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Abstract

This thesis focuses on the design of automated guided vehicle (AGV) systems. AGVs are
unmanned transport vehicles that are often used in manufacturing and warehousing
environments to transport materials automatically. Advances in artificial intelligence and
navigational technologies for the AGVs together with an increased interest in automation
has resulted in a growing number of applications of AGV systems in industry. Previous
research has largely focused on the technical aspects of designing AGV systems.
However, there is a risk of suboptimisation when only the technical subsystem is
considered, including undermining the well-being of the employees involved in the
system and failing to achieve intended performance. The need for a joint consideration of
technical and social systems is emphasised by the socio-technical systems perspective,
and this thesis conceives of AGV systems as comprising human, technical, and work
organisational subsystems. Therefore, the purpose of this thesis is to develop knowledge
to support the design of AGV systems considering the human, technical, and work
organisational subsystems.

Four multiple case studies and one discrete event simulation study were conducted. The
case studies focused on developing an understanding of the requirements and challenges
associated with AGV system design and how they influence the design. Given the mostly
technical focus in previous research, the case studies provided a suitable approach to
studying the human and work organisational aspects of real industrial AGV systems. The
discrete event simulation study was inspired by a real-world industrial material flow. It
focused on analysing the interaction between AGV fleet size and load capacity. The
research was guided both by knowledge obtained from previous research and
observations of challenges faced from a practical perspective through involvement in
research projects with representatives from industry that apply AGV systems in their
operations.

The theoretical contribution of the thesis consists of showing the importance of the human
and work organisational subsystems in AGV systems. The studies conducted for the thesis
show that the work organisational subsystem requires careful consideration together with
the technical subsystem, both of which are influenced by and influence the human
subsystem. The work organisational subsystem is, among other things, needed to develop
acceptance and create a safe work environment. This perspective of going beyond the
technical subsystem contributes to the current research on AGV system design. With the
limited attention given to human and work organisational subsystems in the current
research literature, the practical contribution of the thesis consists of guidance for the
design of AGV systems by considering these subsystems.

Keywords: automated guided vehicle system design, socio-technical systems, internal
logistics, materials handling, Industry 5.0
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1. Introduction

This thesis focuses on the design of automated guided vehicle (AGV) systems. This
chapter introduces the research in the thesis. Section 1.1 presents factors that contribute
to the increasing interest in automation. Section 1.2 presents internal logistics using AGV
systems. Section 1.3 presents AGV systems and the definition of ‘AGV system’ used in
this thesis. Section 1.4 focuses on designing AGV systems. The purpose of the thesis is
then presented in Section 1.5, and its scope is outlined in Section 1.6. The chapter is
concluded by providing an outline of the chapters of the cover paper in Section 1.7.

1.1. Increasing interest in automation

Interest in automation is increasing for several reasons, such as improvements in
automation technology, increased attention to reshoring production, and potential to meet
the challenges of an ageing workforce. This increased interest is also related to the
growing focus on Industry 4.0.

Automation technologies have advanced considerably in recent years (Cilekoglu et al.,
2024). The capabilities of automation technologies are improving, productivity is
increasing, and prices for automated solutions are reducing (Pinheiro et al., 2023).
Technological improvements to sensors, cameras, computational power, and batteries
support automation; for example, the navigational capabilities of AGV systems have
improved (Fragapane et al., 2021b). Additionally, developments in artificial intelligence
have made automation technologies more intelligent, which has further increased interest
in automation (Pinheiro et al., 2023).

The reshoring of production is becoming more prevalent. For many years, offshoring has
been a common strategy among manufacturing companies to enhance competitiveness by
relocating production to countries with lower labour costs (Stentoft & Rajkumar, 2020).
However, recent developments indicate a shift towards reshoring, where companies move
previously offshored production back to their home countries. Automation is linked to
this trend of reshoring production (Arlbjern & Mikkelsen, 2014). Pinheiro et al. (2023)
concluded that automation has a significant and positive effect on reshoring. They also
state that factors such as rising labour costs in offshoring destination countries, increasing
disruptions to the supply chain, and opportunities to reduce transport costs are associated
with the interest in reshoring and the increasing use of automation.

In 2011, the German government introduced the concept of Industry 4.0 to ensure that the
German industry would remain competitive (Kagermann et al., 2013). Since then,
Industry 4.0 has received significant attention in research (see Frank et al., 2019; Galati
& Bigliardi, 2019; Ivanov et al., 2021; Liao et al., 2017). Automation is central to Industry
4.0 (Beier et al., 2020) and is associated with an increasing interest in research and
industry. AGV systems, which can be used to automate internal transport, are considered
an Industry 4.0 technology (Frank et al., 2019; Ivanov et al., 2021; Zheng et al., 2021).
AGVs are driverless vehicles used to transport materials in warehouses and production
settings (Zhang et al., 2021). In 2021, the European Commission introduced the concept
of Industry 5.0 as an extension of Industry 4.0 (Breque et al., 2021). One of the main
aspirations of Industry 5.0 is to support human-centric design (Reiman et al., 2021)
complementing the predominately technology-driven focus of Industry 4.0 (Ivanov,
2023).



The ageing workforce is a growing problem in many countries (Sgarbossa et al., 2020).
Decreasing birth rates, increased life expectancy, and rising retirement ages necessitate
longer working lives, which entails the need for additional support and creates an
opportunity for automation to play a crucial role. To enable an ageing workforce to extend
its work life, the automation of industrial processes is necessary (Calzavara et al., 2020).
It is important to consider human factors for ageing workers, as there are differences in
their strength, stamina and cognitive abilities compared to younger workers (Ranasinghe
et al., 2024). Automation can assist ageing workers by eliminating work tasks with poor
ergonomic conditions, such as in work that involves transport or heavy lifting.

Automation is attracting growing interest. Automation has potential to improve internal
logistics where the application of AGV systems can result in many positive outcomes,
which is explored in the following section.

1.2. AGYV systems in internal logistics

Internal logistics is an area that can benefit significantly from automation (Winkelhaus et
al., 2022). It is a vital part of production and can constitute a large portion of a product’s
production cost (Esmaeilian et al., 2016). Internal logistics is expected to change due to
automation, not least internal transports (Winkelhaus & Grosse, 2020). Since internal
transport often involves substantial manual work, automating transport can yield
significant benefits by transferring physically straining, monotonous, and time-
consuming work to automated solutions (Granlund & Wiktorsson, 2014). AGV systems
have been shown to improve internal transport (Bechtsis et al., 2017; Yan et al., 2022),
for example, by reducing labour costs and increasing productivity.

As previously stated, AGVs are driverless vehicles used for transporting materials in
settings such as warehousing and production (Zhang et al., 2021). Many terms are used
in industry and in research, such as automated guided vehicles (Vlachos et al., 2024),
autonomous mobile robots (Fragapane et al., 2021a), laser-guided vehicles (Ferrara et al.,
2014), and automated intelligent vehicles (Hellmann et al., 2019). Although these terms
differ in aspects such as navigation methods and the degree of autonomous decision-
making, their applications are similar, typically involving the automatic movement of
goods within a facility. Autonomous mobile robots, for example, can be seen as an
advanced form of AGVs (Oyekanlu et al., 2020). In this thesis, the term AGV is used as
a generic term encompassing the various names used in previous research.

AGYV systems have a long history, as the first systems were introduced in the 1950s
(Kumbhar et al., 2018). These early AGV's were guided by physical guidepaths embedded
in the floor, which provided limited flexibility and incurred high installation costs
(Schulze & Wullner, 2006). As outlined in Section 1.1, interest in AGV systems has
increased in both industry and academia, driven by developments in Industry 4.0 and
industrial artificial intelligence (Hu et al., 2020) as well as improvements in AGV
functionality, including intelligence, sensors, and autonomous guidance (Ellithy et al.,
2024; Zhan & Yu, 2018). The previously mentioned trend towards reshoring is also
influencing the application of AGV systems (Vlachos et al., 2024). The demand for AGV
system is experiencing a significant increase in industry (Markovi¢, 2023). The global
AGYV market size is projected to grow by a compound annual growth rate of 23% until
2028 (Thormundsson, 2023).



1.3. Subsystems of an AGV system

In this thesis, AGV systems are considered to comprise three subsystems: technical,
human, and work organisational inspired by the HTO model (Karltun et al., 2017). The
technical subsystem encompasses the technical design areas of an AGV system, which
are presented in the following paragraph. The human subsystem concerns humans at the
individual level, who influence and are influenced by the technical and work
organisational subsystems. The work organisational subsystem includes organisational
structure, job dimensions, and competencies.

The technical subsystem of an AGV system comprises several interrelated technical
design areas. These areas have received substantial attention in research, as shown by
numerous literature reviews (e.g. Bechtsis et al., 2017; Dolgui et al., 2022; Fragapane et
al., 2021a; Le-Anh & de Koster, 2006; Vis, 2006). The technical design areas for an AGV
system can be categorised in various ways but generally involve fleet sizing, traffic
management and control, zoning or guidepath design, navigational capabilities, battery
management, and failure management. Many studies have focused on these areas, striving
to improve, for example, scheduling and dispatching within traffic management and
control (e.g. Dang et al., 2021; Ho et al., 2012; Singh et al., 2023).

The human subsystem concerns humans at the individual level. Research on AGV
systems has largely focused on technical design areas (Benzidia et al., 2019; Fragapane
et al., 2021a; HruSecka et al., 2019; Kopp et al., 2023; Zuin et al., 2020), with less
attention given to the human subsystem. Similarly, research related to Industry 4.0 has
largely adopted a technical focus and has been technologically driven (Nayernia et al.,
2021; Sony & Naik, 2020b; Tortorella et al., 2023). Sony and Naik (2020b) argued that
more automation will not reduce human interactions but will require employees to acquire
new and different skills. It is anticipated that automation will not replace humans in
logistics; instead, humans will continue to play a crucial role in the industry (Grosse et
al., 2023; Winkelhaus et al., 2022). The importance of considering humans when
introducing technologies is emphasised in Industry 5.0, which highlights human-centric
design as a crucial (Breque et al., 2021). Humans often work alongside AGVs in the same
environment (Oleari et al., 2014; Sabattini et al., 2017), where they interact with and
influence each other, making it important to consider humans in the design of AGV
systems. There is a need to consider human factor aspects, such as physical, cognitive and
psychosocial aspects, in the design of technical systems (Sgarbossa et al., 2020;
Vijayakumar et al., 2021).

The work organisational subsystem comprises the competence, job, and structural
dimensions. An organisation-focused perspective in the research on Industry 4.0 has been
lacking (Nayernia et al., 2021). Reiman et al. (2021) argued that focusing exclusively on
human aspects at the individual level may be too narrow, as relevant aspects of human-
based work might be excluded. Similarly, the work organisational subsystem in AGV
systems research requires more attention. According to Tubis et al. (2024), few research
papers have addressed work organisation in relation to AGV systems. The work
organisational subsystem concerns the roles, work tasks, and responsibilities of humans
and technologies, as well as the division of labour, the competencies required for different
roles (e.g. Cagliano et al., 2019; Cimini et al., 2021). When new technologies are
implemented, changes in work organisation are necessary due to new interactions
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between humans and technology (Kadir et al., 2019). The changing roles of humans when
technologies are introduced have often gone unaddressed (Kadir & Broberg, 2021;
Neumann et al., 2021). Kadir and Broberg (2021) pointed out that changes in work should
be addressed when digital technologies, including AGV systems, are introduced. In
several cases that they studied, such technologies were implemented without a formal
process for redesigning work, resulting in a suboptimal division of labour between
humans and technologies and an incomplete understanding of training needs. The
implementation and use of automation also require the development of new skills (Galati
& Bigliardi, 2019).

All three subsystems need to be considered when designing an AGV system. Further
details on each subsystem are provided in Section 2.1. The next section presents the
current research related to designing AGV systems.

1.4. Designing AGYV systems

Designing an AGV system involves jointly considering all three subsystems. The need
for joint consideration of both technology and the social system when designing systems
is emphasised by the socio-technical systems perspective (Fox, 1995; Trist, 1981).
Focusing on only one subsystem risks the suboptimisation of the system (Grosse et al.,
2023). The human, technology, and organisation (HTO) model can assist in understanding
these three subsystems (Karltun et al., 2017). Although the socio-technical perspective is
important when automation is introduced (Fletcher et al., 2020), it has often been
neglected in the technologically oriented literature In research on AGV system design,
there has been a strong technical focus, and there is a need to give further attention to
both the human subsystem and the work organisational subsystem together with the
technical subsystem in the design of AGV systems. Whereas the technical and work
organisational subsystems are designable, the human subsystem is not; however, it
influences and is influenced by the other two subsystems. Each subsystem is addressed
in this section.

Designing the technical subsystem of an AGV system involves several interrelated
technical design areas (as discussed in Section 1.3), and there are many decisions to make
within each area that in turn influence the other design areas (Dolgui et al., 2022; Le-Anh
& de Koster, 2006). The decisions in one design area must be aligned with decisions made
in other design areas. Designing an AGV system is not simple; the technical design areas
are often addressed in ad hoc ways in real-world applications that amount to an error-
prone, time-consuming process (Andreasson et al., 2015; Draganjac et al., 2020). It is
important to follow a design process when designing systems (Johansson, 2007).
Following a design process can give a better overview and a full grasp of all the parts of
the design. Additionally, it allows for more time to be spent on the design itself rather
than on the design process (Wu, 1994).

As shown in Sections 1.1 and 1.2, automation in general and AGV systems in particular
have the potential to yield many positive outcomes, such as reduced costs, the elimination
of work tasks with poor ergonomic conditions, and increased productivity. However,
achieving these outcomes is not guaranteed when introducing automation; it requires
careful consideration of the requirements for automation in the design (Granlund &
Wiktorsson, 2014; Groover, 2016). Granlund (2014) stated that having a clear



understanding of the requirements facilitates the successful use and implementation of
automation. When designing a product or system, such as an AGV system, it is important
to understand the requirements that need to be met by the finished design (Chakrabarti et
al., 2004; Johansson, 2007; Tompkins et al., 2010). The closer a design process is to
completion, the more costly it becomes to make changes (Slack et al., 2013). Thus, it is
important to have a good understanding of the requirements from the beginning of the
design process to reduce the need to make costly design changes at later stages of the
process.

As shown in Section 1.3, humans are important to consider in AGV system design.
Vijayakumar et al. (2021) argued that there is a risk of designing production or logistics
systems that do not offer the expected performance if humans are not considered in the
design. Not considering humans adequately can lower system performance and cause
problems for employees, including musculoskeletal disorders due to repetitive tasks and
poor well-being (Neumann et al., 2021). On this topic, Sgarbossa et al. (2020) discussed
‘phantom profits’ in reference to situations in which the expected profits of introducing
new technology are not realised due to the negative consequences of not taking humans
into account in the design process, such as sick leave, increased errors, and reduced
quality. Neumann et al. (2006) showed that the introduction of an AGV system caused
reduced job control for operators and increased muscular demands when interacting with
AGVs. People using new technologies may reject them if they perceive the costs to
outweigh the benefits for them (Winkelhaus & Grosse, 2020). Kopp et al. (2023)
explained examples of which operators deliberately sabotage AGV operations, when
acceptance was not properly achieved in the implementation phase; thus, acceptance is
vital. Dolgui et al. (2022) suggested that further research is needed on interactions
between new technologies and human workers to determine whether the new
technologies create any issues and that decision support based on the findings should be
provided to companies.

Humans have been considered in the technical design of AGVs themselves in previous
research, including developing algorithms to improve safety in load transfer situations
(Song et al., 2020), developing algorithms to combine various sensor inputs (Indri et al.,
2019), developing navigational capabilities that consider humans (Caccavale & Finzi,
2019; Indri et al., 2020; Locklin et al., 2022), developing speed control (Liu et al., 2022a),
developing more human-like movements (Bergman et al., 2020), testing wearable devices
to facilitate the detection of humans (Babi¢ et al., 2022), improving AVG safety features
(Reich et al., 2022; Zamora-Cadenas et al., 2021), developing an interface to control
AGVs (Mohsin et al., 2019), and developing communication between AGVs and humans
through gestures (Zhang et al., 2019). While research and development of the technical
capabilities of AGVs, including sensors, navigational technologies, control algorithms,
communication, and safety features, are crucial for a safe work environment, it is also
crucial to consider humans when designing the whole AGV system, and not only in
developing the technical capabilities of the AGVs. For example, employees working with
the AGVs need to understand how the safety features functions. Without this
understanding there is a risk that they work in an unsafe way with the AGVs, despite the
AGVs being equipped with several sensors.



Although previous research on the human subsystem in AGV system design is limited,
some research has provided valuable insights. Kopp et al. (2023) highlighted acceptance
as crucial when an AGV system is implemented and found that accurate perspective
taking of managers can facilitate developing acceptance. Zuin et al. (2020) focused on
safety aspects when designing an AGV system wherein humans and AGVs share the same
work environment, considering the perspective of three roles: designer, worker, and safety
expert. Three types of critical design factors were identified: technical, operational, and
safety. HruSecka et al. (2019) identified three categories of critical success factors for
implementing an AGV system: technical, organisational, and safety. Tubis et al. (2024)
suggested that research should focus on more issues than safety when humans collaborate
with AGVs, such as errors that can occur during operations. Given how crucial the human
subsystem is and the predominantly technical focus of AGV systems research, further
research building on the findings of (Hrusecka et al., 2019), (Zuin et al., 2020), and (Kopp
et al., 2023) are needed. Human factor aspects should be considered in system design
(Neumann et al., 2021; Sgarbossa et al., 2020).

Humans should not only be considered on an individual level but also on an organisational
level (Reiman et al., 2021). According to Cimini et al. (2021), many companies
underestimate the costs and difficulties associated with adapting the organisation to new
technologies, and organisations often lag behind technology. They argued that additional
research is needed on how companies should co-design work organisation and
technologies. Marcon et al. (2022) stated that the work organisation is important for the
successful implementation of new technology and showed that companies which only
focus on technologies risk failing. In research on technology implementations for Industry
4.0 technologies, several challenges, critical success factors, and barriers have been
identified that relate to organisational aspects such as a lack of knowledge (Moeuf et al.,
2020; Stentoft et al., 2021), the lack of qualified workforce (Senna et al., 2022), a lack of
digital training (Raj et al., 2020) and the need for enhanced skills (Kamble et al., 2018).
It has been suggested that this can be overcome with training efforts (Pozzi et al., 2023;
Senna et al., 2022). It is also imperative to manage changes in an organisation. Sony and
Naik (2020a) and Moeuf et al. (2020) argued that continuous improvements are crucial.
Organisational resistance towards new technologies needs to be overcome (Cugno et al.,
2021). Whether the challenges, barriers, and critical success factors apply to the design
and operation of AGV systems or there are additional organisational challenges or barriers
for AGV systems is unclear.

Kopp et al. (2023) stated that companies face organisational challenges when
implementing AGV systems, and addressing these challenges is crucial for successful
implementation. However, research has not focused on organisational challenges. They
highlighted several acceptance factors that operators rated in a survey, including many
organisational aspects such as training, communication, and clear responsibilities when
problems occur. Lee and Leonard (1990) showed that implementing an AGV system
changed the routines of operators, both on the shop floor and in storage areas, as well as
managers and planners. Benzidia et al. (2019) demonstrated that when an AGV system
replaces manual transports, new competencies are needed to manage the AGV system,
and new roles are needed to ensure efficient operation. Bechtsis et al. (2017) highlighted
the need to create skilled jobs for AGV systems. Current research provide some insights



into the work organisational subsystem but further research is needed to support AGV
system design.

1.5. Purpose

Summarising the main points from the previous sections, Section 1.2 showed that AGV
systems can yield many positive outcomes for internal logistics. Although the application
of AGV systems is not new, further research is needed to support the design of AGV
systems by jointly considering the technical, human, and work organisational subsystems.
Most previous research has focused solely on the technical subsystem. Technical design
areas are often addressed in ad hoc ways in real-world applications, which may cause
errors and prolong the design process (Andreasson et al., 2015; Draganjac et al., 2020).
Many managers struggle to implement and make use of AGV systems (Grover & Ashraf,
2024). To avoid costly redesigns at a later stage of the design process, it is important to
start with a clear requirements specification when implementing automation (Granlund
& Wiktorsson, 2014). A comprehensive overview of the requirements for AGV system
design could improve the design process.

Section 1.3 described the subsystems of an AGV system as it is considered in this thesis.
Section 1.4 highlighted the importance of considering these subsystems when designing
an AGV system and reviewed what previous research has focused on regarding these
subsystems. The European Commission’s concept of Industry 5.0 emphasises the
importance of human-centric design (Breque et al., 2021). With its strong focus on
technical issues, the literature (e.g. Benzidia et al., 2019; Fragapane et al., 2021a) does
not provide clear support regarding how the human subsystem influences the two other
subsystems and vice versa. Research has tended to focus on developing the technical
capabilities of AGVs. Concerning the work organisational subsystem, research on the
implementation of Industry 4.0 technologies has shown that organisational changes are
needed. How to design the work organisational subsystem of an AGV system is not
entirely clear. Tubis et al. (2024) stated that current research on AGV systems has not
sufficiently addressed work organisation. There is a risk of suboptimisation when
focusing on only one subsystems (Grosse et al., 2023), and the subsystems should be
designed jointly (Hendrick & Kleiner, 2002). All three subsystems — human, technical
and work organisational — must be considered together in the design.

The purpose of this thesis is to develop knowledge to support the design of AGV systems
considering the human, technical, and work organisational subsystems.

1.6. Scope

This thesis focuses on AGV systems, which, as established in Section 1.3, consist of three
subsystems: human, technical, and work organisational. The three subsystems are
described in further detail in the next chapter, which presents the theoretical framework
of this thesis. The human subsystem is not considered to be designable, but it influences
and is influenced by the technical subsystem and the work organisational subsystem.

In this thesis, ‘AGV’ is used as an umbrella term. There are, as mentioned, an abundance
of terms for AGVs, for example, laser-guided vehicles, automated guided carts,
automated guided transports, autonomous intelligent vehicles, and autonomous mobile
robots. There are technical differences between them. Autonomous intelligent vehicle and
Autonomous mobile robots are for example usually considered to be able to navigate
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without the presence of any guidepaths and they have some decision-making capabilities.
Laser-guided vehicles navigate, as the name implies, by lasers. The design of AGV
systems in this thesis encompasses the design of these automated vehicles as well.

The research in this thesis has focused on AGV system applications in material flows in
industrial environments for transporting goods within production facilities. In these
environments, AGVs and humans work together and interact with each other. The
potential to generalise the findings of the thesis to other contexts beyond these industrial
environments is discussed in Chapter 6.

1.7. Outline of the thesis
Chapter 1 — Introduction: Provides background information, explains the purpose of the
thesis, and defines its scope.

Chapter 2 — Theoretical framework: Presents the theoretical framework, including a
section for each subsystem, a section on design processes and requirements, and the
research questions.

Chapter 3 — Method: Describes the research process, research design, methods applied in
the studies, and provides reflections on the research quality.

Chapter 4 — Summary of appended papers: Briefly describes each of the appended papers.
Chapter 5 — Results: Presents the results of the thesis in relation to the research questions.

Chapter 6 — Discussion: Discusses the contributions of the thesis, in relation to both the
research questions and its purpose, the generalisability of the findings, its limitations and
suggestions for future research.

Chapter 7 — Conclusion: Presents the conclusions of the thesis.



2. Theoretical framework

The theoretical framework of the thesis is presented in this chapter. Section 2.1 describes
the definition of the AGV system and its subsystems. Sections 2.2, 2.3, and 2.4 then
describe the human, technical, and work organisational subsystems, including related
research, respectively. Since the purpose of the thesis is to develop knowledge to support
AGV system design, Section 2.5 explains design processes in material handling and
production and provides a categorisation of requirements for design. Finally, Section 2.6
presents the research questions.

