LP), also known as linear optimization is a mathematical programming
method used to obtain the optimum possible outcome in a mathematical model with linear
relationships between its requirements (Sierksma and Zwols, 2015).
Integer linear programming (ILP) problems refer to mathematical optimizations/feasibility
programs in which some or all of the variables are restricted to be integers and both the objective
function and the constraints are linear. Integer programming is NP-complete. In particular, the
special case of 0-1 integer linear programming, in which unknowns are binary, and only the
restrictions must be satisfied, is one of Karp's 21 NP-complete problems (Sierksma and Zwols,
2015).
Mixed-integer linear programming (MIP) problems are those integer linear problems in which
some decision variables are not discrete (Sierksma and Zwols, 2015).
.
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5 Virtual simulation
Technology developments have taken advantage of manufacturing companies that are
constantly feeling the pressure from the global competition to further increase their
productivity. Changes in regulations as well as the mentioned technology developments have
led to the creation of workstations in which work tasks are shared between human operators
and robots. In terms of designing these new workstations, it is necessary to do so ensuring that
not only is the collaboration between human operators and robots made possible, but also
optimized.
Virtual simulations are becoming the preferred way to evaluate human work when designing
workstations. This is mainly because of time and cost reductions. However, it also presents
other advantages, including detailed biomechanical measurements and the possibility to test the
workspace with a variety of human morphologies at the same time. Likewise, futile expenses
and safety issues can be avoided by using computerized models to define the robotic tools for
a specific environment.
Even though separate visual simulations of industrial robots and human operators can be made
with multiple commercial software, this reduces the efficiency of the design process and makes
it harder to identify successful design solutions. Thus, simultaneous simulation of the humanrobot collaboration in a workstation are needed. Providing engineers with software tools
capable of doing that kind of simulations will ease their work of optimizing the human and
robot workflow, while proactively ensuring proper ergonomic conditions for operators (Castro
et. al, 2017).
The software selected for the simulation of a collaborative workstation in a RAL is IPS
(Industrial Path Solutions). IPS is a math-based software tool with several useful functions in
the industrial and research setting. It automatically verifies the assembly feasibility and can be
used for the design of flexible components, motion planning and optimization of multi-robot
stations, as well as for the simulation of key surface treatment processes. The implementation
of the potential of the virtual world has successfully been made by this software, which was
developed by Fraunhofer-Chalmers Centre and Fraunhofer ITWM, and distributed by IPS AB
and fleXstructures GmbH (Industrialpathsolutions, 2018).
IMMA is and IPS module used for the evaluation of assembly ergonomics. It uses a realistic
biomechanical model that allows for the consideration of human diversity, applying fast and
efficient algorithms for its evaluations (Industrialpathsolutions, 2018).
IPS software’s module IMMA delivers a great potential in analysis on biomechanical motions’
control performed by humans during the assembly process—of e.g. cars. Virtual modelling of
mannequins have become a great interest view for the manufacturing industry (Fcc.chalmers.se.
2018). For the human-robot collaboration context, this tool will provide a new novel point a
view to the usual mathematical approach. In address to Manuwork project, the development of
a computer environment where analyses of both human and robot motions can be performed in
the production development phase.
Such analyses minimize the risk of potential body joint and muscle problems for the human
operator and also the collision during the work process of human and robot. This type of
computer analysis contributes to a more effective assembly process with a reduced number of
injuries and increased outcomes’ quality (Fcc.chalmers.se. 2018).
The IMMA software use goal is to develop a user-friendly path that:

•
•

Avoids possible collision between the robot, involved component and human’s geometry during
the assembly
Considers human biomechanical load and increases quality and efficiency of assembly process.

This chapter describes and illustrates how the DHM tool IPS IMMA can aid in the design of
human-robot collaboration workstation for the RALB problem. A use case where human
operator collaborates with a collaborative robot (UR10) to produce an assembly task for a car
engine in a virtual scenario is described. The use case illustrates the current capabilities and
limitations of the software to simulate human-robot collaborations in workstations using
optimized data—input—for the RALB. Therefore, the use case aims to provide input for further
development of DHM tools and justify their use in the RALB context.

5.1 Human-robot collaboration
The market, as well as competition, are constantly changing, which has led to an evolution of
production systems in manufacturing companies. This evolution also affects the technology
used in these production systems, implying not only their digitalization and advance, but also
their user-centred focus, and the fact that ergonomics and safety requirements are taken into
consideration. This has prompted the creation of workstations in which robots and human
operators share their workspace and interact with each other in order to handle complex or
physically demanding assembly tasks. In these settings, robots and humans share a common
goal, and this is what is called human-robot collaboration. An efficient collaboration in these
hybrid settings is the primary goal nowadays. This would mean finding a solution that involves
taking advantage of the best capabilities of both robots (strength, precision and repetition) and
humans—sensorimotor skills and problem solving capacities—(Castro et al, 2017).

5.1.1 Related ISO
Contemporary robots present huge advances in capabilities and therefore their opening in
regulations have led to an opportunity in the human-robot collaboration. This has led to the
definition of different levels of interactions between human and a robot in the RALB, where
safety standards define this interaction in relation to the movements and stop functions of the
robot.
5.1.1.1

ISO 10218:1 and :2

ISO 10218:1 and :2 was first introduced in 2006 and revised in 2011. This ISO standard reports
the existence of 4 type of collaborative operations based on safety i.e.:
•

Safety rated monitored stop: no robot motion can happen when operator is in the collaborative
workspace. Allows for a direct interaction between operator and robot under specific
circumstances—combined—in which: 1) there must be a safety-rated stop condition before
operator enters the collaborative workspace; 2) Drive power remains on; 3) Robot motion
resumes after operator leaves workspace and without additional action; and 4) The must be a
protective stop issued if stop condition is violated.
• The most common applications are: loading and unloading tasks, work-in-process
inspections, when one (not both) moves into the collaborative workspace and used with
other collaborative techniques.
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•

Hand-guiding: there is collaborative robot motion only through direct input from operator. The
robot must achieve a safety-rated monitored stop—while drive power remains on—before the
operator enters the collaborative workspace. Non-collaborative operation resumes when the
operator leaves the collaborative workspace.
• The most common applications are: 1) The use of robot as a lift assistant; 2) High
variety application e.g. manual tool; and 3) Use in limited or small-batch production.

•

Speed and separation monitoring: collaborative robot motion only when there is a safety
distance separation between robot and human. This distance separation can be accomplished by
eater: 1) Having and maintaining all the time a minimum protective separation distance between
operator and robot; 2) Having protective devices such as protective speed lessening separation
distance; 3) Safety-rated protective stop function in case the minimum protective separation
distance is violated. Figure 5-1 provides a better view of this collaborative environment.
• The most common applications are: 1) in simultaneous tasks; and 2) Direct operator
interface.