2.1. AGYV system definition

In Section 2.1.1, the definition for AGV systems is explained. The definition of the AGV
systems is different among the appended papers and between the papers and the cover
paper. Section 2.1.2 explains how the system definitions in the papers are suitable for the
questions they address and why the definition in the cover paper is appropriate for the
thesis.

2.1.1. System definition

In this thesis, AGV systems are considered to consist of three subsystems: human,
technical, and work organisational. The division of the AGV system into these three
subsystems was inspired by the Human-Technology-Organisation (HTO) model (Karltun
et al., 2017). Karltun et al. (2017) developed the HTO model by drawing upon the model
applied by the Swedish Radiation Safety Authority (2014) for the safe operations of
nuclear power plants in Sweden. The HTO model has been applied to analyse work
activities in the meat cutting industry (Vogel et al., 2013), improve production scheduling
(Berglund & Karltun, 2007), and introduce new technology (Karltun et al., 2017). Figure
2.1 illustrates how AGV systems are conceived of in this thesis.

Work
organisational
subsystem

Technical
subsystem

Human
subsystem

Figure 2.1. The three subsystems of AGV systems as considered in this thesis.

The HTO model is based on a socio-technical systems perspective (Karltun et al., 2017).
Research on socio-technical systems has a long history, originating from the Tavistock
Institute in the United Kingdom. The Tavistock Institute conducted research projects

9



addressing problems in the British coal mining industry after World War II (Trist, 1981;
Trist & Bamforth, 1951). These problems resulted from significant changes in the
technical system, such as introducing new machinery, without considering their impacts
on social structures or whether the changes were suitable for the physical environment
(Fox, 1995). The work at the Tavistock Institute revealed that it was unsuitable to have
separate approaches for technical and social systems and that the two systems should be
considered jointly given their interdependence (Trist, 1981). Joint consideration of both
technical and social systems is vital in socio-technical systems, and human needs should
not be neglected when introducing technical systems, to improve the quality of working
life (Mumford, 2006). Focusing on only one of the systems is likely to result in the
suboptimisation of the whole system (Hendrick & Kleiner, 2002). Making changes in one
part of a socio-technical system, such as the technical system, will influence the other
parts of the system (Sony & Naik, 2020b).

The human subsystem concerns humans at the individual level. Humans are often needed
in the operation of AGV systems, for example, to manage operational errors, handle
design changes, and distribute information about the AGV system. It is crucial to consider
human factors when designing and implementing new technologies (Neumann et al.,
2021; Sgarbossa et al., 2020). The human subsystem influences and is influenced by the
technical and work organisational subsystems. For example, humans are influenced by
AGVs because they work in the same environments, which may cause worry or stress
relating to the human factor aspects. Humans also influence AGV systems, since they are
for example, required to manage errors. Neumann et al. (2021) argued that since humans
cannot be re-engineered, human capabilities, limitations, and needs must be considered
in system design. In line with this perspective, the human subsystem is not considered
designable in this thesis. The human subsystem is further described in Section 2.2.

The technical subsystem of the AGV system encompasses the technical design areas
presented in Chapter 1, including navigation technologies and guidepath design, traffic
management and control, fleet size, failure management, battery management, and load-
carrying mechanisms. These design areas must be addressed when designing an AGV
system. The technical subsystem is further described in Section 2.3.

The third subsystem of an AGV system is the work organisational subsystem. Work
organisation refers to three dimensions in this thesis: structure, job and competence. An
example of a part of the work organisational subsystem in an AGV system is the structure,
job, and competence dimensions for error management, including which roles should be
involved, what work tasks are required and what kind of competencies are needed to fulfil
the assigned tasks. While some studies classify work organisation as part of the technical
subsystem (e.g. Carayon et al., 2015; Mumford, 2006), this thesis considers work
organisation separately, in accordance with the HTO model. The work organisational
subsystem and its dimensions are explained in further detail in Section 2.4.

2.1.2. System definitions in the papers and cover paper

The five papers appended in this thesis used different definitions for ‘AGV system’. In
Paper I, an AGV system was considered to consist of technical design areas, which aligns
with how ‘AGV system’ had been defined in previous research. The purpose of Paper |
was to identify the requirements for AGV system design and how these requirements
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influenced the design. A similar definition was applied in Paper II, which focused on the
technical design area of fleet sizing.

The findings from the case study in Paper I indicated that the case companies spent
significant resources on human and work organisational aspects, extending beyond the
strictly technical aspects. Building upon this insight, Paper III applied the HTO model.
The technical subsystem in Paper III had a similar definition to that of the AGV system
in Papers I and II. The technical subsystem in Paper III consisted of the technical design
areas of an AGV system, equipment and tools, IT systems, and the physical environment.
The technical subsystem interacts with humans and the work organisation.

Paper IV focused on requirements for automated loading and unloading of trucks, where
the AGV system as such was not defined but was a part of the wider system for loading
and unloading. In Paper V, work organisation in AGV systems in the implementation
phase and post-implementation phase was examined. In Paper V, AGV systems were
considered to include a work organisational subsystem that involved, for example,
competencies required by various roles, new and changed work tasks, new roles and
organisational structures that were part of the AGV system.

In the system definition of the cover paper, the AGV system consists of, as stated, a
human, technical, and work organisational subsystem, and this definition is considered to
be appropriate based on the findings of the appended papers. The system definition in
Paper V is in line with this definition. This system definition, as stated in Section 2.1.1,
also aligns with the socio-technical systems perspective stipulating that there is a need to
jointly consider the subsystems.

The difference between the definitions in Paper I and in the cover paper influenced the
name of one of the requirements categories (see Section 2.5.2). In Paper I, the category
of requirements labelled ‘integration with existing systems’ encompasses requirements
related to humans, safety, and interoperability. In the cover paper, since the AGV system
is defined as consisting of three subsystems, the category is labelled ‘interactions within
and between subsystems’.

2.2. The human subsystem

The individual human is central in socio-technical systems theory (Carayon et al., 2015).
To design a well-performing system that also performs well concerning employee well-
being, human factors should be considered (Neumann et al., 2021). Human factors (or
ergonomics) is ‘the scientific discipline concerned with the understanding of interactions
among humans and other elements of a system, and the profession that applies theory,
principles, data and methods to design in order to optimize human well-being and overall
system performance’ (IEA, 2024). ‘Ergonomics’ and ‘human factors’ are synonyms, and
from this point on, the term human factors is used. Table 2.1 provides an overview of the
human factors in previous studies.

11



Table 2.1. Categorisations of human factor aspects from previous research.
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As shown in Table 2.1, different studies have categorised the human factor aspects in
different ways. For example, some studies refer to cognitive aspects as mental aspects
(Sgarbossa et al., 2020), while others separate cognitive and knowledge aspects into two
distinct categories (Neumann et al., 2021). The International Ergonomics Association
includes organisational factors as a human factor aspect (IEA, 2024); however, in this
thesis, work organisation is considered a separate subsystem. This thesis uses three
categories of human factor aspects: physical, cognitive, and psychosocial. Each of these
human factor aspects are explained in the next subsections. Section 2.2.4 explores how
individual humans have been addressed in previous research related to AGV systems.
Mental (cognitive) and physical aspects are more commonly addressed in research related
to Industry 4.0, whereas psychosocial aspects have not been addressed as often (Neumann
etal.,2021). Carayon et al. (2015) stated that physical, cognitive, and psychosocial factors
of individuals need to be considered in socio-technical systems design.

2.2.1. Physical human factor aspects

Physical human factor aspects concern, for instance, manual tasks, work postures,
repetitiveness of work, and fatigue (Kadir et al., 2019; Sgarbossa et al., 2020;
Vijayakumar et al., 2021). These physical aspects can significantly influence a person’s
performance; for example, fatigue can have a negative impact and lead to injuries (Longo
etal., 2019). Neumann et al. (2006) have shown how operator—AGYV interaction can result
in poor posture in the workplace and increase the risk of musculoskeletal disorders among

operators.

2.2.2. Cognitive human factor aspects

Cognitive human factors focus on how work affects the mind and how the mind affects
work (Hollnagel, 1997). They concern aspects such as learning behaviour, training and
memory, which employees use to understand a situation and decide how to act (Longo et
al., 2019). In manufacturing settings, workers may be exposed to a large amount of
information and signals, requiring them to sort through all inputs to make decisions.
Signals are detected by the sensory system, including sight, sound, touch, taste, and smell.
Inputs from the sensory system become inputs for cognitive processes (Neumann et al.,
2021). These inputs are processed based on memory and training, after which an
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employee determines what action to take in response to a situation. The cognitive aspects
of memory, reasoning, and knowledge can be improved with training (Longo et al., 2019).
If any change in the environment occurs, such as the introduction of an AGV system,
workers may need to be (re)trained. Some researchers consider perceptual human factor
aspects, i.e. those related to obtaining input from the sensory system, to be separate from
cognitive human factor aspects (e.g. Neumann et al., 2021; Vijayakumar et al., 2021). In
this thesis, perceptual aspects are included in the cognitive human factor.

2.2.3. Psychosocial human factor aspects

Psychosocial human factor aspects involve the perception of the social work environment
and include aspects such as motivation, stress levels, manager support, and relationships
with co-workers (Neumann et al., 2021). A worker’s level of control over the work they
perform has an impact on the mental strain they experience; low control and a high
workload can cause high mental strain (Karasek, 1979). High mental strain can lead to
poor mental health. When automation technology is introduced and the pace of work for
operators is enforced by automation, employees’ sense of control could decrease,
potentially increasing mental strain (Neumann et al., 2021). Support from supervisors and
co-workers is important to the well-being of employees and can help reduce the mental
strain they experience (Netterstrom et al., 2008).

2.2.4. Considerations of the human subsystem in previous research

Considerations of humans in AGV system design research are limited. Much of the
attention given to humans in relation to AGV systems has focused on the technical
development of AGVs’ capabilities, with limited research addressing humans in system
design. This section reviews the literature focusing on humans in AGV system research.

A few papers have addressed human aspects in relation to AGV systems. Berx et al.
(2021) explored the psychosocial impact of introducing an AGV for collaborative order
picking on humans. Their findings showed that monotony, cognitive load, and time
pressures were reduced, while enthusiasm for work was increased in the experimental
group. Kopp et al. (2023) conducted a survey on the acceptance of and overall satisfaction
with the implementation of an AGV system among operational staff, project leaders, and
managers. They explored the perspective taking of project leaders. Accurate perspective
taking in relation to employees’ evaluations of AGV systems is crucial for acceptance.
Goli et al. (2021) addressed cell formation and production scheduling as an integrated
problem, with AGVs handling transportation in cell manufacturing. A fuzzy linear
programming approach was applied to the problem. Human factors in terms of the skill
levels of workers, which influenced processing time and costs in manufacturing, were
considered. However, human factors were not considered in the design of the AGV
system. Vlachos et al. (2024) examined the impact of AGVs on flexible manufacturing
systems through a case study. They found that AGV-human interactions significantly
affected AGV system performance. Programming AGVs to improve operations, as well
as avoid blockages and collisions, were important interactions to consider in improving
system performance.

Safety has been the focus of several studies. Babi¢ et al. (2022) developed a safety vest
system for safe interactions between AGVs and humans. When an operator wearing this
vest is nearby, the AGV either stops completely or slows down, depending on the
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proximity. This vest ensures safe operations without modifying the AGV or installing
sensors in the infrastructure. Zamora-Cadenas et al. (2021) proposed and tested an ultra-
wideband safety system for AGVs. Operators wore a device detected by the AGVs, which
did not require any fixed infrastructure in the environment and improved the accuracy of
estimating the position of obstacles in the AGV’s vicinity. Reich et al. (2022) explored
dynamic safety concepts for AGVs to improve operational performance by adapting AGV
behaviour based on risks and capability areas. They developed and tested a model that
improved efficiency compared to the previous worst-case-based safety manoeuvres in
passing and overtaking scenarios.

Human interactions have been considered when developing the navigational capabilities
of AGVs. Rey et al. (2019) developed an architecture for autonomous navigation that uses
ultra-wideband localisation to detect humans near AGVs. Indri et al. (2020) proposed an
algorithm that dynamically updates a safe path for AGVs, taking human interactions into
account. Bergman et al. (2020) aimed to enhance employees’ experiences with AGVs by
adapting their movement and signalling. Their experiments showed that making AGV
movements more human-like improved user experience and the comprehensibility of
AGYV actions. Kirks et al. (2020) developed a navigational algorithm based on proxemics
theory, which considers humans’ comfort zones to ensure that AGVs maintain a
comfortable distance when passing. Locklin et al. (2022) developed an approach for
improved trajectory prediction of workers in a shared work environment, improving
human—AGYV interactions. The suggested approach allowed for better navigation and
higher operating speeds while ensuring safety.

Sensors are a vital component of AGVs, and research has addressed their functions and
roles. Indri et al. (2019) proposed an algorithm for sensor data fusion to enhance safety
and efficiency in environments where humans and AGVs interact. Sabattini et al. (2017)
developed an advanced sensing system to improve human—AGV interaction in busy
manufacturing environments. The sensing system also assists in efficient load transfers
and allows AGVs to deviate from predetermined paths to avoid obstacles.

Zhang et al. (2019) created algorithms enabling humans to control AGVs using gestures,
enhancing collaboration. Song et al. (2020) developed a method to identify humans
during autonomous docking at load transfer positions. Their method calculates human
positions and motions in real time, allowing AGVs to adjust their docking behaviour,
ensuring a safe work environment and improving the docking process.

Humans have been considered in designing interfaces between AGVs and operators.
Mohsin et al. (2019) studied human factors and tested different heights, angles, and
distances of the interface control panel in experiments to determine an ergonomically
suitable design. Prati et al. (2021) investigated how to include user experience in the
design of human—robot interaction, focusing on the design of interfaces. In one use case,
they investigated interactions between AGVs and humans, mapping various situations,
such as AGV errors and regular operations. This mapping was then used to create
effective interfaces between AGVs and humans.

Martin et al. (2021) aimed to improve AGV fleet sizing by developing a model that
considers the degree of interactions with humans and AGVs to minimise total tardiness.
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These interactions can influence how many AGVs are needed to meet the demands of
material flow.

Zuin et al. (2020) investigated critical decision factors for safety in AGV system design
and identified training, AGV signals, safety standards, and separating AGV and human
traffic. Tubis et al. (2024) conducted a literature review focusing on humans and AGVs
in mixed environments. They found that previous research had focused on human—-AGV
cooperation, comparisons of AGV and human work, and the design of safe work
environments. One key finding was that the mainstream research on AGVs and humans
focused on safety. The authors agreed that while safety is crucial, other aspects related to
humans should also be considered in research.

Kopp et al. (2021) aimed to identify success factors for human—robot interactions and
evaluated them through a survey. Their findings showed that safety and avoiding the fear
of job loss were important to operators. Developing trust in the robot among the operators
was also important; however, the results show that practitioners were uncertain about
what influences trust and how to best develop it. Kadir et al. (2019) conducted a
systematic literature review, exploring how publications on Industry 4.0 integrate human
factors into their research. They suggested that further empirical research on how human
factors are affected when technologies are introduced is needed, and case studies in
industry are promoted. Kadir and Broberg (2021) proposed a framework to guide
practitioners in considering human factors in technology implementation for a human-
centred design. Klumpp (2018) suggested evaluating the interaction between manual and
automated systems before their implementation to avoid a high risk of failure. If humans
are ignored in the design, then they may resist putting effort into using the new
technology.

2.2.5. Conclusions regarding the human subsystem

Many papers support the notion that human factors need to be considered when
implementing new technologies. Regarding AGV systems, the human subsystem has been
considered with respect to improving the technical capabilities of AGVs, such as by
improving safety, navigational capabilities and sensors. Some papers have addressed
interfaces between AGVs and operators, while some authors have sought to estimate fleet
size based on human interactions. Although Kopp et al. (2023) did not explicitly address
human factor aspects, they focused on acceptance of an AGV system and showed that it
is crucial. Zuin et al. (2020) focused on safety aspects. However, overall few papers
address humans in the design of the AGV system.

2.3. The technical subsystem

The design of the technology or equipment is part of the technical subsystem in the HTO
model (Karltun et al., 2017). The technical design areas of an AGV system comprise the
technical subsystem. Table 2.2 provides an overview of the technical design areas
considered in previous review studies. Each of these technical design areas is presented
in the following subsections. As shown in Table 2.2, while the categorisation of the
technical design areas in the studies is similar, there are minor differences. The
categorisation used in this thesis is shown in the leftmost column of Table 2.2.
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Table 2.2. Technical design areas derived from literature reviews on AGV system design.
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A review of the literature addressing the technical design areas of AGV systems is
presented in the following sections, including guidepath design, traffic management and
control, fleet sizing, battery management, and failure management (Le-Anh & de Koster,
2006; Vis, 2006). More recent reviews by Dolgui et al. (2022) and Bechtsis et al. (2017)
— as well as the review of Fragapane et al. (2021a), which focused on AGVs with free
navigation and greater decision-making autonomy — complement the reviews of Le-Anh
and de Koster (2006) and Vis (2006).

Although both Le-Anh and de Koster (2006) and Vis (2006) recognised that AGVs have
different navigation technologies, they did not include them in their frameworks for AGV
system design. AGVs once moved along physical guidepaths, new navigation
technologies now allow AGVs to navigate completely without guidepaths (Fragapane et
al.,, 2021a). Navigation technologies and guidepath design are addressed together in
Section 2.3.1.

There are a variety of load-carrying mechanism of AGVs (Ullrich, 2015). Fragapane et
al. (2021a) presented several different possibilities for load-carrying mechanisms. The
load-carrying mechanism is included as a design area of AGV systems and is presented
in Section 2.3.6. The next six sections cover the main issues related to each of the
technical design areas and review the research that has been undertaken in them
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2.3.1. Navigation technologies and guidepath design

Navigation technologies for AGVs have improved in recent decades (De Ryck et al.,
2020). Figure 2.2 shows different guidance options, each offering different levels of
flexibility in altering AGV movement. The choice of guidance technology impacts
investment costs for the AGVs.

<
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(a) guidepaths (b) laser and reflector guidance (c) vision-based guidance

Figure 2.2. Navigation technologies (adapted from Fragapane et al., 2021a).

Figure 2.2(a) illustrates an AGV following guidepaths, which can be either physically
installed in the environment or virtually programmed into the AGV’s software. Physical
guidepaths can be created in several ways, such as using tape for optical or magnetic
navigation or by embedding inductive wires in the floor (Le-Anh & de Koster, 2006).
Since these guidepaths are physical, altering the paths can be challenging. Additionally,
magnetic or optical tape on the floor is subject to wear and may need to be reapplied
periodically. With virtual guidepaths, the guidepath information stored in the software
allows for easier adaptation if changes occur in the environment. This flexibility is
advantageous, as it enables quick adjustments to the AGV’s navigation paths without the
need for physical modifications.

Figure 2.2(b) shows an AGV using laser and reflector guidance technology. The AGV is
equipped with a laser scanner that detects reflectors in the layout to calculate its position.
Once several reflectors are detected, the AGV can determine its position by triangulating
the reflectors’ locations, allowing it to navigate through the layout (Fragapane et al.,
2021a). Navigation based on lasers and reflectors can be combined with virtual
guidepaths.

Figure 2.2(c) shows an AGV using vision-based navigation based on simultaneous
localisation and mapping (SLAM), a technology for real-time vehicle navigation (Bloss,
2008). SLAM involves two activities: creating a map of the environment and calculating
the vehicle’s position within that environment. By comparing input from vision sensors
with the reference map, the vehicle can determine its location, allowing for free
navigation without the need for reflectors or physical guidepaths (Fragapane et al.,
2021a). Vision-based navigation can make obstacle avoidance possible. With this
guidance technology, there is often no need to design strict guidepaths for AGVs. Instead,
the AGV determines its path to the destination. It is necessary to identify the areas of the
facility where AGVs are permitted to move (Fragapane et al., 2021a). This approach
provides greater flexibility and adaptability in AGV navigation.
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Guidepath design involves determining how to connect different pick-up and drop-off
points, charging facilities, and idle positions to minimise the total travel distance (Le-Anh
& de Koster, 2006). Guidepath design is influenced by whether bidirectional traffic or
only unidirectional traffic is possible. While bidirectional traffic can improve
performance, it also complicates the control of the AGV system (Matlopolski, 2018).
Multiple lane routes are also possible, with at least one unidirectional lane in each
direction of travel. Lee and Srisawat (2006) found that the manufacturing system’s layout
constrains the available paths, limiting the applicability of bidirectional traffic.
Additionally, the facility’s layout can constrain AGV movement, making it important to
identify potential bottlenecks when designing an AGV system (Bechtsis et al., 2017).

Various guidepath configurations have been developed and evaluated (Rezapour et al.,
2011), including single loop, tandem guidepaths and networks of guidepaths (Asef-Vaziri
& Goetschalckx, 2008). The control and traffic management design area is influenced by
the decisions made in the guidepath design (De Ryck et al., 2020). Deadlocks can occur
in guidepaths when two or more vehicles block each other from performing a task,
preventing any from continuing operations.

2.3.2. Traffic management and control

The control of an AGV system, which includes vehicle routing, scheduling, and
dispatching (Vis, 2006), typically aims to ensure that transport requests are completed in
a timely manner and that traffic flows smoothly. AGV control can be either centralised or
decentralised. Traffic management involves preventing deadlocks and collisions and is
crucial for controlling AGVs.

Centralised and decentralised control

Control for an AGV system can be divided into centralised and decentralised control (Le-
Anh & de Koster, 2006). Centralised control involves a central controller making all
decisions about routing, scheduling, and dispatching (De Ryck et al., 2020). While the
aim of centralised control is to find optimal solutions, this can be computationally
challenging with large fleets and numerous tasks. Draganjac et al. (2020) showed that a
large fleet size can hinder the effectiveness of centralised control. By contrast,
decentralised control allows each AGV to make decisions based on local information and
communication with other AGVs. Although decentralised control rarely finds optimal
solutions, it scales better with the number of vehicles and is more flexible from a
computational perspective (De Ryck et al., 2020). More advanced AGVs tend to use
decentralised control (Fragapane et al., 2021a).

Dispatching

Dispatching involves selecting an AGV from a set of available AGVs to perform a
transport request from a set of active requests (Miyamoto & Inoue, 2016). Various simple
heuristic dispatching rules have been investigated, such as the shortest travel distance,
first come first served, the earliest due date first, and the longest waiting time (Ho & Liu,
2009; Ho & Chien, 2006; Hu et al., 2020; Liu & Hung, 2001). Dispatching performance
can be improved by considering multiple rules simultaneously. Dispatching becomes
complicated for AGVs with a load capacity larger than one, especially in job shop
environments. A partially loaded AGV can be rerouted to pick up additional loads on the
way to its destination at the cost of delaying the currently carried loads (Ho & Liu, 2009;
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Ho et al., 2012). With a load capacity greater than one, dispatching may involve new
decisions on how long to wait to fill the capacity, which loads to pick up and in what order
the loads should be delivered (Chen et al., 2011; Chen et al., 2015).

Scheduling

Scheduling involves determining arrival and departure times along the route as well as at
pick-up and delivery locations to perform tasks (Vis, 2006). Several studies have
developed various algorithms for scheduling vehicles (Dolgui et al., 2022). Scheduling
can be conducted either online or offline (Le-Anh & de Koster, 2006). In offline
scheduling, transport requests within a certain future time horizon are known, allowing
for optimised scheduling of transport request completion (Dang et al., 2021). Online
scheduling must handle transport orders as they occur in real time due to the randomness
of incoming orders or a limited future time horizon (Liu et al., 2022b; Zhang et al., 2023).
Whether incoming transport requests can be planned in advance significantly impacts
scheduling. While many studies have focused on scheduling vehicles in job shop
environments, others have addressed scheduling for assembly lines (e.g. Chen et al.,
2015; Mumtaz et al., 2024).