Figure 5-1 Visual example of separation and speed (Me.umn.edu, 2018)

•

5.1.1.2

Power and force limiting inherent design or control: collaborative robot system (including
the workpiece) motion that allow either intentionally or unintentionally collision with operator.
In this designed mode, power and forces from the robot are limited in order to reduce and avoid
human injuries. Robot system react when contact occurs. Contact can be quasi-static (pressure)
or transient (dynamic).
• The most common applications are in environments where frequent operator presence
is required. It can also have small or highly variable applications.
ISO/TS 15066

ISO/TS (technical specification) 15066 is a normative document representing technical
consensus within an ISO committee. It provides an expanded guidance currently not in ISO
10218:1 and :2 in which collaborative operation consist of approximately 8 pages (out of a total
of 152 pages). It is expected that the learning and continued research to be absorbed by ISO
10218:1 and :2 in the next revision.
•

Clause 5.5.4.3 Power and Force limiting: Identify and reduce risk for potential contact with
operator. This is done by: 1) Identify the conditions in which such contact occurs; 2) Evaluate
risk potential for such contact; 3) Design robot and collaborative workspace in which contact is
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•

5.1.1.3

infrequent and avoidable; and 4) Consideration of operator’s contact body regions, probability
and type (quasi or transient).
Limiting examples: 1) Elimination of robot’s pinch and crush points; 2) reduction of robot’s
inertia or mass; 3) Reduction of robot’s energy transfer (velocity reduction); 4) Assume and
modify robot posture in order to increase contact surface area; and 5) Avoid contact with
operator’s sensitive body areas i.e. head and neck.
ISO and TS Words

Guidelines of word use while interpreting ISO and TS:
•
•
•
•

Shall: Normative or mandatory requirement.
Should: Recommendation or good practice.
May: Permissive or allowed.
Can: Statement of fact. Possible or capable.

5.2 Visualization Method
A virtual simulation was required to evaluate a case study of the RALB including a
collaboration between a human and robot in a workstation. The RALB line type used for this
simulation is a Simple Straight. The selected case study involves a human operator and the
collaborative robot UR10. This was simulated in a DHM tool—IMMA—where the
requirements were:
•
•

Capability to give aided information in evaluation of a human-robot interaction i.e. ergonomics
data outcome
Facilitate the decision process during the design of the collaborative workstation i.e. process
time of both human and robot work task.

5.2.1 Digital human modelling tool
The DHM tool selected to simulate the virtual environment and human-robot collaboration in
a straight robotic assembly line was the IPS software with three of its available modules i.e.
Rigid path planner, IMMA manikin (under Rigid path planner) and robotics module, see Figure
5-2. This version of the software (v3.4) is under development—classified as a research noncommercial version—and works by merging the two modules, enabling the simulation of a
collaborative workstation.

Figure 5-2 IPS modules used for experiment
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The IPS software was created by the research institutes Chalmers (Gothenburg, Sweden) and
Fraunhofer ITWM (Kaiserslautern, Germany). Some of the modules created in research
projects are extensively used in industry by hundreds of engineers for industrial innovation.
5.2.1.1

Human

The manikin in IPS IMMA is steered by entering definitions of tasks that the manikin should
perform.
Based on the task definitions, the DHM tool automatically compute manikin motions by the
use of mathematics and optimization algorithms—based on a biomechanical model which is
a simplification of the human skeleton—, where the manikin avoids collisions and perform
natural and ergonomic motions. The same task definitions can then be used to steer manikins
of different anthropometry, where unique motions are computed for each manikin.
All simulations in IMMA are made with a batch of manikins called manikin Families.
A family with only one member is called a Single Manikin and an individual manikin in a
family is called a Member.
The software has ergonomics assessment functionality and a timeline that allows to evaluate
the efficiency level of the workstation. The software version used in this study uses parts of the
EAWS ergonomics evaluation method for the assessment. The evaluations are given by a colour
coded assessment, in which green is considered risk-free, yellow ought to be investigated
further, and red needs immediate attention and should be analysed in detail, see Figure 5-3
(Castro et. al, 2017).

Figure 5-3 IMMA EAWS ergonomic assessment example (Castro et. al, 2017)

5.2.1.1.1 Alternative ergonomics evaluation methods
Other ergonomics evaluation methods have been used or considered to be implemented in
future versions of IPS IMMA i.e. RULA and RAMP.
•

RULA was developed to provide a rapid assessment of the loads on the musculoskeletal system of
operators due to posture, muscle function and the forces they exert. It is designed to assess operators
who may be exposed to musculoskeletal loading which is known to contribute to upper limb
disorders. RULA fulfils the role of providing a method for screening a large number of operators
quickly, but the scoring system developed also provides an indication of the level of loading
experienced by the individual body parts. RULA is used without the need for any equipment and,
after training in its use, has proved a reliable tool for use by those whose job it is to undertake
workplace assessments. It can be used as a screening tool or incorporated into a wider ergonomics
assessment of epidemiological, physical, mental, environmental and organizational factors.
•

Fedrik Ore et al. (2014) in their publication, used RULA as ergonomics evaluation method with
modification so that RULA scores over time. The authors use RULA in a non-conventional way
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where other ergonomics evaluation methods could provide a better assessment. RULA will be
available in the next IPS IMMA version i.e. v3.5.
•

RAMP, also known as Risk Assessment and Management tool for manual handling Proactively, is
a new risk management tool for assessing and managing the risks associated with manual handling.
This tool provides structure and support for finding and taking appropriate measures to reduce risks
and physical stress. In terms of structure, four modules can be found in it: 1) RAMP I - a checklist
for screening load ergonomic risk factors; 2) RAMP II - enabling an in-depth analysis; 3) A Results
module where the results can be visualized with different level of detail and scope; and 4) an Action
module that supports the systematic work environment work, including Action suggestions and a
template for designing Action plans to reduce the risks. Furthermore, in relation to safety and
physical stress concerns, the long-term objective of this thesis is to reduce musculoskeletal disorders
and sickness absence caused by them.

5.2.1.2

Robot

The collaborative robots share—at the moment—the same console as the rest robots integrated
in the software i.e. welding robots. Robots in IPS Robotics are steered by entering definition of
positions robots should assume in order to compute the best collision free motion—using
optimization algorithms.
On the other hand, the task functions works under the IPS Rigid solid (with IMMA). The use
of two different consoles can create confusion and disable function depending on the use.
5.2.1.3

Required input

For the experiment of this thesis i.e. simulation of a collaborative workstation, a series of inputs
for the software were needed. In Table 5-1 the designed simulations as well as the requirements
for them to work can be comprehensively visualized. In addition, an observation column was
made in order to highlight flows in this process.
Table 5-1 Input required for the collaborative Workstation simulation

Input for
collaborative
workstation

Type of
Industrial
robot

Requirements

v3.4 supports a 6-axis arm industrial robot
geometries. The robot in the simulation
was a UR10 (6-axis collaborative-robot).
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Observations

Robots with 7-axis redundant design
kinematic structure such as Kuka IIWA are
not supported by the software.
In order to drive the robot, the software
requires appropriate geometry and
definition of the 6 axes including speeds
and boundaries/constraints.
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Type of
human(s)

A family of one manikin was defined based
on software’ Swedish population data
base.

IPS IMMA’s anthropometry module uses
stature and body weight as key
measurement.

Task
definitions

In order to drive/manipulate the
manikin(s), the user must define grasps
and viewpoints that are manually attach to
the desired rigid body in the simulation.

Time consuming and arbitrary results

Type of
collaboration
(humanrobot)

Application of security constraints during
the design of the workstation (please see
section X).

IPS does not provide guidelines.

Diagram and
CAD

External obstacles or equipment were
considered

Some CAD programs have conversion into
WRL e.g. Creo PTC is the best for creating
object for IPS.

In addition to the previous table (Table 5-1), it must be highlighted that since the workstation
is part of a production line, it is important the consideration of the following factors:
How input materials were presented (the position of it in space),
Manikin and robot predefined positions.
The expected action (outcome) the actor (human or robot) needs to perform in relation with the
input (material to work with e.g. engine cover, washers…)

1.
2.
3.

Further, for the implementation of a specific robot, IPS allows the import of commercial robot
files. By adding and specifying the robot manufacturer’s limited speed and rotation of each
axis, a more realistic result of the robot’s movement can be simulated (using the IRB editor).

5.2.2 IMMA Scene assumptions
This section aims to give a practical guidelines on the tools available for solving in a different
perspective i.e. ergonomics the RALB problem.
In order to solve a broad problem with a limited software it is needed to narrow in a more usable
parameters. Because of that, the University of Skövde proposed the use of a Case
study/Example of a Human-Robot collaboration that is part of a robotic assembly line. Table
5-2 represents the sequences extracted by the video provided by the University.
Table 5-2 Case study or Example taken by University exhibition at ASSAR

Sequence
number

Task to perform by Human

Sequence
number

1

Human looks at the piece to
work

1

Robot moves from home position to
the desired one

2

Human grabs the piece for
the engine cover

2

Grab the piece
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3

Look at the desired place

3

Move to the desired place

4

Move the piece to the
desired place

4

Leave the piece in place for human
assembly

5

Place the piece in place

5

Return to zero/home position

6

Assemble the piece with
screws (take screw from left
hand and assembly it with
the right)

7

Assumes a new position

8

Wait for robot to place the
new piece

9

Assemble the piece with
screws (take screw from left
hand and assembly it with
the right)

Within this example provided by the University, the literature learned is applied in order to
observe the DHM tool behaviour in a RALB context. Therefore, some of the constraints
presented in Section 4.2, are conserved, see Table 5-3.
Table 5-3 Experiment assumptions

1
2
3
4
5
6

7

Assembly tasks can be subdivided between human and robot
The duration of an activity depends on the assigned robot. The duration of an activity
by a robot is deterministic.
A single robot is assigned to each station. r=1
The number of humans per workstation is equal to h=1
There are no limitations on assignment of tasks. In case a task cannot be processed by
robot or human, the experiments stops.
Material handling, loading and unloading time, as well as set-up and tool changing
time are negligible, or are included in the activity time. This assumption is realistic on
a single-model assembly line. Tooling on such robotic line is usually designed such
that tool changes are minimized within a station. If tool change or other type of set-up
activity is necessary, it can be included in the task time.
The line is balanced for a single model production.

In addition, the University provided a list of optimum working times for both robot and human,
see Table 5-4.
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A predetermined motion time system (PMTS) quantifies the time required to execute a specific
task under certain defined conditions. This system is used in labour oriented industries to set
piece-rates, wage-rates and/or incentives, all of which is achieved by performing Labour Minute
Costing. Today the PMTS is mainly used for shorter cycles. Most predetermined motion time
systems (such as MTM and MOST) use time measurement units (TMU) instead of seconds for
measuring time. One TMU is equivalent to 0.00001 hours, or 0.036 seconds. This smaller unit
allow for more accurate calculations without the use of decimals.
Table 5-4 Motion PMTS given by University

1
2
3
4
5
6

Description

Human/Robot

seg

Move hand/tool to washer
Grasp washer
Move hand/tool to container
Palm washer
To second washer
Move washer to area

15.6 tmu
9.1 tmu
Not given
5.9 tmu
9.1 tmu
16.9 tmu

0.5616 seg
0.3276 seg
--0.2124 seg
0.3276 seg
0.6084 seg

In summary, the scenario created will:
•
•
•

Consider assumptions based on literature review, see Table 5-3.
Be restricted by the ISO standards in order to give more real world perspective.
Take advantages of the research opportunities mentioned in section 4.3 while examining the
literature survey and patterns.

5.2.3 Experiment
In this section, the experiment that was carried out is divided and explained. It aims to provide
the reader with a comprehensive visualization of a workstation simulation and its comparison
with literature review assumptions.
Figure 5-4, represents the thesis assumptions and design of the needed workstation in order to
carry out the simulation. It consists of a human operator that will be helped by a collaborative
robot (UR10) in order to assembly a piece of an engine. Also, in the environment a workstation
table and pallets for the engine support can be found.
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Figure 5-4 IPS workstation formed by one human and a collaborative robot

The task flow presented before in Table 5-2 have been used to create the simulation’s action
flow, see Figure 5-5. This flow is based on the University exhibition at ASSAR. ASSAR is a
place where people working within the manufacturing industry or technology companies can
meet and acquire relevant contacts. Its name was chosen as a tribute to Assar Gabrielsson, the
Swedish industrialist who initiated the car manufacturing company AB Volvo and whose name
also has a meaningful translation for the project, since it comes from English ’answer’ and
means ’he who gives answers’. ASSAR’s aim is to provide a word-leading environment in
which integrated physical and virtual developments take place, promoting an enhancement of
research, technological development, innovation and education. In ASSAR, a reciprocal
contribution between companies can take place, boosting one’s own company success while
sharing knowledge with others. New technologies, research and solutions for the industry are
available in ASSAR, making this initiative a proper way to increase both the number of new
companies with cutting-edge expertise within the area of Virtual Engineering in the region and
the supply of engineers for technological companies as well as for the manufacturing industry.

Figure 5-5 Experiment workflow

In this Operation sequence, the actors are: the human operator, the collaborative robot, the piece
to be assembled and the washers used to assembly the piece.
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Another goal during the experiment was the IPS potential in evaluating ISO standards.
Therefore, the separation between robot and human is set by the engine which is the
collaborative workplace. The collaborative workplace and the different workplaces for each
actor can be visualized in Figure 5-6.

Human
workplace

Robot
workplace

Collaborative
workplace

Figure 5-6 collocation of workstation’s elements

On one hand, for the robot manipulation, the path planer and robot modules where used, each
specialized in a certain area. The robot module uses IRB statement (see Figure 5-7) in order to
create a robot path where collision or self-collisions will not take place. This module does not
calculate the collision free area considering the grabbed item if any. Therefore, the path planner
was used for a small section where the robot will not collision or self-collision but will have a
finite assembly. Even though in theory it was supposed to work, the collision free path works
on calculations using the actors’ cubic area and not the real CAD boundaries, see Figure 5-9.
This made the precision or finite assembly impossible.

Figure 5-7 Different mechanism state based on IRB and Robot's position
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Not
ajustable

Figure 5-8 Robot planning process editor toolbox

Other important fact is to highlight the robot planning process editor where the time cannot be
adjusted and can vary from each mechanism state combination for the path creation, see Figure
5-8.

Figure 5-9 Robot precision assembly (robot follow)

On the other hand, for the human manipulation, the IMMA module as well as path planner
where used. The IMMA module created ergonomic realistic postures for the manikin in order
to accomplish the designed tasks. As seen in Figure 5-10, in comparison with Figure 5-4, which
is the simulation’s start, the human operator walked to the workstation table to grab the needed
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washers for the assembly. This motion is all done with the IMMA module and it can be
classified as an easy design process.

Figure 5-10 Human grabs washer for assembly

In Figure 5-11, the human is following the path created for the washer with Path planner. This
process presents several errors such as human assuming non-realistic movement through all the
following state (the human does not walk) and the non-realistic optimal path created for the
washer.
Using the trial-and-error work philosophy, a more suitable path for the human could have been
created. However, in order to have a better visualization of the software’s flaws, the most
exaggerated strange outcome was chosen.

Figure 5-11 Human following rigid body path created with Path planner

Finally, the simulation toolbox gives the user the overall time of each task. In it (see Figure
5-12), time and speed of each task performed by human or object actors can be adjusted—by
using right click on the action. As seen in Figure 5-8, robots are the only actor whose time and
speed cannot be adjusted in the simulation toolbox (Replay).
Even though many researchers did not considered transport motions (e.g. walking) in their
assumptions (see Table 4-11), the simulation toolbox does offer the user the total time and task
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time. Finally, if a motion cannot be simulated, IPS will create a short operation time in order to
give the user feedback of undone (or impossible) calculations, see Figure 5-12.