Routing

Routing involves determining the path that an AGV should travel to make a delivery (Vis,
2006). In routing decisions with multiple AGVs, it is important to consider that the
shortest distance may not always result in the shortest travel time due to congestion. When
routing vehicles in AGV systems, guidepaths are typically used as input for routing
decisions. By contrast, AGVs using vision-based navigation use a map of the environment
to find the shortest route to the destination while avoiding conflicts (Jun et al., 2021).
With vision-based navigation, an AGV creates a new path each time it needs to move.

Control zones

Control zones are areas designated to avoid conflicts by limiting the number of vehicles
allowed at a given time (De Ryck et al., 2020). Segments of a guidepath or specific areas
of the facility layout can enforce this limit. When a control zone is occupied, vehicles that
wish to enter must either replan their routes or wait until the zone becomes available.
Control zones can help manage traffic flow and prevent congestion.

Control of idle vehicles

Another aspect of control in AGV systems concerns handling idle vehicles (Vis, 2006).
Since workloads can vary over time, idle vehicles are expected. A vehicle becomes idle
upon completing a transport request when no new assignments are available. It is
important to determine where idle vehicles should go, known as dwell points, so that they
can quickly respond to new transport requests. Ventura et al. (2015) optimised the dwell
points of an AGV system within a specific guidepath design to minimise the response
time to transport requests. In addition to the localisation of dwell points, how vehicles are
dispatched to them are important. For example, Kabir and Suzuki (2018) suggested that
natural idle times in operations should be used to recharge AGVs.

2.3.3. Fleet size
Fleet sizing for an AGV system involves determining the number of vehicles required to
handle the material flow (Dolgui et al., 2022; Fragapane et al., 2021a). Fleet size
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significantly impacts AGV system performance (Matopolski, 2018). The number of
vehicles is crucial, as it is a main driver of investment costs. Introducing too many
vehicles can increase the risk of traffic congestion, which can reduce the throughput of
the AGV system (Choobineh et al., 2012). Conversely, having too few vehicles may result
in transport requests not being completed on time. Fleet size is influenced by several other
design areas of AGV systems, including guidepath design, dispatching, the number and
location of load transfer points (Choobineh et al., 2012), unit load size, AGV speed,
overall material flow demand, and AGV load capacity (Lee & Srisawat, 2006; Vis, 2006).

Load capacity refers to how many loads each vehicle can carry, and AGVs with different
load capacities can be used (Le-Anh & de Koster, 2006). Load capacity is important in
fleet sizing. AGVs with a load capacity of one handle a single transport request at a time,
whereas AGVs with larger load capacities can manage multiple requests simultaneously
(Dang et al., 2021). AGVs with large load capacities offer the potential to increase
throughput and enable the use of a smaller fleet size, as fewer vehicles are needed to meet
transport demand (Bilge & Tanchoco, 1997; Le-Anh & de Koster, 2006). Consequently,
having fewer vehicles can reduce the risk of traffic congestion. Yan et al. (2020) suggested
that using AGVs with a load capacity of one can reduce the average completion time of
transport requests — the time from starting to finishing a request — compared with AGVs
with a greater load capacity, as the requests are completed one by one. AGV load capacity
and fleet size impact the inventory required at receiving stations (Battini et al., 2013;
Zhou & He, 2021) as well as investment and operational costs (Battini et al., 2015). AGVs
with various load capacities may be suitable for use in different situations. However,
AGVs with a load capacity greater than one have received less attention than AGVs with
a load capacity of one (Dang et al., 2021; Yan et al., 2022).

2.3.4. Battery management

Since AGVs are typically battery powered, it is important to consider the locations of
battery swapping or charging stations and when these activities should occur (Kabir &
Suzuki, 2019). If charging is used, then various recharging strategies can be applied such
as always requiring full recharging or if partial recharging is allowed (Jun et al., 2021).
Among the schemes for determining when charging should occur (Kabir & Suzuki, 2018),
opportunity charging involves AGVs charging their batteries during natural idle times,
while automatic charging involves AGVs charging once the battery reaches a certain
threshold.

Battery swapping generally entails less downtime because discharged batteries are
swapped for recharged ones, allowing AGVs to continue operation without waiting for a
recharge. However, swapping also requires several spare batteries, which imposes higher
investment costs (Zou et al., 2018). Battery swapping also involves the challenge of
removing the discharged battery and inserting a fully charged one into an AGV. According
to Fragapane et al. (2021a), newer high-capacity batteries (e.g. lithium-ion batteries)
reduce downtimes associated with charging or swapping. In around-the-clock operations,
battery charging and swapping remain significant design areas in AGV system design
(Zou et al., 2018).
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2.3.5. Failure management

AGVs occasionally experience failures that must be managed to avoid operational
downtime. Yan et al. (2018) emphasised the importance of failure management and
maintenance strategies to achieve high availability of the AGVs, demonstrating that
corrective maintenance can improve the throughput of an AGV system. Failures and
maintenance for AGVs were further analysed by Yan et al. (2022), who investigated
various maintenance strategies and evaluated the impact of including backup AGVs to
cover for failed vehicles. Typically, AGVs stop and require manual assistance if a failure
occurs; however, more advanced AGVs may be better equipped to avoid failures and, in
some cases, even recover from them (Fragapane et al., 2021a). Supervising AGV
operations is required (Benzidia et al., 2019). Soltani et al. (2019) developed an expert
system to manage errors in AGV operations. This expert system summarises previous
error experiences and knowledge on how to manage them, aiding technicians in quickly
assessing and addressing errors.

2.3.6. Load-carrying mechanisms

AGVs can carry loads in various ways (Fragapane et al., 2021a; Ullrich, 2015). A
common load-carrying mechanism is the forklift. Forklift AGVs are equipped with
forklift forks for carrying loads in units such as EUR-pallets and unit loads suitable for
forklift transports. Another load-carrying mechanism is the underride AGV (Ullrich,
2015), which positions itself underneath a unit load and lifts it onto its carrying platform.
For unit loads such as racks or carts with wheels, underride AGVs connect to and drag
the load using their own wheels. AGVs can also be equipped with various top modules
(Fragapane et al., 2020). For example, a conveyor can allow an AGV to move a load
horizontally when stationary. Another option is a shooter rack, a type of gravity flow rack
that uses gravity to move a load to and from the required position (Emde et al., 2012). An
AGYV could also be equipped with a robotic arm to pick up and deliver unit loads. AGVs
can also function as tuggers, towing carts attached to them (Battini et al., 2015; Emde &
Gendreau, 2017).

2.3.7. Conclusions regarding the technical subsystem

The technical subsystem of AGV systems has been well studied and the individual design
areas have been researched thoroughly. However, it is only from a technical perspective
and for example how AGV system design is influenced by the human subsystem is
unclear. There could be relevant requirements that influence the design areas.

As stated in Section 2.3.3, fleet sizing that considers the load capacity of AGVs is an area
to which further research can bring clarity and support the design of AGV systems.
Dispatching and scheduling for AGVs with load capacities greater than one have been
analysed in previous studies (e.g. Dang et al., 2021; Ho & Liu, 2009; Ho et al., 2012);
maintenance activities for AGVs with different load capacities have also been analysed
(Yan et al., 2022). However, fleet sizing that considers AGVs with various load capacities
has received limited attention in research.

2.4. The work organisational subsystem

The organisational subsystem in the HTO model refers to individuals at the collective
level (Karltun et al., 2017). Cimini et al. (2021) applied a socio-technical perspective and
reviewed literature to determine sub-dimensions of the organisation. They identified three
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sub-dimensions: organisational structure, competence, and job. The authors used the
developed framework to study how Industry 4.0 technologies influence organisational
change. Given that Cimini et al.’s (2021) framework is applied, and shown to be useful
for analysing organisational change when Industry 4.0 technologies are introduced, and
given that an AGV system is one such technology, this thesis divides the work
organisational subsystem into the three aforementioned dimensions. Each of these three
dimensions are explained in the next sections. This is followed by a review of literature
addressing work organisation in relation to AGV systems and implementing Industry 4.0
technologies.

2.4.1. Organisational structure dimension

Organisational structure is expected to change due to automation and digitalisation
(Klumpp & Ruiner, 2022). This structure impacts the employees’ working conditions (see
e.g. Daniellou, 2006; Karltun et al., 2017) and includes aspects such as the type of
organisation, level of hierarchy, managers’ span of control, chain of command and
communication channels. Cimini et al. (2021) and Cagliano et al. (2019) also included
number of hierarchical levels and the span of control of managers in the organisational
structure. Granlund (2014) argued that roles and responsibilities need to be established
concerning automation. The structure of teams within an organisation, such as size, group
composition, complementary skills, and job roles, may also need to be decided
(Katzenbach & Smith, 2015). Neumann et al. (2021) stated that it is crucial to understand
which roles are affected by technology implementation.

2.4.2. Job dimension

Jobs encompass several work task characteristics that focus on work procedures and the
nature of the tasks (Morgeson & Humphrey, 2006). These characteristics include task
variety, identity, significance, autonomy, complexity, skill variety, and specialisation (see
e.g. Campion, 1988; Hackman & Oldham, 1976; Humphrey et al., 2007; Morgeson &
Humphrey, 2006). Cagliano et al. (2019) included job breath and job control as
dimensions of work organisation. Bechtsis et al. (2017) stated that introducing AGVs
requires standards and further regulations for the safety of operators and AGVs. Cimini
et al. (2021) included job specialisation, referring to the number of different tasks and
levels of autonomy; job formalisation regarding the standardisation and regulation of
employee behaviour; and training. Parker et al. (2001) argued that work characteristics at
the individual level should be considered at the team level. Hackman and Oldham (1976)
highlighted the importance of designing group tasks to achieve group effectiveness. There
could be job dimensions to consider on both individual and group level.

2.4.3. Competence dimension

The competence dimension involves the skills of employees (Cimini et al., 2021). When
introducing new technologies, new competencies are often needed (Kadir & Broberg,
2021). Cimini et al. (2021) recognised four categories of competencies: technical,
methodological, personal, and interpersonal. It is important to understand the need for
developing new skills and competencies; otherwise, new technologies may not be used
effectively. When automation is introduced, it is necessary to map current competencies
and plan how to develop them (Granlund, 2014). Marcon et al. (2022) argued that
developing the technical competencies needed to properly use new technologies is vital
and that training is crucial for achieving this. New technologies can also influence job
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profiles, as employees with different skill sets may be required. Employees may also resist
changes to work caused by the introduction of a new technology if the proper
competencies have not been taught (Senna et al., 2022).

2.4.4. Considerations of the work organisational subsystem in previous research
Like the human subsystem of AGV systems, the work organisational subsystem has
received less attention than the technical subsystem. Zuin et al. (2020) focused on safety
in the design of AGV systems considering the perspectives of three roles: designer,
worker, and safety expert. They identified three types of critical design factors: technical,
operational, and safety. The operational category includes training and task rescheduling.
The safety category includes the separation of human and AGV paths and identifying the
number of pedestrian crossings.

Benzidia et al. (2019) found that new roles were needed in an organisation when AGVs
were introduced in logistics operations that had previously been manual. These roles
involved new work tasks that required new competencies to be developed through
training or the recruitment of new employees. In their survey evaluating acceptance of
AGV system implementations, Kopp et al. (2023) investigated a number of acceptance
factors, including clear communication, education and training, support after the
introduction of the system, and responsibilities regarding errors, all of which relate to the
work organisational subsystem in this thesis. They highlighted differences in the
perceived relevance of these factors among the operational staff.

Chivilo and Meneghetti (2023) developed an Industry 5.0 framework for feeding
production lines. The framework comprises three dimensions — human centricity,
sustainability, and resilience — and it was evaluated in the implementation of an AGV
system. The framework helped improve acceptance by involving operators in
implementation and clearly explaining the functions of the AGV. In addition, interactions
between the AGV and other traffic were reduced. Operators were involved in the
maintenance of the AGV and completed courses to learn how to handle the AGV in
different situations. Lee and Leonard (1990) studied the changing roles of humans when
an AGV system is used and concluded that extensive changes in the work performed by
employees are required for success. Various employee roles are affected in different ways,
such as those of logistics operators, production operators, production planners, managers,
and supervisors. Some employees gain increased responsibility, while others experience
reduced decision-making possibilities and their work is controlled by the AGV system.
New work tasks have to be introduced for some roles, and correct training is highlighted
as important for success.

Hruseckd et al. (2019) identified three categories of critical success factors for
implementing AGVs, one of which refers to organisational aspects. This category
includes work standardisation, decision-making aspects, and human resource
management aspects, such as respecting rules and training personnel. Grover and Ashraf
(2024) studied the moderating factors for the assimilation of AGVs into internal logistics,
focusing on the interaction between the end users of AGV's and service providers (e.g. the
suppliers of AGV systems). They stated that service providers facilitate the assimilation
process, as end users often lack internal technical AGV expertise. Training is also key in
the assimilation process, and a close relationship between the various actors is crucial for
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progressing end users towards later stages of assimilation. In these later stages, employee
willingness to embrace change is crucial for success. Fear of job loss or lacking
competencies can affect this willingness. Additionally, having in-house AGV experts
helps ensure that the AGV system meets organisational needs.

Organisational aspects have been addressed in the literature concerning the
implementation of Industry 4.0 technologies. Cagliano et al. (2019) conducted a multiple
case study to investigate how smart manufacturing technologies influence work
organisation. They found that although these technologies, including automation
technologies, strongly influence the work organisation, previous literature had mostly
focused on technological aspects and operator competencies. Their results show that
introducing technologies affect operators’ job breadth and autonomy — reducing their
monitoring, control and decision-making roles — and also potentially empower them with
increased cognitive demands. Marcon et al. (2022) explored socio-technical factors in the
implementation of Industry 4.0 technologies by analysing survey data. They found that
companies tend to focus on increasing productivity and reducing labour costs, an
organisational perspective is necessary to support Industry 4.0 implementation. Workers
are increasingly important in assisting with the implementation and use of these
technologies. Integrating work-related aspects in the implementation improves the
implementation of Industry 4.0 technologies. Training was also identified as essential to
developing technical competencies.

Cimini et al. (2021) investigated the implementation of Industry 4.0 and its impacts on
competencies, organisational structure, and job through a case study. They found that new
structures are needed when technology is implemented. They also found that new job
profiles are required, which could involve performing a wider range of tasks for
employees and necessitate the development of new competencies through training. They
argued that organisations need to be co-designed with introduced technology. Sony and
Naik (2020a) highlighted critical success factors for the implementation of Industry 4.0
identified in the literature, one of which was that ‘employees will be important for the
success for Industry 4.0’. Employees require new skills, which affects both the
recruitment of new employees and the skills of the current workforce. The authors also
argued that managing changes in organisations is imperative and that there will be
changes in the structures of work when implementing Industry 4.0 technologies.

Moeuf et al. (2020) conducted a Delphi study to identify critical success factors, risks,
and opportunities associated with the implementation of Industry 4.0. They identified a
lack of expertise as a risk, highlighting the need for employee training to develop the
necessary skills. Substantial organisational change is required, and a critical success
factor is to have a continuous improvement strategy. Communication is also crucial.
Stentoft et al. (2021) conducted a survey and in-depth follow-up interviews to identify
and understand the drivers of and barriers to Industry 4.0 readiness. Their results show
that having the right competencies among employees is one of the most challenging
aspects of readiness. Pozzi et al. (2023) conducted a multiple case study involving eight
manufacturing companies to identify critical success factors for the implementation of
Industry 4.0 technologies. The factors identified in their literature search, such as top
management support, clear goals, cross-functional teams, a project plan, and training,
were identified in all the studied cases.
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Senna et al. (2022) focused on barriers to implementing Industry 4.0 technologies. They
highlighted barriers identified in the literature that were then assessed by industry experts.
Organisational barriers included the need for adaptive modifications at the organisational
and process levels, the lack of a qualified workforce, and the lack of a digital strategy.
The authors suggested that formal training is required to prepare employees. The results
show that organisational barriers depend on other barriers. Nayernia et al. (2021)
conducted a systematic literature review on implementing Industry 4.0 from an
organisational perspective. They categorised their findings into five levels: industry and
firm, smart factory, data, human resources, and supply chain. At the human-resources
level, they found that Industry 4.0 would redefine roles and work content, competencies,
education, and health and safety. Brodeur et al. (2023) investigated characteristics of
organisational changes that companies could introduce to manage their transformation to
towards Industry 4.0. These changes involved five elements: 1) announcing the new
technologies, 2) involving stakeholders and naming a superuser for the technology, 3)
training employees on the new technology, 4) establishing technical support to manage
issues with the technology and 5) making continuous improvements.

Cugno et al. (2021) used a mixed methods approach to analyse barriers to and incentives
for implementing Industry 4.0. They found that the most significant barriers are
inadequate information on the potential of Industry 4.0 technologies, organisational
resistance, and the perception that the business sector does not require investment in
Industry 4.0. Raj et al. (2020) examined barriers to the implementation of Industry 4.0 in
both a developing country (India) and a developed country (France). In both contexts, a
significant barrier was the lack of internal digital training. Kamble et al. (2018) identified
barriers to the adoption of Industry 4.0 technologies by first reviewing the literature and
then assessing these barriers with input from industry experts and academics. Their results
indicate that organisational barriers, such as employment disruptions, organisational and
process changes and the need for enhanced skills, are linkage barriers. These barriers are
highly influential and dependent on other barriers, meaning that a small modification in
one barrier can influence other barriers and the overall outcome of Industry 4.0 adoption.

2.4.5. Conclusions regarding the work organisational subsystem

Research on the implementation of Industry 4.0 technologies has identified several
important organisational aspects that should be addressed for a successful
implementation. Training needs, organisational changes, acceptance, new roles may be
needed, and continuous improvements have been identified in previous research. Despite
the work organisational being crucial for the successful implementation of technologies,
few studies have examined this topic for AGV system design. A few studies indicate that
new roles are needed, and responsibilities can change when an AGV system is introduced,
as well as the importance of developing acceptance. Safety has also been identified as
important when AGVs and humans work together. However, further research on the work
organisational subsystem in AGV system design can contribute to the mostly technical
research.

2.5. Production and logistics design processes and requirements

The thesis focuses on AGV system design, and it is important to understand the different
stages of design processes to show where the thesis can contribute. Accordingly, Section
2.5.1 provides an overview of design process models related to materials supply systems,
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production systems, materials handling systems, and for developing automation,
illustrating the structure and common steps in design processes. A crucial part of the
design process is clearly specifying the requirements of the completed design. Section
2.5.2 presents a categorisation of the requirements.

2.5.1. Design process models

This section presents examples of design processes suggested in the literature for
designing material supply systems, production systems, and materials handling systems
and for developing automation. These design processes offer a structured approach to
designing complex systems and are therefore relevant to AGV system design, even if their
scope extends beyond AGV systems. While the presented processes are not exhaustive of
all design processes in the literature, they provide an indication of how such processes
are structured.

Wu (1994) suggested a design process for production systems that begins with setting
objectives for the design process and analysing the current situation, including gathering
information about requirements. If an existing system is in place, it should be considered
in the design of the new system to ensure a realistic starting point. The next step is
conceptual modelling, which involves developing a framework for the system and
establishing basic principles for its operation. Next, the detailed design step involves
preparing a detailed specification based on the conceptual model, including decisions
about layout, manufacturing equipment, and internal transport. After both conceptual
modelling and detailed design, an evaluation of concepts is suggested to determine
whether the design meets the requirements. The final step is deciding which design to
pursue.

Johansson (2007) presented a design process for material supply systems consisting of
four phases: planning, concept development, system-level design, and detailed design. In
the planning phase, requirements for the design are identified and analysed, and
objectives are set. During the concept development phase, various alternative conceptual
designs are developed based on the requirements and objectives established in the
planning phase. These conceptual designs are then compared to identify the most suitable
one. In the system-level design phase, the selected concept is designed from a holistic
perspective, which involves defining the different material flows within the material
supply system. In the final phase, detailed design, the specifics of the material supply
system are configured, including packaging design, storage areas, and specific transport
equipment for material flow. The phases may overlap in practice and may require an
iterative approach.

Tompkins et al. (2010) proposed a six-step design process model for materials handling
systems. The first step involves defining the objectives and scope of the materials
handling system to be designed. This is followed by an analysis of the requirements for
the different parts of the materials handling system. The third step involves developing
several design alternatives that meet the requirements identified in the second step. In the
fourth step, these alternatives are evaluated based on the objectives established in the first
step. The fifth step involves selecting the preferred alternative for each part of the
materials handling system. Finally, the sixth step involves implementing the selected
design, which includes installing the equipment and training employees. The authors also
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noted that the completed design configuration may not initially operate perfectly and
should be continuously improved.

Granlund (2014) presented a framework for facilitating automation development in
internal logistics systems. The first two stages of the framework involve setting objectives
and analysing the current situation in internal logistics which results in a requirements
specification. This is followed by the development of design concepts that fulfil the
requirements. The design concepts are evaluated, and a decision is made regarding their
appropriateness. If the design concepts are deemed appropriate and automation is a
suitable solution, the next step is planning for automation, in which further requirements
specific to an automated solution are identified. Conceptual solutions are then designed
and evaluated, leading to another decision gate where the best solution is selected or
rejected if none are suitable. A detailed solution design follows. The final two steps
consist of implementation and follow-up evaluation.

The presented models share several similarities. They all include the initial steps of
identifying and analysing the requirements that need to be met as well as setting
objectives to be achieved. The presented design processes also involve several similar
design steps, from conceptual modelling to detailed design. The presented design
processes suggest developing and evaluating several conceptual designs before advancing
the most suitable concept to the detailed design phase. Johansson (2007) included a
system-level design process step that is not included in the models of Granlund (2014),
(Tompkins et al., 2010) or (Wu, 1994). Implementation is included as a step by Granlund
(2014) and Tompkins et al. (2010) but not by Johansson (2007) or Wu (1994). The
presented models all have a requirements specification and setting of objectives phase,
and at least two design phases: a conceptual phase and a detailed phase. Figure 5.3
illustrates a simplified design process based on the presented design process models.

Spef:lﬁcatlon of Conceptual Detailed design
requirements and desion phase hase
objectives phase gp P

Figure 2.3. Phases of the design process applied in the thesis.

2.5.2. Requirements categorisation

The design process models presented in the previous section emphasise that a vital step
is starting with a clear requirements specification (Granlund, 2014; Johansson, 2007;
Tompkins et al., 2010; Wu, 1994). Granlund and Wiktorsson (2014) emphasised that one
of the most important steps when considering automation technology is to develop a well-
formulated requirements specification.

This section establishes a categorisation of requirements to consider in the design process
for an AGV system, which was derived from the literature on material handling
equipment (MHE) selection. The aim of MHE selection is to find the most suitable MHE
based on the attributes of the context in which it will be used (Anand et al., 2011).
Understanding the context in which the MHE will be used and the requirements it must
meet is crucial (Saputro et al., 2015; Soufi et al., 2024). Although the literature on MHE
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selection is generally broader in scope than AGV systems, the attributes considered in
such selection decisions are relevant for deriving categories of requirements for the design
of an AGV system. Four categories of requirements were derived from the MHE selection
literature: internal logistics environment, characteristics of transported loads,
performance requirements, and interactions within and between subsystems.

Internal logistics environment

The first category of requirements concerns the internal logistics environment in which
the MHE will be used. Hassan (2010) stated that the environment needs to be considered,
particularly the layout of the facility. If the MHE is used in production, the type of
production (e.g. job shop or assembly line) can influence the available movement paths
in the layout, which can put requirements on the transport equipment used.

Physical restrictions such as columns, multiple floors, doors and ceiling height can create
such requirements. For example, narrow areas of the layout such as aisles and the
presence of columns may impose requirements on the guidepath design of an AGV
system. Movement characteristics relate to overall distances, available paths in the layout,
and the frequency of transports (Mirhosseyni & Webb, 2009). Along those lines, the width
and length of aisles, as well as the availability of floor space, were considered by Bouh
and Riopel (2015), in MHE selection.