Figure 5-12 Simulation replay toolbox

5.2.3.1

ISO

One of the goals during this experiment was the observation of IPS following the essential ISO
standards for human-robot collaboration i.e. 10218 and 15066, see section 5.1.1.
Therefore, the experiment was exposed to situations where ISO standards could be tested.
The first clause was the speed safety. In it several areas of the collaborative workspace must
determine the robot’s motion speed as the human enters a determined area, as shown in Figure
5-13. This clause cannot be tested with IPS due to the robot’s configuration possibilities. The
robot motion speed can be changed but only as a whole, which means that it impossible to
change it during a specific point of its collaboration with the human operator.

Figure 5-13 ISO 10218 Protective speed in collaborative workplaces clausule
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The next clauses cannot be tested due to similar reasons, which are explained below.
•
•

First, the Safety rated monitored stop, is applied after the assembly, where the robot is stopped
waiting for the human operator to screw the washers
Second, the Hand-guiding clause would be applied if the robot would have needed the human
operator to end the finite assembly motion.

For the path assembly, the object is the main actor of realizing the path motion where human
and robot are followers. Hence, even if the robot stops and human helps the robot to finish the
assembly, is the piece whose area is considered for the collision avoidance.
•

Last, the Power and force limiting inherent design or control where the robot power is limited
when the operator is inside the collaborative workplace.

As mentioned in the Protective speed clause, robot does not detect in its area any human
operator. Therefore, none speed or power can change over time.
All mentioned constrains belong to the IPS code limitation. Thus, it is expected to change with
the new versions of the software in the near future.
5.2.3.2

Ergonomic assessment

The scenario presented for the simulation was made taking the ergonomic evaluation into
account. Therefore, some unrealistic movements have been forced in order to highlight some
of the flaws the software presents in the IMMA module or ergonomic evaluation.
In Figure 5-14 the icon that activates the ergonomic evaluation can be found. Since this thesis
is not dealing with ergonomic design, the icon highlighted uses default settings.

Figure 5-14 Ergonomic evaluation

Figure 5-15 represents the evaluation toolbox in which two subdivisions of the body are made
i.e. 1) arm and wrist; and 2) Neck, trunk and leg. Figure 5-16 provides the user with a
comprehensive distribution of human body.

Figure 5-15 Ergonomic evaluation of the actor
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Figure 5-16 Body division (Infovisual.info, 2018)

5.2.3.2.1 Arm and wrist evaluation
In this subsection, table A from Figure 5-15 is analysed and discussed. In reference to the lower
arm (forearm) position, the ergonomic assessment created an alert with a red label.
As explained in section 5.2.1.1, regarding the colour code:
• Yellow means that the ergonomic assessment needs to be further investigated and
• Red means it needs immediate attention and should be analysed in detail.
Figure 5-17 attempts to give a visual information of the red area between 7 and 8.8 sec. In it, it
can be seen that the areas of several actors are colliding, causing the software to give an alert.
In order to provide validation to the alert given by the software, the sweep tool was used. The
sweep tool is located next to the ergonomic assessment one (see Figure 5-18) and will generate
a sweep of the manikin actions.

Figure 5-17 Collision between areas
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Figure 5-18 Sweep button

In Figure 5-19 it can be seen that Manikin Sweep gives a more comprehensive view of the
ergonomic risk in the simulation between 7.2 and 8.8 sec. This ergonomic risk comes from two
types of collision between the manikin and the environment i.e. 1) collision of the manikin
area/sweep with the working piece area; and 2) collision with an object which is not detected
even though it was set in the collision avoidance toolbox.

Figure 5-19 Manikin Sweep

Finally, the remaining framework alert (10-14.5 sec) found in Figure 5-20 is analyzed and
discussed. When the manikin follows a path for the washers, its wrist does not twist. During the
simulation design the wrist grab was created fulfilling the ergonomical comfort. The
ergonomical risk alert is given due to the fact that the forearm is not twisting with the wrist, a
movement that would cause MSDs. Even though this simulation could be done properly
(without ergonomical risks) this scenario was forced in order to provide the reader with a clear
understanding of the limitations that IPS presents when creating motions in a short
computational time.
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Figure 5-20 Wrist sequence between 10 and 14.5 sec.

5.2.3.2.2 Neck, trunk and leg evaluation
Firstly, regarding the neck analysis, in this simulation the manikin is not forced to look at an
object at extreme angles. Therefore, this analysis is green/accepted, since no forced movements
were made.
Secondly, even though in Figure 5-19 it can be appreciated how the manikin is colliding with
the pallet structure, the software did not detect this fact as an ergonomical risk. This statement
allows us to highlight the flaws of the software in working motions for manikins.
Thirdly, IPS created a constant yellow alert for the trunk section of the human body, as seen in
Figure 5-21. The reason of this statement is unknown to designers since it creates the ergonomic
alert in the manikin in zero position, where it assumes a comfortable position without any
weight load. On the contrary, in Figure 5-22, a posture without any ergonomical risks can be
appreciated. In the comparison of Figure 5-21 and Figure 5-22 no major differences regarding
the trunk of the manikin can be seen. Nevertheless, the software detects an ergonomical risk
only in the manikin in figure X8, which is a clear sign that the software is not entirely reliable.

Figure 5-21 Trunk evaluation
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Figure 5-22 Trunk evaluation

5.2.4 Visualization results
In this section, the experiment is broken into three major subsections and discussed in order to
highlight the benefits and constraints of using DHM tools in addressing the RALB problem.
This section consists of the human, robot and path planer modules; each specialized in a certain
area.
Aiming for simplicity, the results are expressed in tables (see Table 5-5; Table 5-6; Table 5-7)
where it can be quickly seen if the sequence/activities presented in Table 5-2, are:
•
•
•
•

available (i.e. the software can in some way do the motion),
what limitations, constraints and external restrictions the user should be aware of
the solution that this thesis provides through experimenting or university experts’ experience,
and
the benefits of using this tool in certain needs are explained.

In terms of boundaries, three categories were created:
•

•
•

Limitations: variables that hinder the use. This is due the ongoing development of the software
where many user frustrations have not been documented and solved. This includes bugs or bad
development of a software’s tool.
Constraints: the function is under development and not available for the software or not even
considered for future implementation.
External restrictions: all restrictions that do not have anything to do with the software but need
to be considered in order to obtain a closer vision to what a real world factory work.

In terms of solutions, two categories were created:
•

All solutions that are under development and will be implemented in the next software
version.

All solutions that have a trial-and-error work philosophy. In other words, the user must try the
same actions until the software will create a feasible solution for the presented case. This can
create confusion if the user it is not an expert in the software and has previous knowledge and
intuition of its behaviour.
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5.2.4.1

Human

The human needs and interactions done by human in or not collaboration with robot are
described under the column of needs. Most of this activities can be done by the manikin and be
visualized except for the assembly process where finite movement such as screwing are not
available under the used version of the software. University experts informed that it is a work
in process and in the near future will be possible to visualize that crucial activity.
Most of the limitations presented in this module are under development, therefore, it is expected
that this limitations will not be present in future versions of the module. On the other hand, in
terms of constraints, the boundaries presented are under development but will be available only
for researchers in future versions. Finally, the external restriction in this case are the related
ISO for this case study. This must be known by the user and are facilitated in the presented
paper.
Currently, the software’s module needs external ergonomic tests in order to obtain a more
feasible solution for the RALB problem. IMMA created ergonomics test for positions but not
for more realistic scenarios such as 8 hours working day. Therefore, the software’s company is
working in implementing additional ergonomic test that will allow users to see if the motion
previous tested will maintain feasible for repetitive cycles.
To conclude, the actual benefits of this module are that: 1) human is affected by environment
i.e. product/tool weight, collisions; and 2) Natural positions and use of both hand (not at the
same time) while presenting the downside of not having crucial motions integrated in the
software and some functions are not polished.
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Table 5-5 the IMMA module character
IPS module

Needs

Available

Limitations

Constraints

External
Restrictions

Solution

Benefits

Difficulty in small pieces or
Triangular shapes

Human
(IMMA)

Grab engine's part

Yes

Follow. Walk to the position

Yes

Release. Assemble it to the engine

Yes

Walk to the position

Yes

Grab screws and washers

Yes

Walk to the position (next to Robot)

Yes

Assume an ergonomic posture (next to
Robot)

Yes

Assemble the part (sustained by Robot)
to the engine by screwing

><

Trial-and-error work philosophy until
achieving good (wanted) results

<>

No solution until next version

Limitations

Variables that hinder the use

Constraints

Functions not available in the software
programming

External
Restrictions

External approval for the validation of
the simulation

No

Human can assume strange
(non-realistic and ergonomic)
positions
Human tele-transport himself
while following an object's
motion

Restrictions on Shapes

<>

Software limitation

<>

Human is affected by weight

Manikin cannot take different
objects with each hand and follow
distinct paths
><

Low probability of collision

Difficulty in small pieces or
Triangular shapes

<>

Can grab with one hand and
assembly (move and release)
with the other hand

Human cannot take different
objects from one to one and
maintain in one hand.
Low probability of collision
Can assume non-realistic
positions while assuming it for
itself

><

Human and Robot can grab the
same object but need to follow
the object's path

><
The software is not design for finite
motions
Ergonomic assessment is based on
positions not on work over time

ISO 15066
Needs external ergonomic tests.
Methods as RULA will be implemented in
the future version of the software

Software includes 4 predefined
work positions

5.2.4.2

Robot

The robot activities and interactions with human are described under the column of needs, see Table 5-6. Since the robot presents the same problem
as the human i.e. the screwing motion it is not included in the table. The motion it is not available and there are some manual “tricks” to mimic the
action but without feasible results in a reasonable time.
Table 5-6 the Robot module character
IPS module

Needs

Available

Limitations

Constraints

External
Restrictions

Yes

Robot can have strange motions i.e. 360º turns
and crossover object

There is no available manual for
collaborative robots

Analyse Robot's axis toolbox
and avoid extreme variables

Time is varied due to the manual creation of
Robot's path based on intuition. No scientific best
path from A to B

Robot

Grab object to assembly

No motion from tool

Tool is not included

Not affected by item's weight

No available function. IMMA will
not give any advertise if the weight
limit is overcome.

Yes

Motion to goal

Yes

Follow object

(*)

Yes

Collision-avoidance does not work

Yes

Waiting not available for this
version

Release object

Yes

Motion to state zero

Yes

Variables that hinder the use

Constraints

Functions not available in
the software programming

External Restrictions

External approval for the
validation of the simulation

ISO 15066

Import tool's CAD through
.WRL as a group of solids and
program it
Check robot's manual if can
handle the item's weight

Robot avoids self-collision but not
for grabbed object

Wait for Human for
assembly

Limitations

More precision
The motion's final position is
the desired one

No motion from tool
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Benefits

Import optimized motion
path
Adjust joints' speed in order
to affect overall speed

Time and Speed cannot be adjusted directly in the
used version
Motion to object (*)

Solution

(*)

72

Human has more
precision

5.2.4.3

Path planner

This module is masked under the previous ones. It is destined to create paths for objects that human and robot can follow in order to mimic an
assembly motion. Table 5-7 represents this module character for the proposed experiment.
Table 5-7 the Path Planner module character
IPS module

Needs

Path planner

Create collision free path

Limitations

Variables that hinder the
use

Constraints

Functions not available in
the software programming

External
Restrictions

External approval for the
validation of the simulation

Available

Limitations

Constraints

Yes

Difficulty in creating
an assembly path

Collision free path based
on object's cubic area
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Restrictions

Solution
Disable collision-avoidance and
create the path based on
observations

Benefits
Can edit time, pauses and speed within Path toolbox
once created the motion. The speed can be adjusted
in each Waypoint.
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5.3 Software character summary
The results obtained in section 5.2.4, are summarized in Table 5-8, where researchers can
visualize and identify the usefulness of DHM tools in addressing the RALB problem, see Table
5-8.
Table 5-8 IPS software character summary

Character

Human/Robot
activity
subdivision

Human(s) and
Robot(s) on same
workstation

Literature review
Actual address
(literature
review)
Not considered

IMMA
Benefits

Limitations

Visualization
of
ISO
human-robot
collaboration

Robot
cannot
change velocity
during task (ISO
demand)
Can have several
human and
robots at same
workstation

More centred in
only Robotic
workstation

Collision free paths
(walking manikin)

Generate fast
a
visualization

Collision free path
(human following
object)

Generate a
fast
visualization

Collision free path
(robot following
object)
Collision free
(human and robot
working in parallel
at same time
Human affected by
weight
Robot affected by
weight

Human assembly

Robot assembly

Not considered

Ergonomic
assessment

-

-

Standardize.

Standardize

Visualize the
most
ergonomically
work motion
Visualize
external
normative
such as ISO

Only one human
can operate.
Software cannot
calculate the
motion of 2 or
more individuals
simultaneously
Could have error
(not often) if robot
and human work in
parallel at the same
time

Future extensions

Under
development.

Bugs solutions
been under
development

Build by hand

Rarely Bugs

Under
development

Build by hand

Human does not
walk. Non-realistic
transportation of
human.

Under
development

No accurate
results.

Under
development

No accurate
results. Human and
robot collision if
they are in contact

Under
development

Build by hand
and time
consuming
Not considered

Constraints

Not into software.
Must check robot’s
user manual.
Limited to
position objects

No finite
movements such
as screwing

Under
development

Limited to
position objects

Robot can create a
fake motion but
not the actual
screwing.

Under
development and
new robots.