Environmental conditions such as temperature, dust, moisture, and slopes should also be
considered. Additionally, the locations where goods need to be picked up should be
considered (Soufi et al., 2021), as well as whether goods are placed on the floor or on
racks. Le-Anh and de Koster (2006) stated that the number and locations of pick-up and
delivery points are often fixed when designing AGV systems. A requirement for the AGV
system design to connect all these load transfer positions.

Requirements that influence system design can also come from regulations and standards
outside the organisation (Fletcher et al., 2020). For example, the ISO standard for
driverless industrial trucks entails certain requirements for AGV systems (ISO, 2023),
such as speed, depending on the operating space and interactions with human operators.

Characteristics of transported loads

The second category of requirements derived from the MHE selection literature concerns
the characteristics of transported loads. This includes the types of unit loads (e.g. pallets
or boxes) and the general shape and the dimensions of the loads (Soufi et al., 2021). A
requirement is of course that the MHE can manage the unit loads in the material flows.
Cho and Egbelu (2005) suggested that handling a mix of different types of material and
unit loads in one system can create additional requirements compared to a setup using
only a single type of unit load since the MHE needs to be able to manage all unit loads.
The weight of the unit loads should also be considered, as there may be limits to the
carrying capacity of transport vehicles such as AGVs. Characteristics such as fragility,
hazardousness and cleanliness can also influence MHE selection (Soufi et al., 2024).

Performance requirements

The third category of requirements concerns performance. Several measures are used to
specify and assess the performance of an AGV system. Maniya and Bhatt (2011)
developed a method for selecting the most appropriate AGVs and identified several
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performance variables, including flexibility, costs, and reliability. Costs are important to
consider, such as those for purchasing, installing and operating the MHE (Soufi et al.,
2024). Throughput, often used to measure AGV system performance, was defined by Yan
et al. (2018) as the number of transport requests the system delivers within a certain
period. The overall demand placed on the AGV system and the timing of this demand
impact the system’s fleet size (Vis, 2006). Flexibility may concern the system’s
adaptability to handle changes in the layout (De Ryck et al., 2020) and can also refer to
the system’s ability to manage variations in volume demands. Performance requirements
for AGV system design can be expressed in many ways.

Interactions within and between subsystems

Soufi et al. (2021) acknowledged that MHE may need to interact and be integrated with
other systems in a facility. The MHE may need to be able to send and receive data to and
from information systems as well as to other equipment in the facility (Soufi et al., 2024).
Given the increased use of automation and the Internet of Things in manufacturing,
interoperability has become pivotal in Industry 4.0 (Lu, 2017). Interoperability refers to
the ability of systems to understand and use the functionality of other systems (Chen et
al., 2008), as well as to communicate with each other and even across different versions
of the same system or device (Zeid et al., 2019). However, because AGV system suppliers
typically have their own standards, interoperability between AGV systems from different
suppliers is often lacking (Scholz et al., 2019). There could be interoperability
requirements to consider in AGV system design. Additionally, Cho and Egbelu (2005)
suggested that MHE may need to operate and connect with other MHE, for example, in
transports potentially involving many material flows and several transport vehicles.

In mixed environments, human operators work alongside AGVs, and the interactions
between manual operations and AGVs can be challenging (Oleari et al., 2014). The
interactions between AGVs and manually operated vehicles as well as pedestrians makes
ensuring safety a vital requirement (Sabattini et al., 2017). As stated in Section 2.1,
although the human subsystem is not considered designable, it influences and is
influenced by technical and work organisational subsystems. The human factor aspects
described in Section 2.2 — physical, cognitive and psychosocial — needs to be considered
in AGV system design. For instance, there may be concerns about new technology among
employees that need to be addressed. Developing of acceptance and understanding of the
introduced technology is crucial (Grosse et al., 2023; Kopp et al., 2023), which can put
requirements on both the technical and work organisational subsystems.

The subsystems may involve requirements for each other subsystems. For example, the
maintenance of AGVs requires the development of appropriate technical competencies,
meaning that the technical subsystem imposes requirements on the work organisational
subsystem. To ensure safe interaction between AGVs and humans, traffic regulations may
need to be implemented in the work organisational subsystem. These regulations can
influence the technical subsystem, as AGVs must adhere to the regulations, such as
emitting alarm signals in certain situations or stopping when approaching areas with many
pedestrians.
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2.6. Research questions
This section presents the three research questions of the thesis, formulated based on the
theoretical framework.

2.6.1. Research question 1

Section 2.5.1 presents four examples of design process models. In the presented models,
the importance of starting from a comprehensive overview of requirements is highlighted
(Johansson, 2007; Tompkins et al., 2010). Granlund (2014) states that accurate
information on the requirements influences the progress and success of introducing
automation. Fletcher et al. (2020) emphasise that a comprehensive understanding of
requirements is essential for successfully developing systems where automation
complements human work. An overview of the requirements is crucial in a design
process.

Section 2.3 highlighted that AGV systems encompass several technical design areas, each
involving multiple decisions that influence and are influenced by one another (see e.g.,
Fragapane et al., 2021a; Vis, 2006). Research on AGV systems has been technically
focused (Fragapane et al., 2021a; HruSecka et al., 2019; Zuin et al., 2020). The literature
has provided a comprehensive understanding of the technical design areas in AGV system
design. Le-Anh and de Koster (2006) and Vis (2006) provided examples of requirements,
including facility layout, pick-up and drop-off locations, types of loads, and material
flows, but the same comprehensive overview of requirements as there is for the technical
design areas is lacking in the literature. It is also not only the technical subsystem with
the technical design areas that needs to be considered; the human and work organisational
subsystems must also be taken into account, and the literature has provided limited
guidance on requirements relating to these subsystems for AGV systems. A wider
perspective is needed, beyond the technical subsystem and technical requirements, which
is crucial for employee well-being (Neumann et al., 2021). Tubis et al. (2024) identified
a gap in the literature on AGV systems regarding the requirements for developing a shared
work environment where humans and AGVs collaborate. Neumann and Village (2012)
stated that if humans are not considered in the initial design, it is unlikely they will be
considered in any formal way in the design process.

A comprehensive overview of requirements is needed. Therefore, to support AGV system
design, the following research question (RQ) was formulated:

RQ 1: Which are the requirements to consider in AGV system design?

2.6.2. Research question 2

The requirements that are mapped and evaluated in the first step of the design process
need to be met by the design of the system. Section 2.6.1 stated that AGV system design
has been researched extensively but largely with a technical focus (Benzidia et al., 2019;
Fragapane et al., 2021a). As highlighted in Section 2.2, it is crucial to consider humans in
design. Not considering humans may result in designing systems that do not achieve the
expected level of performance (Vijayakumar et al., 2021), and employee well-being may
suffer due to stress or fatigue (Neumann et al., 2021). The need for human-centric design
is one of the core dimensions of Industry 5.0 (Breque et al., 2021), which complements
the technical orientation of research on Industry 4.0 (Ivanov, 2023). Section 2.2.4 showed
that humans have been considered in the development of the technical capabilities of
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vehicles, such as navigation and sensors. However, the literature has provided limited
guidance on designing an AGV system that take humans in consideration, besides
improving technical capabilities.

Introducing new technologies necessitates adjusting work tasks, roles, responsibilities
and division of labour between technology and human workers (Kadir & Broberg, 2021).
It is essential to consider humans beyond the individual level (Reiman et al., 2021).
Benzidia et al. (2019), for example, showed that new roles are needed when an AGV
system is introduced, and training sessions are required to develop competence, and work
tasks must be established. Lee and Leonard (1990) reported on changes in roles when an
AGYV system is introduced in a manufacturing context. Many studies have identified the
need to develop further competencies when new technologies are introduced (e.g. Grover
& Ashraf, 2024; Senna et al., 2022; Sony & Naik, 2020a). Clearly, an AGV system
requires the work organisational subsystem to be designed appropriately, with changes or
additions in the organisational structure, job dimensions and required competencies.
Cimini et al. (2021) found that companies often underestimate the costs of adapting the
organisation when technology is introduced and suggested the co-designing of the
organisation and technology. Given the strong technical orientation of previous research
on AGV systems, further knowledge on the design of the work the organisational
subsystem is needed to support the design of AGV systems.

Socio-technical systems theory emphasises the need for joint consideration of
subsystems. If only one subsystem is considered, there is a risk of system suboptimisation
(Grosse et al., 2023). A joint consideration of the technical, work organisational and the
human subsystems is necessary. Thus, the following RQ 2 was formulated:

RQ 2: How can the requirements influence the design of an AGV system?

2.6.3. Research question 3

In Section 2.5.1, it was shown that design processes involve different levels of detail,
from a more conceptual level to more detailed, where all the presented design processes
involve a step focusing on the detailed design of the system. RQ 3 focuses on a detailed
part of AGV system design, namely fleet sizing.

Determining fleet size is a central design area in AGV system design given that it
significantly influences investment costs (Choobineh et al., 2012; Fragapane et al., 2021a;
Le-Anh & de Koster, 2006). Fleet sizing also has a substantial impact on AGV system
performance (Matopolski, 2018). Traffic congestion can occur if too many vehicles are
introduced, while late deliveries might occur if there are too few vehicles. Although the
load capacity of each AGV influences fleet sizing (Vis, 2006), research has mostly
focused on AGVs with a load capacity of one (Dang et al., 2021; Yan et al., 2020).

Using AGVs with a load capacity greater than one can confer a number of benefits, such
as increased throughput, reduced traffic congestion, smaller fleet size, improved
utilisation (Confessore et al., 2013) and reduced costs (Dang et al., 2021). However, the
time it takes to fulfil individual transport requests may increase (Yan et al., 2020), which
can influence the required inventory levels at the receiving stations (Battini et al., 2013;
Zhou & He, 2021). The inventory levels need to ensure that there are no shortages of
material until the next delivery arrives to replenish the station in part feeding.

31



Many potential combinations of fleet size and load capacity can be applied to a material
flow, each yielding different outcomes for the required inventory at receiving stations.
For instance, employing a single AGV with a large load capacity may necessitate a larger
inventory at receiving stations to prevent material shortages, as deliveries occur less
frequently. Conversely, using a fleet in which each vehicle has a load capacity of one
could reduce the required inventory at receiving stations but would necessitate a larger
fleet size. Further research on AGV combinations, specifically regarding fleet size and
load capacity, can enhance existing knowledge on AGV fleet sizing and support this more
detailed part of AGV system design. Therefore, RQ 3 was formulated:

RQ 3: How do different combinations of load capacity and fleet size impact the required
inventory levels at the receiving stations in part feeding?
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3. Method

This section presents the method. Section 3.1 outlines the research process, detailing the
research projects, studies conducted, and papers written throughout the PhD process.
Section 3.2 describes the research design, including the papers and cases incorporated
into the case studies. Section 3.3 details the methods applied in the appended papers,
including case selection, and data collection, and analysis. Finally, Section 3.4 discusses
research quality.

3.1. Research process

The research presented in this thesis was conducted across three research projects. The
timeline of the research process is illustrated in Figure 3.1, which shows the duration
dedicated to writing the initial versions of the papers, including planning, data collection
and the actual writing phase. Subsequent rewriting of the papers, beyond their first
versions, is not illustrated. The duration of writing the cover paper for the licentiate and
PhD thesis is also shown.

g Paper 1 Paper III Paper IV
o
£ Paper 11 Paper V
N
5}
é Lic. thesis PhD thesis
F
s FAKTA SCALE
o
E Interoperability
2020 | 2021 | 2022 | 2023 | 2024 | 2025

Figure 3.1. Overview of the research process.

3.1.1. Research projects

The first project, Flexible Automation in Kitting, Transport, and Assembly (FAKTA), was
funded by the strategic innovation programme Produktion2030 via Vinnova. It consisted
of a collaboration between Chalmers University of Technology (Chalmers) and several
industrial actors in Sweden. Some participants were users of automation technology
applied in production and logistics processes, while others were developers of such
technology, including robotics, conveyor systems, and grippers. Additionally, one project
participant provided consultancy services specialised in production and logistics firms.
The studies for Papers I, I1, and I1I were conducted within the scope of the FAKTA project.

The second research project focused on interoperability in automated loading and
unloading and was titled ‘Interoperability for Safe, Reliable, and Efficient Interfaces
Supporting Autonomous Transport’ (hereinafter, ‘Interoperability’). The project was
funded by Chalmers and the University of Gothenburg and was a collaboration between
these two institutions.
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The third and final project, Supply Chain Automation of Loading/Unloading for Increased
Efficiency (SCALE), focused on the automated loading and unloading of autonomous
trucks. Several industrial parties with specialised expertise in cargo securing, AGVs, and
autonomous trucks were involved in the project. The project was funded by the Swedish
Energy Agency. The study for Paper IV was conducted within the scope of both this
project and the Interoperability project.

The FAKTA project served as the starting point for the research from an empirical
perspective. Interaction with the industrial parties involved in the FAKTA project clarified
challenges they faced in designing and working with AGV systems and automation in
general. Some parties had already introduced AGV systems and encountered issues such
as design problems, organising work, securing systems, and developing acceptance
among employees. It became evident that further knowledge on AGV systems could assist
these industrial parties in their plans to use such systems in their internal logistics. Guided
by this possibility, the literature was reviewed, and after assessing the problems in the
industry and the literature, an initial research direction was determined.

3.1.2. The studies conducted

Five studies were conducted, resulting in five papers. These studies were carried out in
industrial settings in which humans, forklifts, tugger trains, and AGVs operate together.
The study associated with Paper I was the first to be conducted, and it provided input for
the subsequent studies. Paper I focused on identifying the requirements for AGV system
design and how these requirements influence the design.

After conducting the literature review in Paper I, it became clear that limited attention
had been given to AGVs with a load capacity larger than one, and this became the starting
point for the second study, which resulted in Paper II. The second study began with a
further review of the literature on AGV fleet sizing and load capacity. Paper II focused on
varying load capacity and fleet size to determine how these factors influenced inventory
levels at receiving stations. The second study also provided an opportunity to delve into
discrete event simulation.

The findings of Paper I indicated that humans and work organisation are crucial in AGV
system design, regarding the acceptance of AGV systems among employees and the need
for new roles, responsibilities, and work tasks. Previous research had not given much
attention to these aspects. The third study, associated with Paper III, was a continuation
of Paper I, focusing on the organisational and human challenges that emerge when AGV's
are introduced.

The fourth study was initiated as part of the SCALE and Interoperability projects and
resulted in the writing of Paper IV. Paper IV focused on requirements for automated
loading and unloading. Unlike the other studies, Paper IV did not specifically address
AGYV systems; however, one of the cases involved using AGVs for automated loading
and unloading. The findings from Paper IV provided additional details on the
requirements for AGV system design, with a focus on applications of AGVs in loading
and unloading.

The fifth study builds on the insights from Paper III and resulted in the writing of Paper
V. In Paper III, which identified several human and organisational challenges and
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discussed a number of actions to manage them during the AGV introduction. Paper V
used the identified organisational challenges and suggested actions from Paper III as a
starting point. Paper V did not only seek to confirm the actions suggested in Paper III.
Paper V also went beyond the introduction phase, which was the focus of Paper III, and
analysed work organisation in the post-implementation phase, highlighting differences
between the phases.

3.2. Research design

This section describes the research design. Both qualitative and quantitative methods
were used in the research conducted for the papers appended to this thesis, with the
majority of the research being qualitative. Papers [, II1, IV, and V were case studies, which
are common in qualitative inquiries (Stake, 2005). Case studies are appropriate when
researching a contemporary phenomenon in real-world contexts (Yin, 2014). The FAKTA
project, with its industrial actors, provided access to ample empirical data and
opportunities to collect data from their operations. The SCALE project also provided
access to empirical data. The four papers based on case studies all focused on phenomena
in real-world contexts. Paper II, which is a discrete event simulation study, the model in
the paper was inspired from a real-world material flow. The cases studied in the papers
are described in Table 3.1.

Table 3.1 shows that some of the AGV systems were used in more than one study. Case
1 in Paper I is the same AGV system as Case 2 in Paper III. Case 3 in Paper I is the same
AGYV system as Case 1 in Paper III and Case 2 in Paper V. Naturally, some of the data
collected from the interviews and observations were relevant for multiple papers despite
their different aims. Table 3.2 provides an overview of the data collection process for each
case, clarifying whether the data were used in multiple papers. Data on AGV system
design — understanding how the system functions, how it interacts with humans in
different ways and how it changes in various roles in the operations —were relevant in
both Papers I and I1I. Additional interviews and observations were conducted in the study
for Paper III to extend the data collection from Paper I within the focus of Paper III. For
Paper V, further interviews were held with employees involved in the initial
implementation and post-implementation phases of the AGV system, complementing the
data from the case study in Paper III.

The literature has been continuously reviewed throughout the PhD process, beginning
with previous research on AGV systems and their design. Scopus was the primary
database used to find relevant literature. For each paper, updated literature reviews were
conducted, focusing on the specific problems they addressed. From the initial search,
related terms beyond ‘AGV systems’ were explored, such as ‘Industry 4.0°, ‘technology
implementation’, ‘socio-technical systems’, ‘human factors’ and ‘human-robot
interaction’. The concept of Industry 5.0, introduced in 2021, directed the search towards
human factors, work design, and socio-technical systems, which were relevant for Paper
II1. Notifications on search strings in Scopus and Web of Science were used to stay up to
date on new publications, specifically those related to AGV system design. These search
strings included several terms related to AGVs, such as autonomous mobile robots, to
ensure that relevant papers were not missed. Many of the papers on AGV systems focused
on technical design, such as new algorithms for scheduling or dispatching. While papers
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focusing solely on specific technical design areas were reviewed, they did not constitute
the core literature in the thesis or the papers.

Table 3.1. Case descriptions.

Case name

Paper .
in paper

Case description

The case involves an AGV system consisting of two AGVs used in the logistics part of
a production facility to move racks with empty packaging material. The AGVs navigate
by virtual guidepaths. The AGV system operates within a busy environment where other
manually operated transports take place and many operators are moving around.

The case involves an AGV system consisting of three AGVs used in a logistics
environment in connection with production to move racks of boxes between three
Case 2 stations. The AGVs navigate by virtual guidepaths. The AGV system operates within a
busy environment where other manually operated transports take place and many
operators are moving around.

The case involves an AGV system consisting of 17 AGVs used to move half-pallets.
These AGVs manage nearly all the material flows in the factory. The AGVs pick up the
Case 3 pallets from the racking move them to, from, and between production cells. The AGVs
navigate by lasers and reflectors. A few material flows are still managed with manually
operated forklifts, and operators move around in the environment.

Case 1 in Paper III refers to the same AGV system as Case 3 in Paper I, but the focus
Case 1 in Paper III was on the organisational and human challenges when AGVs are
Paper introduced.

1 Case 2 in Paper III refers to the same AGV system as Case 1 in Paper I, but the focus
Case 2 in Paper IIl was on the organisational and human challenges when AGVs are
introduced.

The case involves the material flow of palletised goods from a warehouse of a third-
party logistics provider to the assembly plant of an original equipment manufacturer
(OEM). The transports are performed by a transport provider. The automated loading
and unloading solution is based on conveyors inside the truck, which are matched by
conveyors in the sending and receiving facilities. Truck drivers perform several
activities during loading and unloading.

The case involves the material flow of racks from a supplier to the same OEM as in
Case 1 in Paper IV. The transports are performed by a transport provider. The automated
Case 2 loading and unloading solution is based on conveyors inside the truck, matched by
conveyors in the sending and receiving facilities. Truck drivers perform several
activities during loading and unloading.

The case involves the material flow of palletised goods from a factory to a finished
goods warehouse, both owned by the same company. The transports are performed by
a transport provider using an autonomous truck. The automated loading and unloading
solution is based on an AGV that performs the loading and unloading.

The case involves an AGV system consisting of three AGVs. One AGV is dedicated to
moving kits from a kit preparation area to production and returning empty kits. The
remaining two AGVs are used to move palletised goods, to, from, and between
production cells, and to finished goods storage. The AGVs use SLAM-based navigation.
Paper V The AGV system operates within a busy environment where other manually operated
transports take place and many operators are moving around

This is the same AGV system as case 3 in Paper [ and case 1 in Paper II1. The focus is
Case 2 on the work organisation in the implementation phase and in the post-implementation
phase.

Case 1

Paper [

Case 1

Paper
v

Case 3

Case 1

Table 3.3 provides an overview of each paper, including the type of study, the focus of
the study, data collection methods, analysis methods, outcomes and the contribution of
the papers to the RQs of the thesis. Further details on the methods applied in each paper
are provided in Section 3.3.
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Table 3.2. Overview of the data collection.

Paper Case Collected data
For all — Interview with AGV supplier 1 to validate the framework applied in the study.
cases — Interview with AGV supplier 2 to validate the framework applied in the study.
— Interview 1 with Project Manager*.
— Interview 2 with Project Manager*.
Case 1 — Visit to the sitg, informal interviews with Operators and observations of the AGV
system 1n operation.
— Documents including reports from the introduction, educational materials, and
Paper [ o etes .
responsibilities for different employees.
— Interview with Project Manager 1.
Case2 | — Interview with Project Manager 2.
— Documents including educational materials and new responsibilities for employees.
— Interview with Reliability Engineer 1.
Case 3 — Visit to the site, informal interviews with Operators, and observations of the AGV
system in operation.
— Interview with global logistics specialist at the company from which the model was
inspired. Explanation of data and how the material flow work
Paper 11 N/A — Site visit to observe the material flow
— Historical demand data
— Drawings of the material flow
— The collected data from case 3 in Paper I were used as a basis for understanding the
AGYV system.
— Interview with Reliability Engineer 1.
— Interview with Logistics Operator.
Case 1 - Intervie.w wi'{h Production Op§rator. o ‘
— Group interview with Production Manager 1, Reliability Engineer 1, and Safety
Representative.
— Visit to the site to observe the AGV system in operation.
— Documents from the AGV introduction including work instructions, and traffic rules.
Paper 111 — Interview to discuss the results of the paper with Reliability Engineer 2.
— The collected data from case 1 in Paper I were used as a basis for understanding the
AGV system.
— Interview with Logistics Developer 1* and Logistics Developer 2.
— Interview with Production Technician.
Case2 |~ Interv@ew W%‘[h Tearp Leader / AGV Superuser.
— Interview with Logistics Operator.
— Documents from the AGV introduction, including lessons learned, responsibilities of
employees, and work instructions.
— Group interview to discuss the results of the paper with Logistics Developer 1, Logistics
Developer 2, and Logistics Developer 3.
— Visit to the site of the recipient of goods including interviews and observations.
Observations of the activities of Truck Driver 1.
— Interviews with Supply Chain Engineers 1 and 2, and Truck Driver 1.
— Visit to the site of the recipient of goods including interviews and observations.
Case 1 — Interviews with Team Leader 1 and Logistics Operators 1 and 2.
— Visit to the site of the sender of goods including interviews and observations.
Observation of the activities of Truck Driver 2.
— Interviews with Team Leader 2, Logistics Operator 3, Truck Driver 2.
— Interview to discuss the results of the paper with Supply Chain Engineer 3**.
— Visit to the site of the recipient of goods including interviews and observations.
Paper IV Observgtion of the activities of Truc].< Driver 3. o
— Interviews with Supply Chain Engineers 1 and 2, Logistics Operator 4, and Truck
Driver 3.
Case 2 — Visit to the site of the sender of goods including interviews and observations.
Observations of the activities of Truck Driver 4.
— Interviews with Production Manager, Maintenance Employee, Logistics Operator 4, and
Truck Driver 4.
— Interview to discuss the results of the paper with Supply Chain Engineer 3**.
— Visit to the site of the sender and recipient of goods including interviews and
Case 3 observations.