Collaboration robots are relatively new in industry and, therefore, continue to be a new or under
development section in many DHM tools. The software used in this thesis i.e. IPS, does not
have a developed toolbox for collaborative robots. IPS manages the collaborative robots’

manipulation under the same toolbox dedicated for welding robots, creating frustrations for new
users or experts that want to expand their research.
Nevertheless, IPS is working on resolving all problems presented in this thesis.
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6 Sustainability
As seen in section 1.2, this thesis aims to resolve two main problems. This section will be
divided into two subsections where each objective of the thesis is discussed from a sustainable
point of view.
Literature review provides readers a direct understanding to the RALB problem. No previous
survey of this problem has been done, making this paper unique and valuable to the scientific
world. Engineers and researchers that attempt to address this problem will be supported by: 1)
a collection of articles between 1993 and (beginning) 2018; 2) plots that demonstrate previous
researchers’ interests and patterns; and 3) research opportunity. Literature reviews provide
readers easy access to high quality articles or studies that are relevant, meaningful, important
and valid and summarizing them into one complete report.
From a sustainability point of view, the mentioned literature review presents the advantage of
providing a way of reducing training time of new engineers/researchers by using supportive
tables, charts and quality papers.
In addition to the literature review, the data visualization provides several benefits forma
sustainable point of view that should be taken into account. The main benefit is the fact that it
allows researchers to have visual access to huge amounts of data in easily digestible data
graphics. This is has become essential nowadays, since 2.5 billion GB of new data is generated
every day and 90% of this data has been created in the last two years (Digital, 2018). It is
difficult to estimate how much data visualization helps research but by revealing trends and
patterns it will improve innovative research and (as with the literature review) avoid
unintentional duplicates.
Moreover, the visualization included in this thesis tries to reduce the ergonomical risk present
in robotic assembly lines. This kind of risk could lead to the development of musculoskeletal
disorders (MSDs), which are one of the most frequent reasons of work absence in our today
society.
Nunes (2009, cited in Otto and Battaïa, 2017) estimated that about 44 million workers in Europe
suffer from occupational musculoskeletal disorders.
In 2000, EASHW (European Agency for Safety and Health at Work) reported that over 600
million working days were lost each year in Europe due to work-related ill-health. They
estimated that this influenced negatively the cost of gross national product by 3.8% from which
between 40 and 50% of this cost were attributed to work-related musculoskeletal disorders
(WMSDs) (EASHW 2000, cited in Neumann et al., 2002). Recently, in 2010, Schneider and
Irastorza (2010, cited in Battini et al., 2017) estimated that issue decreased the gross national
product of EU by up to 2%. The same year, the Fourth European Survey on Working Conditions
estimated that 35% of operators and assemblers reported having regular backaches and
muscular pains (Schneider and Irastorza, 2010, cited in Otto and Battaïa, 2017).
Reducing physical ergonomic risks at assembly line plants has become the main concern of
production managers over the past few years due to the ageing of the working population (Otto
and Battaïa, 2017). Therefore, recent developments in legislation that consider the importance
of workplace ergonomics have emerged i.e. EU Machinery directive, 2006/42/EC, 89/391/EEC,
Occupational Safety and Health act of 1970 among others (Otto and Scholl, 2011).
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Workplace ergonomics improvements provide several benefits to companies, which are shown
with higher financial and social performances indicators. Moreover, a strong relationship
between poor workplace ergonomics and quality at assembly lines has been outline in several
case studies i.e.:
1. Falck, Örtengren, and Högberg (2010, cited in Otto and Battaïa, 2017) in their case study of an
automobile producer, spotted that workstations with medium or high ergonomic loads supposed
eight times higher costs in comparison with stations with low ergonomic loads in terms of
quality defects.
2. Sundin, Christmansson, and Larsson (2004, cited in in Otto and Battaïa, 2017) estimated for the
Volvo car company that assembly stations with a high ergonomic load cost 90,000 additionally
per annum to cover absenteeism, employee turnover etc.
3. Goggins, Spielholz, and Nothstein (2008, cited in in Otto and Battaïa, 2017) presented a survey
of case studies on cost-benefit analysis of ergonomic interventions. Their finding revealed that
the pay-back period of the ergonomic investments amounts to less than one year average due to
the decrease of reported work-related disorders, lost workdays, turnover and absenteeism, and
increase of productivity and quality.
4. Moreau (2003, cited in Otto and Scholl, 2011) illustrated the Peugeot’s ergonomics program
that simultaneously decreased 1) the cycle time for the final vehicle assembly line; and 2) 30%
cases of MSDs.

Otto and Scholl (2011) mentioned in their work some renowned companies that incorporated
methods for ergonomic risk estimation of working places in their production routine i.e. 1)
Toyota Verification of Assembly Line at Toyota; 2) GM-UAW at General Motors; 3) AP-Ergo
at Volkswagen. Hilla (2006, cited in Otto and Scholl, 2011) recommended the re-balancing of
assembly lines in case of detection of ergonomic risks as an effective method in the short-term.
Although ergonomic aspects are becoming progressively more important in practice, Otto and
Scholl (2011) stated that this issue is barely taken into account in assembly line balancing
literature. Conversely, they highlighted some articles that actually addressed the problem i.e.
1. Miralles et al. (2008) and Costa and Miralles (2009) dealt with the problem of the assignation
of workloads to stations and to workers with different disabilities; and
2. Carnahan et al. (2001) examined the influence of gripping tasks on fatigue and recovery
dynamics of workers.