— Interviews with General Manager in Logistics, Logistics Engineer, and Process
Engineer.
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— Visit to the site of the sender and recipient of goods including interviews and
observations. Interviews with Logistics Engineer, Process Engineer, AGV supplier,
Transport Provider Representative, and Operator.

— Interview to discuss the results of the paper with General Manager in Logistics and
Process Engineer.

— Interview with Project Manager 1.

— Visit to the site to observe the AGV system in operation.

— Interview with Project Manager 2 and Process Engineer.

— Visit to the site to observe the AGV system in operation and seeing the developments
Case 1 since the previous visit.

— Interview with Production Technician.

Paper V — Interview with Project Manager 2 and Process Engineer.

— Visit to the site to observe the AGV system in operation and developments since the
previous visit

— The collected data from case 1 in Paper III were used as a basis for understanding the
AGV system.

— Interview with Production Manager who was the manager during AGV implementation.
— Interview with Production Manager 2 and Reliability Engineer 2.

*Logistics Developer 1 is the same person as the Project manager in Case 1 in Paper I, this person changed roles in between the data
collection.

Case 2

**This was the same interview.

Figure 3.2 shows the relationships between the papers and the research questions of the
thesis as well as the relationships between the papers. The dashed arrows between the
papers indicate that subsequent papers were initiated partly based on insights from
previous papers. Paper I led to the initiation of studies for Papers II and III. The results of
Paper III provided ideas for the focus of Paper V. As shown in Figure 3.2, Paper I
contributes to answering RQ 1 and RQ 2 of the thesis. Paper II is the sole contributor to
answering RQ 3. Paper III addresses RQ 1 and RQ 2, focusing on the human and work
organisational subsystems. Paper IV, which focuses on requirements for loading and
unloading, contributes to answering RQ 1. Finally, Paper V contributes to RQ 2 regarding
the dimensions of the work organisation: structure, job, and competence.

Paper I focuses on the requirements for AGV system design, while Paper IV addresses
the requirements for automated loading and unloading. Paper III examines human-related
and organisational challenges when an AGV system is introduced. The challenges
identified in Paper III are translated into requirements for the AGV system design by
analysing how each challenge influenced the system design and formulating
corresponding requirements. For example, a challenge identified in Paper III was that the
operators on the shop floor were worried and stressed about the AGVs in the introduction,
which influenced their well-being. The requirement for the design was to overcome this
worry and stress. In the cases studied in Paper III, training programmes were developed,
and operators were informed about the AGV system to help them become familiar with
the AGVs. By translating the challenges into requirements, Paper III contributes to
answering RQ 1. Additionally, Paper III provides insights into how human-related and
organisational challenges were addressed during the AGV introduction, such as operator
training, new work organisational structures, and work tasks. Thus, Paper III also
contributes to answering RQ 2.
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Case studies are suitable for exploratory research (Meredith, 1998) which aligns well with
the aims of the papers, except Paper II. Case studies provide depth and insight into
phenomena about which little is known (Ellram, 1996). Paper I aimed to identify
requirements for AGV system design, and identified requirements that were not technical
which previous research had given limited attention to. Humans and work organisation
had only seen scarce attention within the technical focus of previous research on AGV
systems, but Paper I showed that these were important. It was therefore considered
suitable to explore human-related and organisational challenges through a case study in
Paper III. The work organisational design for supporting AGV systems was explored in
Paper V, particularly by examining the implementation and post-implementation phases.
Few papers have addressed automated loading and unloading beyond developing and
suggesting technical solutions. Identifying requirements for automated loading and
unloading, considering the interoperability between sender, recipient, and transport
provider, through a case study was therefore appropriate. Case studies were thus
considered to be suitable for Papers I, 111, IV, and V. However, case studies are not without
drawbacks (see Section 3.4) in relation to the research quality.

Paper] [-------- Fommmmmmmm----
v |
Paper 11 :
\ 4
Paper Il [---=-----------------~
1
Paper IV \
A 4
Paper V
RQ 1 RQ2 RQ 3

Figure 3.2. Relationships between the papers and their contributions to the RQs.

In Paper 11, a discrete event simulation study was conducted. Discrete event simulation is
a type of simulation in which changes to the modelled system occur at discrete points in
time when events occur (Banks, 2010). Simulation modelling allows for testing changes
or improvements without altering existing systems as well as running experiments in
compressed time (Chung, 2003). Since it was not possible to perform experiments in any
real-world industrial material flow regarding combinations of load capacity and fleet size,
developing a simulation model enabled studying and perform experiments in the
simulation model. Through one of the industrial parties in FAKTA, data from a real-world
material flow were gathered, providing a good basis for developing a realistic and
industrially relevant model. In total, five factors were analysed: load capacity, fleet size,
speed, load transfer duration, and routing restrictions. Simulation was considered an
appropriate method for the purpose of Paper II, as conducting actual experiments in the
real world with these factors would not have been possible. Simulation has been applied
to similar contexts and problems in previous research, indicating its relevance and
appropriateness for the studied problem.
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3.3. Methods applied in the appended papers
This section presents the methods applied in the five papers appended to this thesis,
including case selection, data collection and analysis.

3.3.1. Methods applied in the study for Paper I

The aim of Paper I was twofold: to identify requirements for AGV system design and to
develop an understanding of how the identified requirements influence that design. The
framework developed for the paper had two parts: design areas in AGV system design, in
terms of the technical subsystem as it is considered in the thesis, and sources of
requirements.

Case selection

Three cases were studied, each with different features and unique characteristics but also
some similarities. Eisenhardt (2021) stated that cases with differences and similarities
should be chosen to sharpen the focus on the empirical phenomenon, mitigate alternative
explanations, and improve generalisability. The design of the AGV system had recently
been completed at the time of data collection, and details regarding requirements for the
design and the design of the AGV system were still fresh in the interviewees’ minds. The
cases were considered suitable for studying the requirements for AGV system design,
even though the AGV systems had already been established prior to data collection.

Fleet size was one aspect in which the three cases differed from each other. Case 3 had a
relatively large fleet of AGVs, whereas cases 1 and 2 had fewer vehicles, which can
influence interaction with humans and the design of guidepaths, and traffic management
and control. The environment in which the AGVs were used also differed: in cases 1 and
2, the AGVs operated in logistic areas connected with production, while in case 3, they
were used in cell production. The unit loads moved by AGVs also differed between the
cases: racks were moved in cases 1 and 2, whereas two types of pallets were moved in
case 3. As for their similarities, the load-carrying mechanisms were forklifts in all three
cases, and in all the cases, virtual guidepaths were used for navigation. However, the
guidance technology differed: cases 1 and 2 used natural features for navigation, whereas
case 3 used laser-based guidance with reflectors. The differences and similarities between
the cases allowed for identifying, comparing and understanding requirements for AGV
system design and, in turn, determining how they could be met in the design of AGV
systems.

Data collection

An analytical framework consisting of two parts was developed. The first part focused on
the design areas of AGV systems. The second part was sources of requirements from
which design requirements for the AGV system arise from. The developed framework
was presented to two major suppliers of AGV systems to gather their opinions on whether
the proposed framework and its sources of requirements covered the requirements they
assess when working with their clients. Both AGV suppliers validated the framework.

Once the framework was finalised, data were collected through interviews. Some
interviews were conducted in person, but most were conducted online using Zoom and
Microsoft Teams due to the response to the COVID-19 pandemic, which restricted
company visits. In the studied cases, project managers involved in the design of the AGV
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systems were interviewed. The interviewees had been involved in the design of the AGV
and were knowledgeable about the requirements and the design of the AGV system. An
interview guide based on the theoretical framework was created and followed during the
interviews. Before each interview, the guide was sent to the interviewees to allow them
to review the questions in advance. Each interviewee consented to the interview being
audio recorded to facilitate later review of the interview’s content.

Data were also collected during later site visits involving the direct observation of the
AGYV systems in operation in cases 1 and 3, where visits were allowed. During each site
visit, the project manager explained the operation of the AGV system being observed.
Informal conversations with employees in various roles, such as logistics operators, team
leaders and production technicians, were conducted during the visits to gather their
perspectives on the AGV system, including their experiences working with the AGVs.
Notes were taken during the guided tours. For case 2, however, site visits were prohibited
during the pandemic. As an alternative, additional attention was paid to the AGV system’s
operation during the online interviews. The project managers presented photographs and
videos from the shop floor, as well as drawings of the system’s layout and guidepaths in
the environment. They detailed the system’s operation to provide a good understanding
of the flow of the AGVs and the operations in place of a site visit. At least two of the
authors of the paper were present during all the interviews and direct observations.

To supplement the primary data, secondary data were collected in the form of internal
reports, organisational charts, work routines, and educational materials for the operators.
These documents illustrated, for example, how procedures and routines for different roles
changed in response to the introduction of the AGV system and the lessons learned from
its introduction. Following data collection, case descriptions were created from the
compiled data, capturing the identified requirements of AGV systems and their influence
on the system’s design in each case. The case descriptions were then sent to the respective
companies to verify that the data collected had been correctly understood.

Analysis

The analysis was performed in two stages: a within-case analysis and a cross-case
analysis. In the within-case analysis, each case was individually analysed to understand
which requirements influence the design areas of the AGV system. For example, the
analysis examined which requirements influenced the fleet sizing of the AGV system for
each case. Subsequently, the cross-case analysis compared the requirements for AGV
system design across all three cases, focusing on their similarities and differences, as well
as how these requirements were met in each AGV system’s design, based on the
framework created from the literature. From this analysis, design guidelines were derived
that connected the identified requirements to the AGV system’s design.

3.3.2. Methods applied in the study for Paper 11

The research question of Paper II was: How do different combinations of load capacity
and fleet size impact the required inventory levels at the receiving stations in part feeding?
Required inventory levels refer to the inventory needed to avoid material shortages at the
receiving stations. A discrete event simulation model was developed to achieve the aim
of the study.
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Data collection

A real-world industrial material flow inspired the simulation model. The material flow
consisted of deliveries from a single storage point to several delivery points connected to
an assembly line. This material flow within the factory of a global automotive
manufacturer provided a realistic and relevant inspiration for the model. To create the
model, data were collected from the material flow. Drawings of the factory’s layout and
the routes of the vehicles in the material flow were obtained from the company, including
the positions of the delivery locations and the distances in the layout. Historical transport
demand data were also collected; for each delivery location, these data included the times
when demand occurred and when a delivery was completed. The demand and the overall
routes, delivery locations, and distances were modelled.

In addition to collecting data in the form of drawings and historical demand, a site visit
was conducted to observe the material flow in operation and gain a deeper understanding
of it. The visit was guided by a global logistics specialist whose expertise lies in the
factory’s internal logistics and material flows. The logistics specialist provided an in-
depth tour of the material flow that inspired the simulation model. They also answered
questions about the historical demand data and were contacted on several occasions
during model development to ensure that the aspects of the material flow included in the
model had been correctly understood.

Model implementation

The route network in the material flow was created in the simulation software to represent
the distances in the real-world scenario. The localisation of the starting point and the
delivery locations along the route were also implemented in the model to mirror the actual
material flow. The data collected on transport demand were fitted to statistical
distributions, which were subsequently implemented in the model to generate transport
requests. Each delivery location was assigned its own statistical distribution to generate
transport requests specific to that location. The factors and performance variables relevant
to the purpose of the paper were identified from previous research. These factors included
load capacity, fleet size, AGV speed, load transfer duration, and the use of multiple-
versus single-lane routes. The levels of these factors were also derived from previous
research. The main performance variable was required inventory.

Assumptions in the model were discussed with the logistics specialist at the company and
members of the FAKTA project group who work with simulations and AGV systems.
Earlier versions of Paper Il were presented to the FAKTA project group on two occasions:
one primarily addressed simulation-related issues and the other presented a draft version
of the paper, including preliminary results. During these presentations, practitioners
provided feedback and comments on the paper, the implementation of the simulation
model and the results of the paper.

Experimental design

The first step of the analysis was to determine viable combinations of fleet size and load
capacity. A viable combination should meet the demand of material flow without the
transport request queue increasing indefinitely. For each viable combination, the
minimum required inventory was determined based on the cycle service calculations for
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the safety stock. A service level of 98% was deemed suitable for the material flow and
was approved by the logistics specialist as appropriate for a real-world scenario.

To confirm the accuracy of the results, the error percentage of the required inventory level
for all combinations of fleet size, load capacity, speed, load transfer duration, and
multi/single lane routes was calculated. The maximum percentage error across all
combinations was 2.46%. This error percentage was low enough not to affect the
interpretation of the simulation experiment results.

The combinations of load capacity and fleet size, along with the required inventory, were
analysed when the levels of the factors changed: first, when altering AGV speed; second,
when changing load transfer duration; and finally, when varying both simultaneously for
two selected combinations. The impacts of multi/single lane routes were also analysed.
Graphs of the results were compared to highlight differences and similarities between the
combinations of AGV fleet size and load capacity. Patterns in the graphs were compared
to determine whether certain combinations of load capacity and fleet size interacted with
speed, load transfer duration, and routes in different ways.

3.3.3. Methods applied in the study for Paper II1

Paper III aimed to answer the research question: “What human- and organisation-related
challenges arise in the introduction of AGVs in production facilities?”. For Paper III, a
new case study on human- and organisation-related challenges in introducing AGV
systems was performed on the same AGV systems as those studied in two of the cases in
Paper 1. Despite the separate case studies, general data collected regarding the AGV
systems in Paper I formed part of the basis for the case studies in Paper II1.

Case selection

Both cases had similarities and differences identified in Paper I that were relevant to the
purpose of Paper III. The cases complemented each other in many ways. Two AGVs were
introduced in Case 2 and 17 in Case 1. The difference in fleet size was expected to
influence the challenges encountered. For example, a larger fleet meant that most of the
traffic in the manufacturing area was AGV traffic, which could impact the acceptance of
AGVs among employees due to the significant change from established working
conditions and the organisation required to manage the AGV fleets. In Case 1, the change
from the previous state without AGVs was expected to be smaller and potentially easier
to get used to and accept.

The number of AGVs introduced can also affect challenges in work tasks for various
employee roles in the facility, such as the division of responsibility for work tasks. For
instance, the task of failure management may change because a larger fleet requires the
monitoring and maintenance of more AGVs. From the study in Paper I, it was clear that
the organisation of different activities related to the AGV systems varied between the
cases, which could influence human and organisational challenges. As stated in Section
3.3.1, both cases are in production environments; case 1 is involved in cell production,
and case 2 is involved in the logistics of an assembly line production.

Data collection

Data collection was performed after the AGV introduction had been completed. A similar
approach to data collection in Paper I was used. The interviews comprised the majority
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of the data collection. Interviews were conducted with operators, project managers, team
leaders, and production support employees, including AGV superusers and production
technicians. An AGV superuser is a team leader for a group of operators who has received
additional education to manage AGV failures and thus has extra responsibilities to ensure
the AGVs are operational. These employees’ roles were significantly affected by the
introduction of the AGV system. They were involved in both the AGV system’s
introduction and daily operation.

To structure the interviews and ensure that the same topics and questions were addressed
in all interviews, an interview guide was created and sent to the interviewees beforehand,
allowing them to review the questions in advance. The interview questions were based on
the HTO model. Questions were developed to explore human- and organisation-related
challenges of introducing AGVs.

Site visits were also conducted for the cases to observe the AGV system in operation, how
the AGVs interact with operators, and how operators support the AGVs. During the visits,
an expert on each AGV system explained the material flow, the AGV system, and its
interactions with the operators. In case 2, the main expert on the AGV system was the
employee who had been the project manager during the AGV implementation project. In
case 1, the reliability engineer responsible for maintaining the AGVs’ operational status
had considerable expertise with the AGV system.

Company documents describing the AGV processes, the work tasks of different operators,
traffic rules, and the responsibilities and authority of various roles in relation to the AGV
system, as well as educational materials and documents outlining the knowledge required
for different roles regarding the AGV system, were also collected. After data collection,
case descriptions were compiled and sent to the respective companies to verify that the
information had been understood correctly.

Analysis

The analytical framework was based on the HTO model (Karltun et al., 2017) to analyse
the interaction between the three subsystems: human, technology, and organisation. To
apply the HTO model, each subsystem had to be defined for the phenomenon being
studied; thus, the subsystems were defined to explore the challenges of introducing
AGVs.

The first step in the analysis, the within-case analysis, resulted in the case descriptions
presented in the paper. Each case was analysed individually in terms of human, technical,
and organisational aspects. The human factor aspects of the employees working with
AGVs were analysed. In the technical subsystem, the analysis focused on the technical
design of the AGV system, such as the number of vehicles, navigation technology, and
control. Finally, in the work organisational subsystem, aspects such as the organisation of
training sessions and the organisational structure for managing errors were analysed.

The HTO model was used for the cross-case analysis. The analysis focused on the
challenges of introducing AGVs related to the interactions between AGVs and humans
(H-T interactions), AGVs and the organisation (T-O interactions), and all three
subsystems simultaneously (H-T—O interactions).
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Finally, actions to manage the challenges were suggested. These suggested actions were
discussed with the interviewees from the case companies to obtain their input on them.
Although the main interviewee in case 1, the reliability engineer, had left the company at
this point, the individual who assumed the role had been well informed by their
predecessor and was capable of answering the questions suitably.

3.3.4. Methods applied in the study for Paper IV

Paper IV explored requirements for the automation of loading and unloading. The paper
address: which are the requirements for automated loading and unloading of autonomous
trucks? Automated loading and unloading in this paper denote fully automated loading
and unloading process. A multiple case study consisting of three cases was conducted.

Case selection

In Paper IV, the three cases examined demonstrate both similarities and differences,
providing a basis for identifying requirements for automated loading and unloading.
Cases 1 and 2 used similar loading and unloading solutions, involving trucks dedicated
to the material flow with conveyors installed in the trailers. Matching conveyors were
also installed in the sending and receiving facilities, and a truck driver was needed to
operate the loading and unloading solution. Although cases 1 and 2 are not fully
automated, the requirements for fully automating loading and unloading could be
identified by observing them. By contrast, case 3 involved a pilot project using AGVs for
the automated loading and unloading of an autonomous truck. There were no truck drivers
or operators involved in the loading and unloading of the truck in this pilot project. Thus,
two different loading and unloading solutions, which may entail different requirements
for automated loading and unloading, are represented in the cases.

All three cases involved industrial material flows in which transports took place between
warehouses and production facilities. Cases 1 and 3 involved palletised goods, while case
2 used racks. The sending and receiving facilities belonged to the same company in case
3, whereas in the other two cases, they belonged to different companies, which could
affect interoperability requirements, such as those related to processes, legal aspects, and
the IT systems used. In all three cases, transport providers were responsible for the
transport between the sender and the recipient. In case 3, an autonomous truck was used.
The cases also differed in terms of their operational setup, for example, in case 2, the
goods had to be delivered in-sequence, and the case involved a return flow of empty unit
loads.

Data collection

Data collection was conducted for each of the cases at both the sender and recipient
facilities and largely consisted of direct observations of the material flows. The activities
performed by the truck driver from arrival to departure, as well as those performed by the
logistics operators in the inbound and outbound flows, were observed. During the
observations, the operators and truck drivers explained each step they performed and their
procedures when something did not operate as expected. The material flows from the
sender to the recipient were also video recorded to allow for a later review of the activities
performed in the flows. Interviews were conducted with managers and engineers who
explained the setup for the collaboration between the sender, recipient, and transport
provider.
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The automated loading and unloading solution using AGVs in case 3 was not fully
operational during data collection. Since there was no automated loading and unloading
solution to begin with, this presented an excellent opportunity to identify requirements
for automating the loading and unloading in the material flow together with the industrial
participants, which aligned with the aim of paper. Tests using AGVs for loading and
unloading were conducted. In cases 1 and 2, the automated loading and unloading had
already been established. The collected data were compiled into case descriptions that
were sent to the case companies for validation.

Analysis

A framework was developed in the paper to facilitate the identification of requirements
for automated loading and unloading. The first dimension consisted of the four types of
functions where automation can be applied based on the framework of Parasuraman et al.
(2000). These functions consisted of information acquisition, information analysis,
decision and action selection, and action implementation. The second dimension
consisted of four interoperability layers, including organisational, legal, semantic, and
technical interoperability (European Commission, 2017). A four-by-four matrix was
created using the types of functions and layers of interoperability, and requirements were
identified in each cell of the matrix.

First, a within-case analysis was conducted, in which all the activities involved in the
loading and unloading were mapped and categorised into one of four functions where
automation can be applied. All the activities, from when the truck arrives until it departs
for the next destination, at the sender and at receiver facilities, were mapped. The within-
case analysis also consisted of identifying the IT systems involved in the loading and
unloading, the information flows between systems and between the sender, recipient, and
transport provider, as well as the legal terms regarding loading and unloading.

Second, a cross-case analysis was conducted, in which the cases were compared along
the four interoperability dimensions to identify requirements for automated loading and
unloading. Since loading and unloading involves several different actors, interoperability
between the actors is crucial, and requirements were identified in each layer. A
comparison of the three cases revealed that although many requirements were similar
across them, some requirements were unique, for example, requirements relating to the
technical loading and unloading solution that was used.

3.3.5. Methods applied in the study for Paper V

Paper V has the purpose to develop an understanding for what is required of the work
organisation to support AGV operations, in the implementation phase and in the post-
implementation phase.

Case selection

Two cases were studied. Both cases were in production environments where AGVs move
materials to, from, and between production cells. Case 1 consisted of three AGVs. The
AGVs in this case had advanced navigational capabilities that did not require guidepaths
and were capable of avoiding obstacles in their planned routes. The operational areas and
load transfer positions could be redesigned without supplier involvement, influencing the
organisation in making design changes. In Case 2, there were 17 AGVs, which were laser
guided and followed predefined guidepaths in the environment. The technical capabilities
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of the AGVs could influence the work organisation in ensuring that the AGVs are
operational. More advanced navigational capabilities may be more robust and function
without manual interventions to a larger extent. The size of the AGV fleet can also
influence the work organisation, as keeping 17 AGVs operational requires greater effort
compared to managing three AGVs. The AGVs in case 2 cannot be redesigned without
supplier involvement. Case 1 involved AGVs from two suppliers, requiring the company
to have competencies to manage both types of AGVs.

Data collection

Data collection mainly consisted of interviews. Interviews were conducted with the key
employees involved in the implementation and post-implementation phases of the AGV
system, including the production manager, production technician, process engineers,
reliability engineers, project managers, and AGV superusers. The interviews focused on
the work organisation in the AGV system, how it was initially designed, how it evolved
throughout implementation, and how it functioned in the post-implementation phase. The
organisational structure, job dimensions, and competencies were explored in the
interviews. In addition to the interviews, study visits were conducted for both cases.
During the visits, a comprehensive understanding of AGV operations was achieved. The
visits were led by the main contact person for each case, i.e. the project managers in case
1 and the reliability engineer for the AGV system in case 2.

Analysis

An analytical framework was derived from the literature, consisting of two aspects: three
dimensions of a work organisation and two implementation phases. The three dimensions
of'a work organisation were organisational structure, competence and job. The two phases
of the implementation considered were the implementation phase and the post-
implementation phase (i.e. when the AGVs had been integrated into daily operations).
The within-case analysis involved individually analysing the cases based on the work
organisation in the two implementation phases. The cases were then compared along these
dimensions to determine what is required of the work organisation in the two phases and
to identify the similarities and differences between the cases in these dimensions.

3.4. Research quality

Many criteria can be used to assess research quality. Given that four case studies were
conducted as part of the research, this thesis adopted Yin’s (2014) four research quality
criteria for case studies: construct validity, internal validity, external validity, and
reliability. Each of these quality criteria is addressed in the following subsections in
relation to the research conducted. The research conducted in Paper II is also assessed in
terms of these four criteria, even though it was a simulation study.

3.4.1. Construct validity
Yin (2014, p. 40) defines construct validity as ‘identifying correct operational measures
for the concepts being studied’.

The convergence of multiple sources of evidence supports construct validity (Ellram,
1996; Yin, 2014). Triangulation involves using more than one source of data to study a
phenomenon (Bell et al., 2022; Stake, 2005); it is a common strategy to improve the
quality of qualitative research (Flick, 2009) and can strengthen construct validity (Voss
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etal., 2002). All the papers used multiple sources of evidence. Papers I and III were based
on three sources of data, namely interviews, direct observation, and internal documents.
In Papers [V and V, two data sources were used for triangulation: direct observations and
interviews. Paper IV also involved video recordings of the activities performed in the
loading and unloading, which allowed the activities to be reviewed at a later point in time.
Paper II, used archival data from historical transport requests and layout drawings,
including measurements and the localisation of pick-up and delivery points. To ensure a
correct understanding of the material flow, interviews with the company’s global logistics
specialist and direct observations during a site visit (during which the logistics specialist
answered questions) were conducted.

Establishing a chain of evidence that ensures the traceability of data over time and that
no evidence is lost is another way to improve construct validity (Yin, 2014). In all the
papers, a chain of evidence was established from the data collected from the cases and
for the modelling in Paper II. The data collection was carefully documented in each study,
including the sequence in which the data were collected.

Having key informants review draft case study reports also supports construct validity
(Yin, 2014). In the four papers based on case studies, the key informants from the cases
were asked to review the case descriptions developed from the collected data and to
provide feedback on the descriptions if necessary. In the study for Paper II, the simulation
model’s development was discussed on several occasions with the global logistics
specialist and industrial parties involved in the FAKTA project.

3.4.2. Internal validity

Internal validity refers to ‘seeking to establish causal relationship, whereby certain
conditions are believed to lead to other conditions, as distinguished from spurious
relationships’ (Yin, 2014, p. 40).

Whenever an event cannot be directly observed in case research, an inference is made,
and those inferences must be correct to achieve internal validity (Yin, 2014). In the
research for Papers I, III, and V, the processes of designing and implementing the AGV
systems had already been completed by the time of data collection, meaning direct
observation of either process was impossible. Thus, Papers I, III and V relied on
inferences made about events that could not be directly observed. The data collection
focused on interviewing people that had substantial knowledge about the AGV systems
and that had been involved in the design. These interviewees could thus provide answers
to the aspects which could not be observed. Site visits were conducted in all studies, were
an understanding of the AGV systems could be achieved and design decisions mentioned
in the interviews could be confirmed by observations. In Paper II, archival data on
demand were collected i.e. how the demand was logged was not observed. A site visit was
conducted to better understand how demand is generated and logged in the system, and
the global logistics specialist explained the material flow in detail.

Paper IV was largely based on observations, particularly in cases 1 and 2. The loading
and unloading processes were observed for full cycles in cases 1 and 2, and Paper I'V thus
relied less on inferences than the other case studies. In case 3, the pilot project for using
AGVs for automated loading and unloading was conducted during data collection.
However, inferences were also made in Paper IV regarding events that could not be
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observed during the study visits, including anomalies that could occur during loading and
unloading and the requirements related to such events. Anomalies seldom occurred and
not at fixed intervals, making them difficult to observe. The truck drivers explained the
tasks performed when something malfunctions during loading and unloading. The truck
drivers were the most knowledgeable about the malfunctions since they work with the
loading and unloading solutions every day.

Voss et al. (2002) state that cross-case analysis can improve internal validity by
countering conclusions made based on limited data. Cross-case analyses were performed
in Papers I, III, IV, and V to highlight their differences and similarities. The analyses in
these papers were guided by frameworks developed based on the literature. Matching the
findings from the cases with the frameworks derived from the literature is considered to
improve internal validity (Yin, 2014).

3.4.3. External validity

Yin (2014, p. 40) states that external validity refers to ‘defining the domain to which a
study’s findings can be generalised’. Generalising from case studies can be challenging
due to the typically small number of cases (Bell et al., 2022). However, external validity
can be improved by studying multiple cases (Voss et al., 2002). Additionally, because case
research relies on analytical generalisation rather than statistical generalisation, external
validity can be achieved by using replication logic, for example, by finding similar results
in additional cases or by comparing the results with findings in the literature (Yin, 2014).
Accordingly, the research in Papers I, III, IV, and V involved multiple cases, cross-case
analysis, and comparisons with previous research. In all five papers, the cases were also
described in detail, which enabled comparisons with other contexts.

In Paper II, the modelled material flow had to be representative of similar settings and
not only relevant to the specific material flow that inspired the model. The material flow
was within the assembly line of a global automotive manufacturer with decades of
industry experience. Similar material flows are likely to be found at other automotive
manufacturers. Performance measures and the factors evaluated in the model were based
on the literature. The levels of the factors in the simulation experiments were also
identified in the literature to ensure that the factors were evaluated at relevant levels,
making the study’s results easier to generalise. Additionally, the material flow is described
in detail, which can facilitate in making comparison to other material flows and assessing
to which flows the results are applicable.

All the papers have been presented at conferences to knowledgeable researchers and
practitioners. Paper I was presented at PLAN Forsknings- och tillimpningskonferens in
2020 a Swedish conference oriented towards practitioners. Paper II was presented at the
2023 Cluster Conference (Klusterkonferensen), a Swedish conference in which
practitioners and researchers working with logistics and production participate and share
ideas. Paper III was also presented at the Cluster Conference but a year earlier, in 2022,
and later at the Assembly Conference (Monteringskonferensen). The Assembly
Conference, similar to the Cluster Conference, involves both practitioners and
researchers, with a focus on assembly and production-related topics. It is also a Swedish
conference. A conference version of Paper IV was presented at the Annual EurOMA
conference in 2023. EurOMA is a conference oriented towards researchers. Paper V was
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presented at the Annual EurOMA conference in 2024. Feedback on the papers was
received at these conferences. Additionally, before the papers were finalised, the results
of Papers 1, II, and III were presented to the industrial parties involved in the FAKTA
project.

3.4.4. Reliability

Yin (2014, p. 40) defines reliability as ‘demonstrating that the operations of a study, such
as the data collection procedure, can be repeated, with the same results’. To ensure
reliability, following study protocols and maintaining a database for the research are
recommended (Ellram, 1996; Yin, 2014), as they allow careful documentation of the
process and the collected data. For the research in Papers I, III, IV, and V, a database was
created for each study to store all interview-related material, notes from direct
observations, internal documents, and the case descriptions derived from the data. Voss
et al. (2002) state that the reliability of data can be improved if multiple sources of data
are used when studying a single phenomenon. Multiple sources of data were indeed used
in all the papers. An overarching protocol for each case within the case studies of the
papers was established, with a plan for the data collection for each case that included how
and what kind of data to collect, such as potential roles at the case companies to interview.
A database was created for the archival data and drawings of the material flow received
from the company in Paper II.

When interviews are conducted, reliability can be improved by having multiple
interviewers present, which increases the likelihood that a common approach is followed
in all interviews across all cases (Voss et al., 2002). This is important when studying
multiple cases. Having multiple interviewers can also reduce the risk of personal biases
influencing data interpretation. In the research for Papers I, III, and IV, at least two co-
authors were involved in the interviews and site visits, which improved the reliability of
the research. Eisenhardt (1989) stated that there are two advantages to having multiple
investigators in case research. First, creativity in the study may be enhanced by the
investigators having different perspectives, which may result in complementary insights
from the data. Second, converging observations from multiple investigators increases
confidence in the findings.
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4. Summaries of the appended papers
This chapter presents summaries of the five appended papers explaining the purpose,
method, findings, and the contribution of each paper.

4.1. Paper 1

Thylén, N., Hanson, R., and Johansson, M. 1. “Requirements influencing the design of
automated guided vehicle systems.”

Updated version of the paper from PLAN Forsknings- och tillimpningskonferens,
October 2020.

Purpose / RQ: To identify requirements in AGV system design and to develop an
understanding of how the identified requirements influence that design.

Method: A multiple case study consisting of three cases of AGV systems in production
environments was conducted. Data collection was based on interviews, direct
observations, and documents.

Findings: A framework was developed consisting of two parts: sources of requirements
and design areas for designing AGV systems. Four sources of requirements were derived
from material handling equipment selection literature. Design areas for AGV systems
were derived from literature on AGV system design. The framework was applied to
identify requirements and understand how the requirements influence AGV system
design. Several requirements were identified. Some relationships between requirements
and design areas were expected, while others were novel; for example, work organisation
was identified as an important part of the AGV system.

Contributions: The paper revealed a need for work organisation that previous research on
AGYV systems had not considered in technical design areas. In addition, it revealed that
humans are also influenced by AGV systems, worries, changing work procedures and
routines, which need to be taken into account in design. The results can assist both users
and suppliers in clearly specifying the requirements to facilitate the design process and
ensure a well-functioning AGV system.

4.2. Paper 11
Thylén, N., Medbo, P., Fager, P., Frantzén, M., and Hanson, R. (Submitted) “AGV part
feeding: The impact of load capacity and fleet size.”

Purpose / RQ: How do different combinations of load capacity and fleet size impact the
required inventory levels at the receiving stations in part feeding?

Method: A discrete event simulation study, inspired by real-world industrial material flow
in automotive mixed-model assembly, was conducted. The layout, demand data and
locations of load transfer positions were collected from the industrial material flow.

Findings: The paper showed how the different combinations of load capacity and fleet
size impact required inventory levels considering AGV speed, load transfer duration and
single/multiple lane routes. For example, AGV speed strongly impacts combinations with
small load capacity, since these combinations have the largest travel distances per
transport request and thus benefit the most from increasing speed. By contrast, a large
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load capacity benefits most from short load transfer durations, since in each delivery
round, all carried unit loads need to wait for the load transfer for all the other unit loads.

Contributions: In previous research on AGV system design, mostly AGVs with a load
capacity of one have been considered. This paper provided further details on
combinations of AGVs of different fleet sizes and load capacities and how they impact
required inventory, thus contributing to the research on fleet sizing of AGV systems. The
findings can be useful for practitioners involved in designing part feeding of mixed-model
assembly lines.

4.3. Paper 111

Thylén, N., Wénstrom, C., and Hanson, R. (2023). ”Challenges in introducing automated
guided vehicles in a production facility — interactions between human, technology, and
organisation.” International Journal of Production Research, 61(22), pp.7809-7829.

Purpose / RQ: What human- and organisation-related challenges arise in the introduction
of AGVs in production facilities?

Method: A multiple case study consisting of two cases in which AGVs were introduced
in production environments. Data collection was based on interviews, direct observations,
and documents.

Findings: The HTO model was used to analyse the collected data and identify challenges.
Several challenges were identified relating to human—technical, technical-organisation,
and human—technical-organisation interactions. Human—technical challenges involved
worry, stress and inexperience in relation to working with AGVs. In the technical—
organisation interaction, decision about new routines and training had to be made to
address the. In the interaction between all three dimensions, acceptance and
understanding of the AGVs were crucial.

Contribution: The paper focused on human and organisational challenges, which had
received limited attention in previous research. Overcoming these challenges is crucial
for the operation of an AGV system, including the acceptance of AGVs among the
employees on the shop floor, establishing routines and responsibilities for managing
anomalies and errors in the AGV operations. Preliminary actions for how to deal with
these challenges are discussed in the paper.

4.4. Paper IV

Thylén, N., Flodén, J., Johansson, M. I., and Hanson, R. (2025) “Requirements
for the automated loading and unloading of autonomous trucks: An interoperability
perspective.” Accepted for publication in [International Journal of Physical
Distribution & Logistics Management. (in press).

Purpose / RQ: The paper explores the requirements in the automation of loading and
unloading by posing the research question: which are the requirements for automated
loading and unloading of autonomous trucks?

Method: A multiple case study consisting of three cases of automated loading and
unloading solutions in industrial material flows was conducted. Data collection was based
on direct observations during site visits, interviews, and video recordings.

54



Findings: A framework for identifying requirements was developed consisting of four
layers of interoperability and four types of functions where automation can be applied.
The framework assisted in identifying requirements relating to organisational, semantic,
legal, and technical interoperability. Many activities are manually operated today but
would need to be eliminated or be performed automatically if an autonomous truck is
used (organisational). Automating loading and unloading requires that several systems
can communicate and understand each other (semantic), and several sensors are needed
to monitor the activities performed (technical). Legal agreements need to be in place, and
it is important to secure cargo on the truck or trailer (legal).

Contribution: Automated loading and unloading is an underexplored area in research, but
its relevance is growing with the rising interest in applications of autonomous trucks when
no truck driver is available to perform the loading and unloading. While previous research
had suggested different technical solutions for automated loading and unloading, this
paper showed that there are several requirements relating to, for example, the legal or
organisational layers of interoperability. The findings can assist practitioners in designing
automated loading and unloading systems.

4.5. Paper V

Thylén, N. (working paper). “Designing work organisations for supporting automated
guided vehicles operations.”

Updated version of the paper from the Annual Euroma conference, July 2024.

Purpose: to develop an understanding for what is required of the work organisation to
support AGV operations, in the implementation phase and the post-implementation phase.

Method: A multiple case study consisting of two cases of AGV systems in production
environments was conducted. Data collection was based on interviews and direct
observations during site visits.

Findings: The work organisation focuses on establishing an awareness and understanding
of the AGV system in the implementation phase. It is important to get employees working
with AGVs to accept and support AGV implementation. In the implementation phase, the
work organisation must also establish work tasks related to AGV system operation, e.g.
error management responsibilities, and develop competence in working with the AGV
system. In the post-implementation phase, managing design changes and maintaining
competence levels are crucial.

Contribution: Previous research has identified barriers for the organisation when
implementing technologies such as a lack of experience, a risk of resistance and low
acceptance of new technologies. This paper revealed that such barriers must be overcome
by the design of a work organisation in AGV system implementation. It also identified
the efforts needed to maintain the work organisation for continued operation of the AGV
system in the post-implementation phase. The work organisation needs to be adapted over
time to best support the AGV system. Practitioners can use the findings in design
situations and for managing AGV systems in the long term.
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5. Results

The results of the thesis are presented in this chapter. The results are presented in relation
to the three research questions. Section 5.1 reports the results in relation to RQ 1. Section
5.2 reports the results in relation RQ 2, and the results in relation RQ 3 are presented in
Section 5.3. The chapter is concluded by presenting a summary of the results in Section
5.4.

5.1. RQ 1: Which are the requirements to consider in AGV system
design?

In this section, results related to RQ 1 are presented, drawing from the findings from

Papers I, III, and IV in the categorisation of requirements presented in Section 2.5.2:

internal logistics environment, characteristics of transported loads, performance, and

interactions within and between subsystems.

5.1.1. Internal logistics environment requirements

Concerning the internal logistics environment, physical restrictions of the environment
such as walls, ceiling heights, racking, floor quality, gates, workstations, machines, and
pillars create requirements that need to be considered in the guidepath design of AGV
systems. Aisle width creates a requirement that can influence whether multiple lane traffic
is possible in the environment, which in turn influences fleet sizing. Restrictions in the
environment can create a requirement for the battery charging localisation. In the three
cases in Paper I, frequent changes in the environments imposed requirements on the
navigation technology of the AGV systems. For example, machines, racking,
workstations and equipment were often moved to new locations, which influenced the
navigation technology of the AGVs, and these changes needed to be addressed in the
guidepath design. The navigation technology needed to be flexible to accommodate the
changes in the environment.

The environment put requirements on the navigation of the AGV system where the
navigation should be suitable for the environment, that the features of the environment
are considered when choosing navigation as well as for the guidepath design. In case 2 in
Paper I, there were some aisles which were not suitable for the navigational technology
of the AGVs since the AGVs would sometimes lose track of its position and would not
be able to continue. The guidepaths had to be adapted to avoid these aisles.

The travel distances in the environment and the location and number of pick-up and
delivery locations, as well as the overall demands of material flow, impose requirements
on the fleet size of an AGV system. The AGV system must be able to fulfil the demand.
How demand for transport is distributed spatially imposes requirements on fleet sizing
and traffic management and control. In case 3 in Paper I, several production cells near
each other occasionally start or finish batches at the same time, meaning that many
transport requests for the AGV system to the same area are created simultaneously.
Several AGVs are then sent to the same area, causing traffic congestion and, in turn,
delays for many transports, which risks delays in production. Thus, traffic management
and control, as well as fleet sizing decisions, need to consider spatial demand distribution.

The internal logistics environment can create requirements for the load-carrying
mechanism. In case 3 in Paper I, a few production cells were designed such that AGVs
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with longer forks were required to pick up and drop off pallets. As a result, three AGVs
were dedicated to these production cells and could not be used in any other material flows
in the facility. Another requirement from the environment that influences the load-
carrying mechanism is whether goods need to be picked up or delivered at different
heights. In cases 1 and 2 in Paper I, goods were only managed at the floor level, while in
case 3, the racking had several levels.

5.1.2. Characteristics of transported loads

The characteristics of transported loads, such as the weight and dimensions of unit loads,
impose requirements on the load-carrying mechanism of an AGV system, which was seen
in all the cases in Paper L.

A requirement that needs to be considered is whether the AGV system has to handle a
mix of unit loads. When there are mixed unit loads, it is important to consider the
dimensions of the unit loads as well as the unit loads’ design so that there is a fit between
the AGV and all the unit loads. In case 3 in Paper I, the AGV system manages two pallets
with the same dimensions but slight differences in design, which impacts pallet detection,
and due to the location of a sensor on the AGV, the pallets might not be detected, which
can cause errors and stops. A requirement is thus for the AGV system to be able to manage
the mix of unit loads.

In case 2 in Paper I, the unit loads partially blocked some of the navigational sensors
when loaded on the AGV, which occasionally caused navigational issues. An important
requirement is that the unit load is compatible with the AGV, for example, that
navigational sensors are not blocked.

The weight and height of the pallets impose requirements on the load securing of the
cargo during loading and unloading of trucks in case 3 in Paper IV. The AGV performing
the loading and unloading needs to get information on how many unit loads should be
loaded or unloaded and how they should be placed on the truck to secure the cargo. The
load securing together with the weight and height of the pallet thus influence the control
of the AGV system.

5.1.3. Performance requirements

Performance requirements can be expressed in many ways where meeting the overall
demand of the material flows is a central requirement for the AGV system. It is important
to consider how the demand is distributed over time. High variations in demand may lead
to having several idle AGVs during low demand while during peaks in demand, the AGV
system may struggle to complete the transports on time, risking late deliveries. Designing
the AGV system considering the variations in demand was difficult in all cases of Paper
I, influencing the fleet size and traffic management and control, as well as the work
organisational subsystems.

Ensuring high availability of the AGVs is an important requirement and managing failures
and errors is a vital to keep the AGV systems in operational condition. The failure
management involves requirements related to interactions within and between
subsystems, as additions and changes in the work organisational subsystem are necessary.
Quickly managing problems is of course important in loading and unloading as well since
long downtimes can cause delays in the departure of the truck. In Paper IV, an AGV may
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encounter problems in the loading and unloading, and it is unlikely that the AGV itself
will be able to solve the problems.

In case 3 in Paper IV, an important requirement for using AGVs for loading and unloading
is that the unit loads need to be stacked before being loaded onto a truck, to improve the
fill rate of the truck. The AGV thus needs to have capabilities to stack pallets, to reduce
the number of trips of the truck as observed in case 3 in Paper I'V.

Another performance requirement relates to the charging of the AGVs. Ensuring AGV
availability is important also in terms of charging. The AGVs in the cases of Paper I are
all battery-powered and thus require charging stations to be located at appropriate spots
in the environment. There could be restrictions in the internal logistics environment which
influence the localisation of the battery charging facilities.

5.1.4. Interactions within and between subsystems

In case 3 in Paper I, three generations of the same AGV model were used. Generational
differences imposed interoperability requirements, since the AGVs detected the
environment differently due the positions of their navigational sensors and the available
features in the software. This influenced traffic management and control and AGV
navigation. There were interoperability issues indicated in case 1 in paper V also
concerning using AGVs from two suppliers. The AGVs had to separate navigational
systems which were not interoperable.

Another interoperability requirement for the technical subsystem in case 3 in Paper I is
that AGV control is interoperable with the IT systems of the facility to receive and
confirm the completion of transport tasks. In cases 1 and 2 in Paper I, transport requests
for the AGV system are created by operators pushing buttons, and the IT systems and the
AGYV control do not need to communicate. In Paper IV, a clear requirement for automated
loading and unloading with AGVs is that when no humans are involved in loading and
unloading, the AGV control needs to be able to communicate with the IT systems used in
the facility. Transport requests need to be initiated for the AGV system, either by pushing
buttons, through the IT systems or other means. Initiating transport requests for the AGV
system is a requirement that influence both the work organisation and technical
subsystems.

In case 3 in Paper IV, the AGVs need to be able to scan barcodes on the pallets to
determine whether the correct pallets are managed during loading. Thus, the AGVs need
to be equipped with barcode scanners, and the barcodes need to be placed in the right
position on all pallets; otherwise, the AGVs will be unable to scan the barcodes, causing
loading interruptions.

In the three cases in Paper I, there were requirements related to the interactions between
the technical and human subsystems, which were further explored in Paper III. Drawing
upon the challenges identified in Paper III, there was a lack of previous experience with
working with AGVs among various roles on the shop floor (e.g. production and logistics
operators, team leaders, and maintenance personnel) relating to the cognitive human
factor aspects. Worry and higher stress levels among the operators on the shop floor were
identified in cases 1 and 2 in Paper IlI, which relate to the psychosocial human factor
aspects. For example, manually operated forklift or tugger train operators can establish
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eye contact with other operators, and their intentions can be communicated with gestures
and glances. Such communication with AGVs is impossible, and it can sometimes be
difficult to know what the AGVs are going to do. The operators also had concerns about
safety when working with AGVs and were doubtful about their benefits, since they
experienced frequent operational problems during their introduction, especially in case 1
in Paper III. The worry, stress, and doubts about the benefits of the AGVs contributed to
low understanding and acceptance of the AGVs among operators on the shop floor early
in the introduction phase, and negative views of the AGVs took time to overcome.
Developing competencies and new skills, as well as overcoming worry and stress by
developing an understanding and acceptance of the AGV system are crucial requirements.
Training and informing employees were needed in the work organisational subsystem.

The work force at a company is constantly changing as employees might quit or get new
positions within the company, and there is continuous employee hiring, making it
important that new employees know what to do concerning the AGV system where safety
routines are crucial. In case 2 in Paper III, the reliability engineer responsible for the
operation of the AGV system changed their position, so their know-how had to be
transferred to the new reliability engineer.

The operators were uncertain about how to act when encountering an AGV on the shop
floor and how the safety features of the AGVs function, creating requirements for the
work organisational subsystem. For example, in cases 1 and 2 in Paper III, before the
AGYV system’s introduction, pallets and other equipment could be placed in the aisles,
since the manually operated equipment could easily avoid them. When the AGVs were
introduced, this was no longer possible, and it became critical to keep the aisles clear.
New routines and work tasks needed to be developed, such as traffic rules and safety
procedures, to ensure the safe and efficient operation of the AGV system.

In the cases in Paper III, the AGVs sound an alarm and use flashing lights to get the
attention of operators in the vicinity when safety is particularly important or when
encountering errors in operations. From a cognitive human factor aspect perspective, the
alarm was stressful and frustrating for the operators, as it initially occurred frequently.
The alarm signal had the opposite effect; instead of getting the attention of the operators
in the vicinity, the operators started to ignore the alarm signals. To get the attention of the
operators, the situations triggering an alarm signal had to be adapted.

Interactions with humans can influence the performance of AGV systems. Humans may
interrupt the AGVs by moving in front of them or placing items in their paths, and the
AGVs might interrupt or cause stress in the humans working in the same aisles. A
requirement for guidepath design and fleet sizing is to consider where consider there are
pedestrians or substantial manually operated traffic in the facility.