However, to (Otto and Scholl, 2011) knowledge, no attempt has yet been made to incorporate
ergonomic risk estimation methods into assembly line balancing models.
Therefore, the visualization presented in this thesis could prevent the development of MSDs
and reduce the mentioned costs associated with these diseases.
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7 Discussion
Even though, the RALB problem was first presented in 1993, it is a relatively new subject in
the ALB investigation area that has been in the limelight the last years. This subject presents
several difficulties for new researchers due to its research age. One of these is the lack of pure
literature reviews—a problem that is tackled in this project.
During the course of the literature review presented in this thesis, the aim was creation of a
more visually appealing, easier and quicker way to review all the RALB related papers found
in the survey. This led to the development of Table 4-11, in which different patterns and trends
of investigation—e.g. researcher’s assumptions or preferable algorithms—were implemented.
Within this investigation, no journal was discovered to have more than three papers in the
subject. Even though all articles are structured, there is not a specific format followed by the all
the different journals that have been publishing articles about this problem. This made the
process of extracting information from them long and daunting. Also, conference papers were
not included due to the lack of accessibility or relevant information for the project’s needs.
Besides patterns and trends, other characters have been considered to be extracted and
highlighted i.e. researchers’ conclusions regarding their experiments, algorithms used and
recommendation on using the developed algorithms or other ones. Other important character
was to identify articles where human-robot collaboration or division of tasks have been applied.
This was due to the objective of work balancing between human and automation to ensure work
safety and efficiency. Besides the fact that this was not a priority for previous studies, only one
paper presented assumptions of division of tasks.
Even though this thesis does not aim to develop a new algorithm, the literature review section
aims to help researchers in this new area with a collection and recommendation of algorithms
based on recent studies.
As mentioned in this thesis, future manufactories will be characterized by the complementarity
between humans and automation, which will also imply the consideration of their needs
according to the assigned tasks. Therefore, a multi-objective approach is needed in order to
apply efficiently this philosophy simultaneously with the ongoing optimization of the RALB.
In this regard, some trends like minimizing energy consumption have been reported to be
utilized as an addition to other objectives.
Nonetheless, recent papers are based only on experimenting and developing algorithms,
therefore, their assumptions are more related to SO, leaving aside other approaches that may,
for example, also take into account the balancing of task division between human and
automation, safety features, etc. (MO).
Even though in the RALB context a visualization was found in a paper, the specific
visualization of the balancing between human and automation has never been reported. The
only visualization approach was on collision avoidance between welding robots in a robotic
assembly line.
In relation to the Manuwork objective to create a safe and efficient load balancing between
human and automation, this thesis aims to create an ergonomic work environment using
simulation tools. This objective can be broken down into: 1) Collect data about related ISO
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standards for safety—prevent musculoskeletal disorders (MSDs)—; 2) Visualize the virtual
model using DHM tools following ISO guidelines.
This process lead to the production of a summary of ISO standards relevant to the industry. Not
only are these standards indispensable, but they are also important in terms of sustainability,
since they prevent possible injuries.
Once the assumptions were made and narrowed down, and in parallel to the process of
reviewing the literature that was available and useful for the purpose of this thesis, a training
on the DHM program IPS was carried out.
IPS was proposed by university experts due to their implication in the ongoing development of
the software based on research needs. Therefore, the training was carried out with university
experts in order to absorb their knowledge, best practice and bugs experience. Nonetheless, this
did not prevent frustrations with unpredictable bugs, making the entire process harder and
longer.
The IPS IMMA module presented good calculation of the human body and its ergonomic
evaluation. However, some bugs or disadvantages were observed during the experiments. The
posture assumption of the manikin can create non-realistic postures together with possible
collisions with the environment. Even though this feature is getting perfectioned with each
software version, it is still a flaw.
IPS is limited to only basic manikin tasks such as posture assumption, follow, grab, walk…
without taking into account more realistic and complex tasks a human being makes during an
8 hours working day in a workstation. These tasks are all finite motions (e.g. screwing), 2 hand
working in parallel and repetitive motions.
Other weakness the software presents is the ergonomic evaluation. As mentioned in the thesis,
new ergonomic evaluation methods are being under development and will be available in next
versions. However, the software is currently limited to create an ergonomic evaluation on
positions the manikin assume for each frame of the simulation not on how a human being will
behave after 8h working day.
Even though some IPS extensions are under development and not available to the public, due
to the nature of this experiment, the licence was grounded. For example, this researcher licence
was used for the robotic module extension. The public version has been developed to support
welding robots. Instead, the extension was created to support collaborative robots where only
8 axis robots are available. In view of the above, the KUKA IIWA robot is not available
currently due to its circular axis movements. The robot used for the experiment was the UR10,
which was provided by the university without any extra coding.
Moreover, because of the nature of the collaborative extension under the robotic module, some
features lacked of a comprehensive user interface and experience. Also, the user manual was
not available for this extension. This was due to the division of this module between several
development departments. Therefore, the user was forced to use a “trial-and-error” work
philosophy in order to understand the functioning of the features.
One important disadvantage that the software currently presents, is its limitation on calculating
specific “actors”. This means that the software is limited to simulate the actions of only one
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manikin at a time. Simulation between several manikins at the same time is currently impossible
and an “actor” needs to be paused in order to let the other “actor” start its motion. This feature
is not applied to robots but some bugs have been reported when both human and robot were
working at the same time. This calculation limitation for the RALB problem results in the
capability of only simulating a workstation and not the entire assembly line. Nevertheless, task
balancing between both human and automation can still be simulated (without finite
movements) and give user a visual interpretation of each actor skills.
Finally, a question that can arise to many researchers is the coding possibility. IPS allows users
to code the desired workstation into Lua Script. Nevertheless, Lua Script is limited only to
reproduce already programmed actions. Therefore, in case of modification of the coded
parameters in Lua Script, the program will not recalculate the motions and a warning error will
appear.
The enthusiasm of this DHM tool usage for the RALB problem changed during the process.
Finally, after a long learning curve, the software’s potential was clearer. Despite the difficulties
mentioned above, this tool still presents the potential of providing a new perspective to the
problem and with it the addition of ergonomics as an optimization objective to take into account.
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8 Conclusion and future work
All the objectives proposed for this thesis (see section 1.2) have been achieved, hence, their
accomplishment is described.
One of the two contributions that this thesis gives to the research world in the RALBP context
is a literature review that involves high quality articles from 1993 to beginning 2018. Although
some articles have an extended literature review, non-pure literature review of RALB have been
encountered. This literature review includes visual and comprehensive tables—and a label
system— where previous research patterns and trends are highlighted.
No algorithm was planned to be created or tested since the thesis was destined only to data
collection for future research in this area as well as design and creation of an IT artefact for
visualization.
The second contribution to research found in this thesis is the use of a human modelling (DHM)
tool (called IPS), which is proposed as an assessment to the ergonomic risk that a robotic
assembly line may involve. This kind of studies are necessary in order to reduce one of the most
frequent reasons of work absence in our today society i.e. musculoskeletal disorders (MSDs).
MSDs are often the result of poor work environments and they lead to reduced productivity and
quality losses at companies. In view of the above, IPS was used in order to resolve the load
handling problem between human and robot, depending on their skills and availability, while
fulfilling essential ISO standards i.e. 15066 and 10218:1 and :2. The literature review made it
possible to select highly useful documents in developing assumptions for the experiment and
contributed to consider real features detected in the industry.
Results show that even though IPS is not capable of calculating an entire robotic assembly with
human-robot collaboration, it is able to simulate a workstation constituted of one robot and one
human. Finite and assembly motions for both human and robot are expected to be implemented
in future versions of the software.
Finally, the main advantages of using DHM tools in assessing ergonomic risks in RALB can
be extracted from the results of this thesis. This advantages include 1) ergonomic evaluation
for assembly motions; 2) ergonomic evaluation for a full working day (available in future
version); and 3) essential ISO standard testing (available in future version).
Furthermore, this thesis is limited to the University of Skövde. However, the result could be
used by new researchers in the RALB problem area, workstation design and ergonomic
evaluation for load handling between human and robot.

8.1 Future work
This thesis presents a great potential that can be enlarged in both literature review and
experiments using DHM tools.
On one hand, in terms of literature review, it would be recommended to update the literature
findings and expand it with other articles that do not include an open access to universities and
with conference papers.
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On the other hand, regarding using DHM tools, the proposed future work can be divided into
two categories i.e. software’s constraints (IPS code needs further development) and extensions
of the experiment.
In terms of software constraints: 1) the correction of bugs reported that can be found in section
5.2.4 e.g. when manikin follows an object and stops walking; 2) Create the code for the
capability to realize finite motions e.g. screwing for both human and robot.
Finally, it is recommended to reconstruct the experiment when the software is more prepared
to handle the proposed assumptions. Also, it is advised to develop and implement robot tools
that can interact and not only stay freeze, as well as other collaborative robot models. When
recreating the experiment, a full size RAL would give a better view of software potential in
solving the RALB problem.
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1. Abidin, Ç., Mete S., and Özceylan, E. (2017). An efficient heuristic algorithm for solving
robotic assembly line balancing problem. Eighth International Conference on Information
Technology (ICIT).
2. Abidin, Ç., Mete, S., and Ağpak, K. (2016). A goal programming approach for robotic assembly
line balancing problem. IFAC-PapersOnLine, Vol. 49(12), pp.938-942.
3. Aghajani, M., Ghodsi, R., and Javadi, B. (2014). Balancing of robotic mixed-model two-sided
assembly line with robot setup times. The International Journal of Advanced Manufacturing
Technology, Vol. 74(5-8), pp.1005-1016.
4. Çil, Z., Mete, S. and Ağpak, K. (2016). Analysis of the type II robotic mixed-model assembly
line balancing problem. Engineering Optimization, Vol. 49(6), pp.990-1009.
5. Çil, Z., Mete, S., Özceylan, E., and Ağpak, K. (2018). A beam search approach for solving type
II robotic parallel assembly line balancing problem. Applied Soft Computing, Vol. 61(1),
pp.129-138.
6. Daoud, S., Amodeo, L., Yalaoui, F., and Chehade, H. (2013). Different versions of an adaptive
harmony search to solve a robotic assembly line balancing problem. 2013 International
Conference on Control, Decision and Information Technologies (CoDIT).
7. Daoud, S., Amodeo, L., Yalaoui, F., Chehade, H. and Duperray, P. (2012). New mathematical
model to solve robotic assembly lines balancing. IFAC Proceedings Vol. 45(6), pp.1353-1358.
8. Daoud, S., Chehade, H., Yalaoui, F., and Amodeo, L. (2014). Solving a robotic assembly line
balancing problem using efficient hybrid methods. Journal of Heuristics, Vol. 20(3), pp.235259.
9. Gao, J., Sun, L., Wang, L., and Gen, M. (2009). An efficient approach for type II robotic
assembly line balancing problems. Computers & Industrial Engineering, Vol. 56(3), pp.10651080.
10. Gen, M., Zhang, W., Lin, L., and Yun, Y. (2016). Recent advances in hybrid evolutionary
algorithms for multiobjective manufacturing scheduling. Computers & Industrial Engineering,
Vol. 112(1), pp.616-633.
11. Gultekin, H., Tula, A., and Akturk, M. (2016). Automated robotic assembly line design with
unavailability periods and tool changes. European J. of Industrial Engineering, Vol. 10(4),
p.499.
12. Kahan, T., Bukchin, Y., Menassa, R., and Ben-Gal, I. (2009). Backup strategy for robots’
failures in an automotive assembly system. International Journal of Production Economics,
Vol. 120(2), pp.315-326.
13. Kammer, M., Janardhanan, M., and Nielsen, P. (2017). Heuristics for solving a multi-model
robotic assembly line balancing problem. Production & Manufacturing Research, Vol. 5(1),
pp.410-424.
14. Kim, H. and Park, S. (1995). A strong cutting plane algorithm for the robotic assembly line
balancing problem. International Journal of Production Research, Vol. 33(8), pp.2311-2323.