Successful load transferring is a requirement for AGV systems. In the cases in Paper I,
the unit loads are managed manually by operators at some of the load transfer positions.
For an AGV to be able to perform a load transfer, the unit loads need to be placed with
sufficient accuracy at the predetermined load transfer spot, which is difficult for the
operators to achieve. With more advanced navigational capabilities, as indicated in case
1 in paper V, less accuracy is required, since the AGVs are able to manage deviations in
unit load placement while still being able to perform the load transfer.
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As stated in Section 5.1.3, to achieve a well-functioning AGV system, managing and
eliminating failures is of course important. This imposes requirements on the design of
the work organisational subsystem related to efficiently managing errors. To prevent
recurring failures or errors, redesigning the AGV system to eliminate the errors is vital.
There needs to be an organisational structure, competencies, and work tasks to manage
the design changes. It is also important to continuously improve the AGV system; there
could be changes in the environment influencing the AGV system and requiring that parts
of the system be redesigned.

5.2. RQ 2: How can the requirements influence the design of an AGV
system?

In this section, results related to RQ 2 are presented, drawing from the findings of Papers

I, III, and V. The results are presented in two sections, which pertain to how the

requirements from RQ 1 can influence the design of the technical subsystem (Section

5.2.1) and the design of the work organisational subsystem (Section 5.2.2). As previously

stated, the human subsystem is not designable.

5.2.1. Design of the technical subsystem

The technical design areas of an AGV system need to consider the requirements imposed
by the physical restrictions in the internal logistics environment. In designing the AGV
system, physical restrictions in the environment, such as walls, ceiling heights, racking,
workstations, machines, and pillars, influence several technical design areas. As
mentioned in Section 5.1.1, aisle width imposes requirements on guidepath design. If an
aisle is wide enough to accommodate multiple-lane traffic, with one lane for each
direction, its throughput can be increased. If not, bidirectional or unidirectional
guidepaths are need, which reduces throughput. The use of bidirectional or multiple-lane
guidepaths also influences the fleet size required. Traffic management and control also
need to consider aisle width. In situations when an aisle is too narrow to accommodate
traffic in both directions at the same time, for example, due to pillars, control zones might
be necessary where only one AGV can be at the same time, to avoid the risk of a deadlock.
The localisation of battery charging facilities can also be restricted by the environment.
The battery recharging facility should be located to minimise the extra driving distance
to the charging stations; however, due to physical restrictions, the recharging facility may
have to be placed in less optimal locations, which was observed in case 3 in Paper 1.

As mentioned in Section 5.1.1, the spatial distribution of demand for transports in the
environment imposes requirements for traffic management and control, which must
determine how to appropriately dispatch the AGVs. In case 3 in Paper I, the dispatching
of the AGVs was important due to the many production cells located in the same area of
the facility. If too many AGVs were sent to the production cells at the same time, traffic
congestion could occur, delaying many transports. Fleet sizing is also affected by how the
demand is distributed in the environment, as traffic congestion needs to be taken into
account. Naturally, the overall distances in the environment and number of load transfer
positions create requirements that need considered regarding fleet size.

In case 3 in Paper I, the design of the production cells required that AGVs with two
different fork lengths were needed. AGVs with longer forks were necessary to deliver the
unit loads to the correct spot within the production cell. These AGVs could only be used
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for these production cells, so there were two AGVs with different fork lengths in the fleet.
The load carrying mechanism was thus influenced by a requirement imposed by the
production cell design. When determining fleet size, the load transfer positions need to
be considered. A requirement for the AGVs in Case 3 in Paper I is picking up and
delivering goods on several levels of racking which influences the fleet size. The load
transfer time is longer if unit loads need to be picked up above floor level and thus must
be considered in fleet sizing. Additional AGVs may be needed if a large portion of the
material flow goes through racking above the floor level.

Picking up and delivering unit loads from racking also imposes requirements on the load-
carrying mechanism, as AGVs need to have lifting capabilities and additional sensors to
handle unit loads at heights above floor level. The pallets needed to be stacked during
loading and unloading in case 3 in Paper IV. The AGVs needed to have a load-carrying
mechanism that could stack and unstack pallets when needed to improve the fill rate of
the truck. To ensure that the correct pallets are loaded on to a truck, the AGVs also need
to be equipped with a barcode scanner.

The internal logistics environment also imposes requirements for the navigation of the
AGYV system. Some of the aisles in case 2 in Paper I had few distinctive features upon
which the AGVs could base their navigation, which sometimes caused them to lose track
of their positions. The guidepath had to be redesigned with the features of the environment
and the navigational limitations taken into account. The fit between the navigational
capabilities of the AGVs and the environment in which the AGVs are to be used is an
important requirement for the choice of navigation technology.

AGVs need to be suited to the characteristics of their transported loads, such as
dimensions and weight, which impose requirements for their load-carrying mechanisms.
In case 2 in Paper I, this was not fully considered, as the unit loads partially blocked the
AGVs’ sensors, influencing navigation. The AGV system is required to manage all unit
loads that are part of the material flow. In case 3 in Paper I, since there were two unit
loads with slightly different designs, the delivery locations where both pallets were
managed had to have special designs to ensure the detection of the two pallet types.

The weight and height of the unit loads influence AGV system design in loading and
unloading applications of AGVs as seen in case 3 in Paper IV as they influence traffic
management and control. Load securing is crucial, and a requirement is that the unit loads
should be placed on trucks such that the cargo is secured. A predetermined loading scheme
is assigned to the AGVs based on how many unit loads should be loaded, the weight of
the unit loads, and whether the unit loads are stacked. The AGV system then needs to
follow this loading scheme to ensure the loads are secured during transport. Traffic
management and control thus need to consider load securing when AGVs are used for
loading and unloading.

The AGYV fleet size needs to meet the demands of the assigned material flows, which is a
central performance requirement. The cases in Paper I show that variations in demand
over time make determining an appropriate fleet size difficult. In the cases in Paper I,
there was an excess capacity of the AGV system to manage the peaks in demand.
Occasionally, this excess capacity was insufficient, and operators needed to support the
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AGV system by moving unit loads manually, influencing the work organisational
subsystem.

Regarding battery management, the number of charging locations and their localisation
need to be determined to ensure availability of the AGV system. Physical restrictions in
the environment limits the placement of the charging facility. In the cases in Paper I, the
charging of the AGVs was quick, and battery charging had a minor impact on the AGV
system performance.

The design of the technical subsystem of an AGV system may need to be adapted when
changes occur in the environment. A requirement needing consideration is the degree of
flexibility in managing required design changes. When changes occur frequently in the
environment, influencing the AGV system’s guidepath, a navigation technology that
allows easy adaptation of the guidepath can save considerable time for the designers. In
cases 1 and 2 in Paper I, the AGVs navigated by detecting contours in the environment,
and the guidepaths were easily adjustable in the AGV software. AGVs using laser
guidance as were used in case 3 in paper I, require that reflectors be placed in the
environment. These reflectors might have to be moved when the environment changes so
that the AGVs do not lose track of their position, which entails more effort when
redesigning guidepaths. In case 1 in Paper V, the AGVs had SLAM-based navigation, and
no guidepaths were needed allowing for changing the operating area of the AGVs easily.
The choice of navigation technology should consider how frequently changes in the
environment occur. Making changes to the assigned area requires that competence are
developed at the company, influencing the work organisational subsystem.

Traffic management and control need to consider interoperability requirements when
operating an AGV system consisting of several generations of AGVs. As observed in case
3 in Paper I, three generations of AGVs needed to operate together. The software settings
of the AGVs had to be set such that the three generations could operate in the same way
in the environment, for example, disabling certain features in the newer AGV versions
that were unavailable in the older version. The sensors were located at different spots on
the AGVs, and there were differences in how the AGVs detected the environment, which
also had to be considered, for example, during load transferring.

Interoperability between the IT systems in the facility and the AGV control was a
requirement seen in case 3 in Paper I and case 3 in Paper IV. The IT systems and AGV
control need to be interoperable so that they can send and receive signals, such as
transport requests or requests to start loading or unloading. In automated loading and
unloading with AGVs, it is important to meet this interoperability requirement so that
loading and unloading can be performed without the need for human intervention.

To ensure a safe work environment with AGVs, operators and other personnel working
in the same environment are required to pay close attention to AGV alarm signals.
However, as mentioned in Section 5.1.4, alarm signals coming from the AGVs were
ignored in both cases 1 and 2 in Paper III due to their excessive occurrence. The settings
for the AGV alarm signals were changed so that only critical situations concerning safety
resulted in an alarm signal. This improved safety, as the operators paid closer attention to
AGYV alarm signals.
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In the cases in Paper I, unit loads had to be placed with high accuracy at their
predetermined load transfer spots for the AGVs to be able to pick up the unit loads.
Consistently placing unit loads with that level of accuracy is difficult for operators. To
fulfil the requirement in the load transferring, guiding rails were installed at the load
transfer positions to ensure that operators handling the unit loads manually always placed
the loads in the correct spot, with the required level of accuracy. The guiding rails were
needed at all load transfer spots. The guiding rails reduced the flexibility in changing the
load transfer positions, as this would require more effort and impose installation costs.
The more advanced AGVs in case 1 in Paper V did not require guiding rails, since they
could adjust to slightly misplaced unit loads.

Interactions with humans in the environment create requirements that need to be
considered in the design of guidepaths, fleet sizing, and traffic management and control.
Guidepaths should be developed so that interactions are kept low. For example, in case 2
in Paper I, the guidepaths for the AGVs were initially in parts of the picking aisles, which
caused many interruptions for both AGVs and operators and stressful situations for
operators. The guidepaths were then designed so that the AGVs no longer travelled
through the picking aisles. Regarding fleet sizing, it is important to consider potential
interruptions of AGV operations due to pedestrians and manually operated equipment.
Adding control zones that, for example, limit the speed of the AGVs in areas with many
pedestrians can improve safety. Of course, AGVs also have to be equipped with several
sensors and emergency brakes to avoid collisions and accidents with operators in the
facility.

5.2.2. Design of the work organisational subsystem

The human subsystem influences the design of the work organisational subsystem in
several ways. In Paper III, worry and stress related to the AGVs among employees on the
shop floor was due to a lack of previous experience working with AGVs. The work
organisational subsystem needs to overcome these to increase acceptance and
understanding of the AGV system. Training sessions and information meetings early in
the introduction were established to address operators’ lack of experience of working with
AGVs. Through training and experience, acceptance increased over time. What
information to provide to different groups of employees, who should conduct the training,
and how much training is needed were decided in the work organisational subsystem.

Paper V showed that training is important in the implementation and post-implementation
phases. In the post-implementation phase, there is a lesser need for training sessions, but
they are still necessary for new employees and to maintain an appropriate competence
level in the shift teams. It was clear that the employees, after getting used to the AGVs,
did not follow the prescribed traffic rules, or they trusted too much in the safety features
of the AGVs, causing unnecessary emergency stops. Employees may not stay at their
positions in a company, and it is crucial that the competencies regarding the AGV system
are not lost when key personnel change positions, such as the reliability engineer in case
3 in Paper I which is another reason for the need for further training.

Production takes place in several shifts in the cases in Papers III and V, and a requirement
for the work organisational subsystem is that all shifts are informed regarding the AGV
system. A structure was established so that all shifts were informed and received training.
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At first, informing and training were the responsibility of the project team implementing
the AGVs in the cases in Paper V, but as the project teams were disbanded, the
responsibility for training was shifted to the roles responsible for AGV operations in the
post-implementation phase. To facilitate the training of new employees in case 1 in Paper
III, an e-learning module was developed to cover the most vital safety aspects of the
AGVs, reducing the need for conducting training sessions.

A safe work environment is a vital requirement when working with AGVs. The work
organisation had to establish new and adapted work tasks relating to the job dimension,
such as new traffic rules as evident in Paper V. AGVs stop for obstacles in their paths,
making it highly important to place items and equipment in their designated spots as
observed in Paper I. Instructions need to be created for restarting an AGV if it is stopped.
In case 1 in Paper V, the AGVs can avoid obstacles, making this new work task less strict
but still important, as the AGVs have to lower their speed to do so.

Training sessions were required not only to develop understanding and competencies but
also to explain new work tasks. A requirement influencing the development of the training
session was the competencies required by different roles in the operations. The different
roles in the operations had different needs regarding what they needed to know about the
AGVs, concerning safety considerations, understanding of the AGVs, and due to the
degree of involvement in activities relating the AGVs. All employees must understand
the safety aspects of the AGVs. In case 1 in Paper I, operators were given training on
basic error management skills, such as resetting the AGV, whereas production technicians
had more training and could manage more complicated issues. In case 1 in Paper V, it was
decided that only the AGV superusers should have the skills and be allowed to change the
programming of the AGV.

Transports for the AGV system must be initiated which can influence work tasks. Case 1
in Paper V highlighted multiple ways in which transports were initiated in the manually
operated material flow, for example, by visually examining certain load transfer positions,
by operators scanning barcodes, and automatically through the IT systems. Thus, the work
organisational subsystem needed to be designed with the AGVs in mind when it came to
the initiation of transport requests. In cases 1 and 2 in Paper I, the transport requests were
initiated by pressing a button. In case 3, transport requests were automatically initiated
by the IT system.

Error management is a crucial part of the design of a work organisational subsystem for
managing anomalies and operational failures in AGV operations. An organisational
structure with new roles is needed, competencies regarding how to manage errors need to
be developed, and new work tasks must be added in the job dimension. Regarding
organisational structure, it is important to clarify the responsibilities of different roles or
teams, as well as how to escalate errors to the correct role, having the right competence
to manage the errors. In case 1 in Paper III, all operators were initially responsible for
managing errors; however, it was problematic to get the operators to feel accountable, as
they sometimes ignored the AGVs. In case 1 in Paper V, a few operators in each shift
were given more extensive AGV training and had additional responsibilities to restore
AGVs to operation when errors occurred. Having operators with further AGV
competence is needed in each shift to avoid AGVs being taken out of operations during
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production hours when, for instance, an AGV superuser is not present. Paper I1I showed
that the work organisation needs to be suitable for the number of errors that occur. In the
implementation phase, there can be many errors requiring a lot of resources from the work
organisation, with many people involved. In the post-implementation phase, the most
common errors have been removed through redesigning the system, and the work
organisation needs to change and be adapted to the new situation. The work organisation
of failure management can be influenced by the number of AGVs to monitor as well as
how large the area is where the AGVs operate.

A requirement for the work organisational subsystem is to adapt the design of the AGV
system to changes in the environment that influence the system. The AGV system in the
cases in Papers III and V were in environments where changes occurred frequently, for
example, changing or adding production cells, changing racking areas, and adding new
load transfer positions. The design of the work organisational subsystem needs to include
structure, competencies, and additions in the job dimensions to manage design changes.
Additionally, the AGV system needs to be adapted when errors occur, to ensure that the
errors do not happen again. In case 1 in Paper III, only one person was responsible for
this, whereas in case 2 in Paper III, a team consisting of operators, team leaders, and
production technicians was established to manage design changes. In Case 1 in Paper V,
initially only one person was involved in improving the AGV system in the
implementation phase. When the fleet size was increased, a new AGV superuser role was
established, and a team of engineers also learned how to programme the AGVs to increase
the number of people with the competencies needed to quickly implement necessary
design changes.

In case 1 in Paper V, the case company could make any changes to the AGV system design
without supplier involvement, which improved flexibility. In the cases studied in Paper I,
the supplier needed to be involved in adjusting the design of the system, which limited
flexibility. In case 1 in Paper V, competencies for making changes to the design of the
AGYV system had to be developed and maintained in the company. Since AGVs from two
suppliers were used, competencies in designing AGV systems from both suppliers were
needed.

Case 1 in Paper V showed that receiving materials delivered by AGVs can involve further
work tasks. In the material flow before the introduction of AGVs, logistics operators
moved containers of scrap metal from machines. The logistics operators had to first
switch off the machines before replacing the container. When the AGV's were introduced,
a new work task had to be designed; since the AGVs cannot turn off the machine, an
operator in a nearby production cell is required.

A crucial requirement for managing design changes is getting input from the operators on
the shop floor so that the technical or work organisational subsystems can be
appropriately changed. An organisational structure and tasks in the job dimensions need
to be established for this. The employees working with the design changes are not on the
shop floor to the same extent as the operators, so it is important that the operators’
observations are used as input for design changes. Since the operations take place in
several shifts input from all shift teams is needed.
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Paper V showed that there needs to be someone or a team responsible for the AGV system
operations when the implementation project team is disbanded, and this needs to be
established in the work organisational subsystem. During the implementation phase in the
cases in Paper V, there was a project management team responsible for the AGV system
operations. When the project management team was disbanded, the overall responsibility
was transferred. In both cases in Paper V, this meant the establishment of new roles in
their organisational structures: the AGV superuser in case 1 and the reliability engineer
in case 2.

5.3. RQ 3: How do different combinations of load capacity and fleet size
impact the required inventory levels at the receiving stations in part
feeding?

The answer to RQ 3 draws from Paper II, which focused on material deliveries to a mixed-
model assembly line, where material is moved from central storage to replenish receiving
stations along the assembly line. Space in the along the assembly line is often limited, and
restricting the possibilities to keep inventory. Different combinations of fleet size and load
capacity influence the required inventory levels at the receiving stations. The required
inventory level is the inventory required to avoid shortages of materials at the assembly
line. Thus, combinations of fleet size and load capacity are important aspects of the design
of the part feeding of the mixed-model assembly line.

Fleet sizing is a central technical design area of AGV system design, as the load capacity
of AGVs is a crucial factor to consider in decision-making, and various combinations of
fleet sizes and load capacities can be used. Three factors that interact with the fleet size
and load capacity of AGVs were investigated in the simulation experiments of Paper II:
AGYV speed, load transfer duration, and limitations regarding the routes (whether there
are multiple lanes, i.e. one lane in each direction, or a single unidirectional lane).

Figures 5.1 and 5.2 show results from the simulation model and highlight the relative
importance of AGV speed and load transfer duration for two AGV options as well as how
multiple lane versus single lane routes interact with these combinations. These options
were selected based on previous experiments in the simulation model of Paper II. The
options represent the largest fleet size when the load capacity is fixed to one and the
smallest fleet size when the load capacity is fixed to nine while meeting the demands of
the material flow. The colours of the contours in the figures highlight different levels of
required inventory at the receiving stations. Figure 5.1 shows the option with a fixed fleet
size of one and a load capacity of nine. Figure 5.2 shows the option of fixed load capacity
of one, with the fleet size fixed to three AGVs in multiple lane routes and fixed to four
AGVs in the single lane routes. The multiple lane routes allow the fleet size to be reduced
by one while still managing the most challenging combinations of speed and load transfer
duration. The contour plots highlight the interaction of AGV speed and load transfer
duration and how they impact the required inventory levels.
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Figure 5.1. Contour plots for varying AGV speed and load transfer duration
simultaneously for the 1 AGV option in multiple and single lane routes.
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Figure 5.2. Contour plots for varying AGV speed and load transfer duration
simultaneously for the 1 LC (load capacity) option in multiple and single lane routes.

It is clear from Figures 5.1 and 5.2 that speed and load transfer duration impact the
required inventory levels differently for the two options. The contour lines are more
vertical in Figure 5.1 when the fleet size is fixed to one AGV, whereas in Figure 5.2, they
are more horizontal when the load capacity is fixed to one. These results show that a small
reduction in load transfer duration requires a much larger increase in AGV speed to
achieve the same inventory level as in Figure 5.1. By contrast, in Figure 5.2, a slight
increase in speed substantially impacts the required inventory level, requiring a greater
reduction in load transfer duration to achieve a comparable inventory level. This suggests
that load transfer duration is relatively more important when using a large load capacity
and that speed is more important when using a small load capacity.
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Using AGVs with a small load capacity involves longer average travel distances for each
completed transport request compared to AGV's with large load capacity. An improvement
in speed thus results in a larger positive impact for the small load capacity AGVs, as the
time spent traversing the layout can be reduced, thereby decreasing the required inventory
to a greater extent. The importance of load transfer duration for the option with a large
load capacity can be explained by that each carried unit load must wait for the load
transfer duration of the other unit loads. Thus, the load transfer duration has a smaller
impact when the load capacity is one, in comparison to Figure 5.1, where as many as nine
unit loads can be carried simultaneously in one delivery.

Figure 5.2 shows that multiple-lane routes enable a reduction in fleet size by one
compared with single-lane routes. By contrast, Figure 5.1 shows that single- and multiple-
lane routes do not influence the load capacity for this option; a load capacity of nine is
necessary to meet the most challenging conditions in both routes. Furthermore, the
interaction between AGV speed and load transfer duration with respect to the required
inventory levels are observed to be unaftected by whether the routes have single lanes or
multiple lanes. The same pattern is observed in the contour plots for the single- and
multiple-lane routes in Figures 5.1 and 5.2.

The results from Paper II highlight that the different options of load capacity and fleet
size perform differently with respect to the required inventory level. Using a small fleet
size and a large load capacity can be beneficial from an investment costs perspective, but
as Paper II shows, this option requires a larger inventory at the receiving stations to avoid
the risk of shortages of materials at the assembly line. By contrast, whereas a larger fleet
size in which each AGV has a small load capacity can often reduce the required inventory
by frequent deliveries, a large fleet size involves high investment costs, since the AGVs
themselves usually comprise a major part of the investment costs. Furthermore, there are
often restrictions on how much inventory can be kept near the assembly line due to limited
available space. Some combinations of load capacity and fleet size might not be viable
due to the need to keep a prohibitively large inventory. Finding a suitable option of fleet
size and load capacity is crucial for well-functioning part feeding to mixed-model
assembly lines, influencing required inventory as well as investment costs.

5.4. Summary of findings in relation to the RQ 1 and RQ 2

Table 5.1 summarises the requirements from 5.1, the influences on design presented in
5.2, and the results in relation to the fleet sizing and load capacity in 5.3. The third column,
AGYV system design area includes not only the technical design areas presented in Section
2.3, but also suggestions for the work organisation subsystem.
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Table 5.1. Summary of the results.

Category of

Influence of the identified requirements on the AGV system

. Requirement Design area .
requirements design
Guidepath design needs to consider the restrictions in the
Accommodating the env@ron'ment to create a suitable gqidepath network. The fit between
physical restrictions navigation tephnology and the environment can also impact the '
in the environment choice of guidance technology and the guidepath design. Aisle width
Guidepaths is important for deciding on potential multiple-lane traffic,
and unidirectional or bidirectional traffic.
navigation Environments where changes occur frequently make a flexible
Dealing with navigation technology suitable to easily accommodate the changes.
frequent changes in Flexibility is constrained when AGV suppliers have exclusive
the environment control of potential modifications to the guidepath and load transfer
positions.
The overall distances that the AGVs need to cover, aisle widths, and
the localisation of load transfer positions influence fleet sizing. Paper
1I showed the influence of multiple versus single (unidirectional)
Accommodating lane traffic on fleet sizing. It also showed that a higher speed
physical restrictions naturally has a positive impact on the fleet size and the required
in the environment inventory; however, the AGV speed that can be safely applied in the
facility could be limited by restrictions in the environment as
stipulated in the ISO standard for driverless industrial trucks (ISO,
2023).
Managing pick-ups Fleet sizing The height from Which the AQVS need t.o pick-up or deliver goods
Internal and deliverics above influences fleet sizing as seen in case 3in Paper 1. Paper II shox_)ved
logisti floor level that load transfer duration impacts the fleet size and load capacity
ogistics and the inventory levels
environment Capability of How the deman_d is distributed spatiglly in the la}{out influences fleet
handling the sizing due the r}sk of traffic congestions. PrOdl.lCthl’l ceus near each
distribution of other may require AGV tr.ansport at the same tm.le,.causmg
ransport requests in congestion. Excess capamty h_elps managing variation but does not
the layout reduce the cause of the variation. Manual transport can be used to
) support the AGV system.
Accommodating Restrictions in the environment could require the introduction of
restrictions of load Load- AGVs with several different load-carrying mechanisms, e.g., longer
transfer positions . forks in case 3 in Paper L.
Capability of rcr?églgll‘lgism The load transfer positions regarding whether the AGVs need to pick
handling goods up unit loads from different heights on racking or from the floor
above floor level influence load-carrying mechanism.
Ensuring deadlock In narrow parts of aisles where two AGVs cannot meet, control
free operations zones can be used to avoid deadlocks and collisions.
Capability of Traffic
handling the management | Dispatching of AGVs to available transport request should avoid
distribution of and control sending too many AGVs to the same area, as seen in case 3 in Paper
transport requests in L.
the layout
g}f;;rcr:l?feiiggtgions Battery Limi_ted free space can restrict the placement of charging facilities
in the environment management | causing extra driving for the AGVs.
Suitable AGV for the The weight and dimensions of the unit load must be considered when
unit loads choosing the load-carrying mechanism.
cAoS;lg:tli%ili ty Load- Con'lpat'ibility betweep the AGVs and unit loads can impact AGV
between unit loads carrying n}?\/lga_tl?n. ;n c;?si 2in Pa(liper I? ser.lsors1 were blocked by the size of
. > the unit load which caused navigational issues.
Characteristics | and AGVs mechanism
of transported Managine a mix of AGVs need to manage all the unit loads that are part of the material
loads unit 1 oga df flow. Case 3 in Paper I had a mix of unit loads which influenced the
design of the load transfer positions.
Ensuring load Traffic The c_haracteristics of _the unit 'loads needs to be considered'when _
securing, Need to management securing the loads during loading and unloading, e.g. stacking of unit

stack unit loads

and control

loads. In case 3 in Paper IV, a predetermined load schedule in the
cargo hold was needed.