(AZAMFIREI V, 2018)

87

15. Levitin, G., Rubinovitz, J., and Shnits, B. (2002). A genetic algorithm for robotic assembly line
balancing. Ifac Proceedings, Vol. 35(1), pp.79-84.
16. Levitin, G., Rubinovitz, J., and Shnits, B. (2006). A genetic algorithm for robotic assembly line
balancing. European Journal of Operational Research, Vol. 168(3), pp.811-825.
17. Li, Z., Dey, N., Ashour, A., and Tang, Q. (2017). Discrete cuckoo search algorithms for twosided robotic assembly line balancing problem. Neural Computing and Applications.
18. Li, Z., Janardhanan, M., Tang, Q., and Nielsen, P. (2016). Co-evolutionary particle swarm
optimization algorithm for two-sided robotic assembly line balancing problem. Advances in
Mechanical Engineering, Vol. 8(9).
19. Li, Z., Janardhanan, M., Tang, Q., and Nielsen, P. (2017). Mathematical model and
metaheuristics for simultaneous balancing and sequencing of a robotic mixed-model assembly
line, Engineering Optimization, Vol. 50(5), pp.877-893.
20. Li, Z., Tang, Q., and Zhang, L. (2016). Minimizing energy consumption and cycle time in twosided robotic assembly line systems using restarted simulated annealing algorithm. Journal of
Cleaner Production, Vol. 135(1), pp.508-522.
21. Lopes, T., Sikora, C., Molina, R., Schibelbain, D., Rodrigues, L., and Magatão, L. (2017).
Balancing a robotic spot welding manufacturing line: An industrial case study. European
Journal of Operational Research, Vol. 263(3), pp.1033-1048.
22. Minca, E., Filipescu, A. and Voda, A. (2014). Modelling and control of an
assembly/disassembly mechatronics line served by mobile robot with manipulator. Control
Engineering Practice, Vol. 31(1), pp.50-62.
23. Nilakantan, J. and Ponnambalam, S. (2015). Robotic U-shaped assembly line balancing using
particle swarm optimization. Engineering Optimization, Vol. 48(2), pp.231-252.
24. Nilakantan, J., Huang, G., and Ponnambalam, S. (2015). An investigation on minimizing cycle
time and total energy consumption in robotic assembly line systems. Journal of Cleaner
Production, Vol. 90(1), pp.311-325.
25. Nilakantan, J., Ponnambalam, S., Jawahar, N. and Kanagaraj, G. (2015). Bio-inspired search
algorithms to solve robotic assembly line balancing problems. Neural Computing and
Applications, Vol. 26(6), pp.1379-1393.
26. Müller, C., Grunewald, M., and Spengler, T. (2017). Redundant configuration of robotic
assembly lines with stochastic failures. International Journal of Production Research, Vol.
56(10), pp.3662-3682.
27. Müller, C., Spengler, T., and Sodhi, M. (2014). Robust Flowline Design for Automotive Body
Shops. Proceedings of the 2014 Industrial and Systems Engineering Research Conference.
28. Nilakantan, J., and Ponnambalam, S. (2012). An efficient PSO for type II robotic assembly line
balancing problem. Eighth IEEE International Conference on Automation Science and
Engineering.
29. Nilakantan, J., and Ponnambalam, S. (2014). Solving Cost based Robotic Assembly Line
Problems Using Variants of Particle Swarm Optimization. International Conference on
Control, Instrumentation, Communication and Computational Technologies (ICCICCT).
30. Nilakantan, J., Li, Z., Tang, Q. and Nielsen, P. (2017). Multi-objective co-operative coevolutionary algorithm for minimizing carbon footprint and maximizing line efficiency in
robotic assembly line systems. Journal of Cleaner Production, Vol. 156(1), pp.124-136.
31. Nilakantan, J., Nielsen, I., Ponnambalam, S., and Venkataramanaiah, S. (2016). Differential
evolution algorithm for solving RALB problem using cost- and time-based models. The
International Journal of Advanced Manufacturing Technology, Vol. 89(1-4), pp.311-332.
32. Nilakantan, J., Ponnambalam, S., and Nielsen, P. (2017). Energy-Efficient Straight Robotic
Assembly Line Using Metaheuristic Algorithms. Advances in Intelligent Systems and
Computing, Vol. 1(1) pp.803-814.
33. Nilakantan, M., Ponnambalam, S., and Huang, G. (2015). Minimizing energy consumption in a
U-shaped robotic assembly line. IEEE.
34. Nilakantan, M., Ponnambalam, S., and Jawahar, N. (2016). Design of energy efficient RAL
system using evolutionary algorithms. Engineering Computations, Vol. 33(2), pp.580-602.

(AZAMFIREI V, 2018)

88

35. Rabbani, M., Mousavi, Z., and Farrokhi-Asl, H. (2016). Multi-objective metaheuristics for
solving a type II robotic mixed-model assembly line balancing problem. Journal of Industrial
and Production Engineering, Vol. 33(7), pp.472-484.
36. Rubinovitz, J., Bukchin, J., and Lenz, E. (1993). RALB – A Heuristic Algorithm for Design and
Balancing of Robotic Assembly Lines. CIRP Annals, Vol. 42(1), pp.497-500.
37. Yoosefelahi, A., Aminnayeri, M., Mosadegh, H., and Ardakani, H. (2012). Type II robotic
assembly line balancing problem: An evolution strategies algorithm for a multi-objective
model. Journal of Manufacturing Systems, Vol. 31(2), pp.139-151.
38. Zacharia, P., Tsirkas, S., Kabouridis, G., and Giannopoulos, G. (2015). Planning the
construction process of a robotic arm using a genetic algorithm. The International Journal of
Advanced Manufacturing Technology, Vol. 79(5-8), pp.1293-1302.

9.1.1 Parallel
•
•

•

•
•

•
•

•

•
•
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Kara, Y., Gökçen, H., and Atasagun, Y. (2010). Balancing parallel assembly lines with precise
and fuzzy goals. International Journal of Production Research, Vol. 48(6), pp. 1685–1703.

(AZAMFIREI V, 2018)

89