Performance

Fulfilling the
demand of transport
requests

Achieving suitable
inventory levels

Fleet sizing

The required performance in terms of number of transport requests
per hour impact fleet sizing. It is important to understand how
transports are distributed over time.

Fleet size and load capacity of the AGV impact the inventory levels
at the receiving stations as shown in Paper II. These factors need to
be determined.

Ensuring high AGV
availability

Battery Performance demands together with restrictions in the environment
management | may influence the location and number of charging facilities.
Failure Efficient failure management is crucial for ensuring high AGV
management | availability. This has implications for the work organisation.
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To increase the fill rate of a truck, stacking unit loads is important.

Interactions
within and
between
subsystems

Capat?lllty of . Load. The load carrying type need to be able to stack unit loads. The choice
handling stacking of | carrying : . . . .
. of load carrying mechanism needs to consider different heights of at
pallets mechanism "
the load transfer positions.
Guidepaths The presences of pedestrians, forklifts, tugger trains, and other traffic
. and needs to be considered in the guidepath design in order to improve
Accommodating - .
navigation the traffic for both manual drivers and AGVs.
human and AGV - - —
. . Interactions with manual traffic cause variations in performance and
Interactions .. . . . .. . .
Fleet sizing influence the required fleet size in addition to influencing the
humans also operating in the environment.
Interoperability and connection to internal IT systems are needed to
Ensuring communicate with the AGVs and transfer transport requests to and
interoperability from them. In smaller AGV systems, pressing buttons can be used to
between the AGV initiate orders for the system as in cases 1 and 2 in Paper I. This is an
system and IT important requirement in loading and unloading when the AGV
system system needs to send and receive signals from the IT systems in the
facility to start and finalise loading or unloading.
Accommodating The AGVs need to operate in a predictable way in the interaction
human and Traffic . .. .
. . with humans. Safety is vital when the AGVs work in the same
interactions, safety management . .
. . environment as humans and influences the use of control zones.
considerations and control
Ensurin The interoperability between AGVs influences the design of AGV
. & systems. Generational differences between AGVs need to be
interoperability . .
considered, and adjustments to safety features may be needed as
between AGVs . . .
exemplified in case 3 in Paper I.
Capability for In loading and unloading the AGV system needs information on how

scanning barcodes
on unit loads

many pallets there are to load and unload. The AGVs need to have
barcode scanners installed to ensure that the correct pallets are
managed.

Overcoming worry
and stress, and
developing
acceptance and
understanding

Ensuring correct
competencies

Ensuring
competencies to
operate the AGV
system over time

Ensuring safe and
efficient AGV
operations

Ensuring capability
to manage design
changes and
continuous
improvement

Ensuring AGV
operations

Accommodating for
the limitations of
operators in accuracy
in load transferring

Work
organisation

To facilitate the interaction between AGVs and manual operators,
training is needed overcome worry and stress and to improve
acceptance and understanding. All shift teams need to be informed
about the AGV system and receive training. Performing the training
involves additions in the job dimension as well as in the
organisational structure for how the training should be performed.

All employees need to have a base competence regarding how the
safety features of the AGVs function and how to work with them.
Some employees may need further competencies since they are
involved in further work tasks related to the AGV system., for
example regarding failure management, and redesign of the AGV
system.

Training is important in the post-implementation phase to maintain
the competence level in the organisation. Training is also needed
when new employees are recruited.

New work tasks need to be established in the job dimensions for the
safety of the employees working with the AGVs as well as for an
efficient AGV system operations concerning traffic rules, item
placement routines, ordering material, receiving material, and failure
management, and reporting of errors.

An AGV system that operates in an environment that changes often
may have to be adjusted over time to accommodate the changing
environment. Additionally, it is important to adapt the design to
avoid reoccurring errors. It is suitable to create an organisational
structure to support making changes in the system’s design as well as
the competencies necessary adjust the system design.

Initially, a project team is responsible that the AGV system operates
as it should, but the competence and responsibility need to be
assigned to a new role when the project team is disbanded.

The cases in Paper I showed that guiding rails are needed at load
transfer positions since high accuracy in unit load placement is
required by the AGVs. The guiding rails assists the operators in
placing the unit load correctly. This is not needed in case 1 in paper
V due to the navigational capabilities of the AGVs. In this case the
operators place the unit loads within marked areas. The limits of the
AGVs and the operators both influence the load transferring
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6. Discussion

In this chapter, the results of the thesis are discussed. Sections 6.1, 6.2, and 6.3 address
the answers to the three RQs. Section 6.4 presents a discussion of the results in relation
to the purpose of the thesis and its contributions to theory and practice. Section 6.5 follows
with a discussion of the generalisability of the findings. Finally, Section 6.6 concludes the
discussion by detailing suggestions for future research based on the limitations and results
of the thesis.

6.1. Discussion of results related to RQ 1

RQ 1 is formulated as: Which are the requirements to consider in AGV system design?
The first step in a design process is analysis and specification of requirements and
objectives (e.g. Granlund, 2014; Johansson, 2007). Several requirements were identified
in the studies conducted for this thesis. The first step in a design process is Some of these
requirements have already been acknowledged in previous research with a technical
focus, and this thesis also found support for them. Other requirements have received
limited attention. These requirements are discussed in the following subsections.
Requirements stemming from interactions within and between subsystems are discussed
in Section 6.1.1. In Section 6.1.2, interoperability requirements are discussed. The thesis
compiles requirements that have been considered in previous research, confirms them and
identifies requirements that have received limited attention. By bringing all these
requirements together, the thesis provides a comprehensive overview of requirements for
AGYV system design, which is discussed in Section 6.1.3.

6.1.1. Interactions within and between subsystems

There has been limited attention concerning humans in AGV system design. Previous
research has considered the requirements stemming from the human subsystem in relation
to the development of the technical capabilities of AGVs. Humans have been taken into
account in the development of, for example, navigational capabilities (Indri et al., 2020;
Rey et al., 2019), safety capabilities (Babi¢ et al., 2022; Reich et al., 2022; Zamora-
Cadenas et al., 2021), sensors (Indri et al., 2019), signalling of AGVs (Bergman et al.,
2020), and gesture control (Zhang et al., 2019). Less attention has been given to
considering humans in the design of AGV systems beyond their technical capabilities.
AGYV systems are often used in the same environment as humans, and they interact and
work together (Oleari et al., 2014; Sabattini et al., 2017; Zuin et al., 2020). Compared
with other automation, such as robots within fenced-off production cells, AGVs work
closely with humans, making considerations of the human subsystem central.

Paper III highlighted many challenges connected to the human factor aspects that result
in requirements for the design of the technical and work organisational subsystems. If
human factors are not considered, there is a risk that the anticipated profits are not
achieved due to negative consequences such as high rates of sick leave, injuries, and poor
work environments (Sgarbossa et al., 2020). As indicated by Neumann and Village
(2012), if human factors are not considered in the initial steps of the design process, it is
unlikely that human factors will be considered at all. A lack of attention to human factors
can lead to discomfort among humans and can negatively affect well-being (Vijayakumar
et al., 2021). This thesis contributes previous research on AGV system design by
highlighting the need to consider requirements that stem from the human subsystem to
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develop an AGV system wherein operators are not worried and do not work against the
AGYV system. In Paper IlII, various physical, cognitive, and psychosocial human factor
aspects clearly influenced the introduction of an AGV system. Paper III for example
highlighted that acceptance and understanding, worry and stress, and getting employees
to perform new work tasks, such as error management and reporting, were challenging to
address but crucial when introducing AGVs.

Some research that has given attention to humans in AGV systems has focused on aspects
other than their technical capabilities. Kopp et al. (2023) highlighted how crucial
acceptance is when implementing an AGV system through a survey. Lee and Leonard
(1990) showed that many roles in manufacturing are influenced by the introduction of an
AGYV system, as some roles have their work pace controlled by the AGVs to a greater
extent than before their introduction, indicating the need for considering human factors.
This thesis found support for the findings of Kopp et al. (2023) and Lee and Leonard
(1990) but also highlights further aspects concerning the human subsystem.

6.1.2. Interoperability requirements

Interoperability requirements influence the design of AGV systems in several ways,
which is shown in Papers I and IV, as well as V.

Interoperability between AGV systems and IT systems is a requirement when the AGV
system needs to send and receive information from the IT systems in the facility. In case
3 in Paper I, the IT system in the manufacturing facility automatically creates transport
requests for the AGV system, making interoperability between the IT system and AGV
systems a requirement. In cases 1 and 2 in Paper I, on the other hand, transport requests
are created by operators pushing buttons, and the AGV system is not connected to the IT
system in production; thus, there is no interoperability requirement for system
communication in these cases. Interoperability with IT systems is also crucial when an
AGYV system is used for automated loading and unloading without human intervention as
observed in Paper IV. The AGVs need information on when to start and end the loading
or unloading, how to place the goods on the truck, and confirm that the correct goods are
managed. That the AGV system needs to communicate with IT systems and other
machines has been identified in previous research (e.g. Bechtsis et al., 2017; Vlachos et
al., 2024) and the thesis also find support for the interoperability between AGVs and IT
systems.

Interoperability between different generations of AGVs was identified in Paper I as a
requirement when several generations are used in the same AGV system. The generational
differences between the AGVs in case 3 in Paper I concerned hardware updates regarding
the location of sensors on the AGV and updates in software features and how the AGVs
operated. For safety reasons, the different AGV generations had to be adapted to ensure
that they all operated in the same way. Thus, interoperability requirements must be
considered when several AGVs are used, even if they are from the same supplier. Scholz
et al. (2019) found that AGVs from different suppliers often have different standards and
are therefore seldom interoperable. In case 1 in Paper V, there were AGVs from two
suppliers, which led to interoperability issues concerning navigation. Competence to
manage and update the navigation of both AGVs had to be developed in the work
organisational subsystem. Previous research has not address interoperability in AGV
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system design concerning AGV to AGV interoperability, and the thesis contributes by
showing that interoperability requirements should not be neglected as it can influence
many design areas as well as which AGVs to purchase. There are many AGV suppliers
on the market today, and newly developed technologies influence AGV features, leading
to new models and generations. Future AGV systems may more frequently involve AGVs
of different models, generations or from different suppliers, making interoperability
requirements increasingly relevant to consider in the design.

The German Association of Automotive Industry (2022) has launched an initiative driven
that focuses on interoperability in AGV systems, indicating that it is a significant issue in
the industry. A specification was developed for AGV suppliers, VDA 5050, which, if
followed, would allow AGVs from various suppliers to work together. Future research
could focus on interoperability requirements and how to manage them (see Section 6.6
for further elaboration).

6.1.3. Comprehensive overview of requirements

Many studies on AGV system design have focused on individual technical design areas,
such as scheduling (e.g. Dang et al., 2021), fleet sizing (e.g. Choobineh et al., 2012;
Ferrara et al., 2014), dispatching (e.g. Singh et al., 2023) and, battery management (e.g.
Kabir & Suzuki, 2018; Kabir & Suzuki, 2019), in which these design areas have been
analysed in detail. Previous review papers on AGV system design (Bechtsis et al., 2017;
Dolgui et al., 2022; Fragapane et al., 2021a; Le-Anh & de Koster, 2006; Vis, 2006) have
reported the results of research on technical design areas, highlighting methods that have
been used to address the technical design areas. Such review studies and studies focusing
on individual design areas provide an indication of relevant requirements for the technical
subsystem but there is no comprehensive overview of requirements. For example, Vis
(2006) and Le-Anh and de Koster (2006) argued for requirements such as material flow
demand, facility layout restrictions, number and location of transport requests, unit loads,
and meeting various performance measures. This thesis confirms the findings of previous
studies in that these requirements need to be considered in AGV system design.
Requirements such as restrictions in the environment affecting navigation and guidepaths,
the characteristics of the unit loads influencing the selection of the load-carrying
mechanism, and meeting the demands of material flow have been identified in Paper I.

The first step of a design process is to obtain a comprehensive overview of requirements
(Granlund & Wiktorsson, 2014), and by combining the results from Papers I, I1I, and 1V,
this thesis contributes to this design step, creating a solid starting point for the design of
an AGV system. An overview of requirements including both technical and requirements
due to the human and work organisational subsystem is lacking in previous research and
this thesis contributes to previous research on AGV system design with a comprehensive
overview of requirements. As discussed in Sections 6.1.1 and 6.1.2, the thesis highlights
requirements relating to interactions within and between subsystems and interoperability.
The thesis thus expands the perspective on AGV system design, beyond the technical
requirements. A categorisation of requirements was created in Paper I and was used to
identify the requirements in the cases it presented. The four categories — internal logistics
environment, characteristics of transported loads, performance requirements, and
interactions within and between subsystems — facilitated a comprehensive overview of
requirements.
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6.2. Discussion of results related to RQ 2

RQ 2 was formulated as follows: How can the requirements influence AGV system
design? Following the specification of requirements and objectives phase, the design
process proceeds to conceptual and detailed design (Johansson, 2007). In this thesis, the
technical subsystem and the work organisational subsystems are considered to be
designable. Sections 6.2.1 and 6.2.2 discuss the findings in relation to the design of the
technical subsystem and the work organisational subsystem, respectively.

6.2.1. Design of the technical subsystem

Previous research addressing the design of AGV systems has largely had a technical focus
(Benzidia et al., 2019; Fragapane et al., 2021a; HruSecka et al., 2019; Zuin et al., 2020),
with technical design areas receiving substantial attention. As discussed in Section 6.1.3,
some of the requirements identified in the appended papers have an expected influence
on AGV system design and confirm the results of previous research. For example, Paper
I showed that guidepaths need to be designed in consideration of physical restrictions in
the environment and the locations of load transfer positions, fleet sizing should be suitable
for the demands of material flow, and the characteristics of the transported loads affect
decisions on the load-carrying mechanism.

The human subsystem needs further attention in the design of the technical subsystem. In
Section 6.1.1, requirements coming from the interactions within and between subsystems
were discussed. For example, the design of the technical subsystem is influenced by
humans in how the guidepaths should be created. In previous research, guidepath design
focused on minimising total AGV travel distance, and interactions with humans were not
considered (Le-Anh & de Koster, 2006). Zuin et al. (2020) suggested that AGVs and
human should have separate paths in the environment. Paper I similarly showed that the
guidepaths were designed to reduce interactions with humans, to benefit the humans
working in the aisles by removing stressful interactions and to improve AGV system
performance. Additionally, the load transfer positions were designed taking into account
the limits of the operators in placing unit loads with high precision and the technical limits
of the AGVs. The alarm signals of the AGVs were changed to not be irritating for the
operators as shown in Paper III. Safety is crucial, which has also been shown in previous
research (Sabattini et al., 2017; Zuin et al., 2020). The thesis contributes by showing that
the technical design areas are influenced by the human subsystem, and the human
subsystem should be considered.

Interoperability requirements were mentioned in Section 6.1.2, and they influence the
technical subsystem. In Paper III, the different generations of AGVs caused
interoperability issues due to the different placements of the navigational sensors of the
AGVs. The design of the AGV system had to be adapted, and the setting of the AGV's had
to be changed to ensure that the AGVs behave in approximately the same way. In Paper
V, there were AGVs from two suppliers, and they had separate navigation systems. The
navigational areas and guidepaths of the AGVs have to be designed separately. The two
navigational systems occasionally caused stops in the aisles when the AGVs encountered
each other. Interoperability requirements need to be considered in the design of the
technical subsystem of an AGV system, but this has scarcely been addressed in previous
research. The industry-driven VDA 5050 initiative indicates that interoperability is an
important issues in the design of AGV systems (German Association of Automotive
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Industry, 2022). Interoperability requirements become increasingly important as the
number of suppliers increases and AGV systems expand over time. Interoperability
requirements could be considered when purchasing AGVs to avoid having to, for
example, design and maintain two navigational systems as in case 1 in Paper V.

Making changes and continuously improving the technical and work organisational
subsystems of an AGV system over time were identified in Papers I, III, and Moeuf et al.
(2020) and Brodeur et al. (2023) indicate that continuous improvements are crucial for
new technologies. In case 1 in Paper V, the supplier allowed the users to make almost any
changes to the technical subsystem without their involvement. In the other AGV systems
studied in Papers I, II1, and V, suppliers had to be involved when changes were made. The
thesis contributes by highlighting that the ability to redesign the technical subsystem
independently without needing supplier involvement is important when choosing a
suitable AGV. Redesigning the AGV system, as in case 1 in Paper V, requires that the
right technical competencies are present within the company, influencing the design of
the work organisational subsystem. By being able to redesign the AGV system, the case
company also become less reliant on the AGV supplier.

6.2.2. Design of the work organisational subsystem

Previous research has shown that companies often underestimate the costs and difficulties
of changing the organisation for new technologies (Cimini et al., 2021). Work
organisation is crucial for successful implementation of technologies; only focusing on
the technologies increases the risk of failure (Marcon et al., 2022). The work
organisational subsystem has received limited attention in research on AGV systems but
this thesis shows that the work organisational subsystem in an AGV system is crucial.

Implementing an AGV system involves making changes, such as adding and removing
roles. Benzidia et al. (2019) found that new roles and competencies are needed when an
AGYV system is introduced to manage transports compared to the manually performed
transports. Lee and Leonard (1990) found that several roles, from supervisors and team
leaders to operators in production and logistics, need to be changed when implementing
an AGV system. This thesis supports the findings of Benzidia et al. (2019) and Lee and
Leonard (1990) by also identifying that roles need to be changed and competencies that
need to be developed. The thesis also contributes with further details concerning the
design of the work organisational subsystem. Papers III and V provided indications for
the design of the work organisational subsystem for AGV systems concerning developing
acceptance and understanding, educating employees on how to work with the AGVs,
managing operational issues and failures, introducing new roles (e.g. superuser and
reliability engineer), and managing design changes over time. Managing failures quickly
to avoid using too many resources is also important in the design of the work
organisational subsystem.

A lack of knowledge or skills has been identified as a barrier to the implementation of
new technologies (Kamble et al., 2018; Senna et al., 2022; Stentoft et al., 2021).
Employees must be informed and educated to overcome a lack of knowledge (Brodeur et
al., 2023; Pozzi et al., 2023). Clear communication and training are important acceptance
factors when an AGV system is implemented (Kopp et al., 2023). The findings of this
thesis also confirm the importance of and the need for training and informing employees
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when an AGV system is implemented and designed. The thesis shows that employees
need to be taught new routines, safety rules and, in general, how to behave when working
with AGVs. The knowledge required in various employee roles differs depending on the
level of engagement in activities such as error management. Overcoming worry and stress
about working with automated equipment is important. As previously stated, AGVs, in
comparison to many other forms of automation, are not separated from the work
environment of humans, which means that training and informing employees is crucial to
fostering an adequate work environment. Additionally, the thesis contributes by showing
that training and informing should not only occur in the implementation phase but must
also continue in the post-implementation phase. Operators may become overconfident
and place undue trust in the safety features of AGVs, causing interruptions to operations
or violations of traffic rules, which can result in unsafe manoeuvring of manually operated
forklifts. Determining and maintaining an appropriate knowledge level is crucial for
ensuring a safe and well-functioning AGV system, and this extends beyond the
implementation phase.

Moeuf et al. (2020) found that a strategy for continuous improvement is a critical success
factor for Industry 4.0. According to Brodeur et al. (2023), continuous improvements of
technologies are important, and their case study showed that establishing a superuser role
to provide technical support can facilitate the management of operational issues. This
thesis finds support for the need for continuous improvements for AGV systems. Paper
IIT showed that when changes in the environment influence an AGV system, its design
must be adapted. There is a need to establish work tasks, competence, and structures for
how to improve the AGV system over time. In continuous improvement, input from
employees on the shop floor is important, since they interact with and observe the
problems occurring in their daily work, unlike the reliability engineer or superusers in
Paper V, for example. The continuous improvement fine-tunes the AGV system design as
observed in Paper V, solving problems and improving AGV operations over time. A
contribution from the thesis is the input to the structure, competence, and job dimensions
for continuous improvement of an AGV system.

Error management was important in all the studied cases. Soltani et al. (2019) suggest
developing an expert system that summarises previous knowledge on errors occurring in
operations, which helps operators manage errors more quickly. Similar methods were
used in the cases to quickly teach employees about the most common operational issues
and how to solve them. In case 3 in Paper I, a e-learning application was developed which
included basic error management for new employees.

6.3. Discussion of results related to RQ 3

RQ 3 was formulated as follows: How do different combinations of load capacity and
fleet size impact the required inventory levels at the receiving stations in part feeding?
This is part of the detailed design for an AGV system.

The findings of Paper II showed that a large load capacity means that a smaller fleet size
can be used at the cost of requiring a larger inventory at the receiving stations to avoid a
shortage at the receiving stations due to the more infrequent transports. By contrast, a
small load capacity, for example, a load capacity of one unit load, results in a larger fleet
being needed, but the inventory can be kept lower. There are, of course, combinations
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between minimising the load capacity and minimising the fleet size that are possible, and
Paper II provided insights into the relation between the fleet size, load capacity, and
required inventory. Fleet sizing is a central design area for AGV systems because fleet
size 1s usually the main determinant of investment costs. As previous research has shown,
an appropriate number of AGVs is important: too many vehicles and the costs become
unnecessarily high, and performance may be reduced due to traffic congestion (e.g. Vis,
2006). Conversely, having too few AGVs results in a system that cannot keep up during
peaks in demand, risking delays in subsequent processes.

The combinations of fleet size and load capacity interact in different ways with factors
such as AGV speed, load transfer duration, and single versus multiple lane routes, and
Paper II elucidated these interactions. For example, load transfer duration has a stronger
interaction with AGVs with large load capacities, while AGV speed more strongly
interacts with AGVs with small load capacities. The thesis contributes to the literature on
AGYV fleet sizing, where most attention is paid to single-load AGVs (Dang et al., 2021;
Yan et al., 2020), and highlights the interactions between fleet size and load capacity and
their impact on the required inventory levels at the receiving stations. The results
presented in Figures 5.1 and 5.2 can facilitate in determining a suitable combination of
load capacity and fleet size, showing that the impact of speed and load transfer duration
is not the same for different options, providing guidance on what to focus on.

The answer to RQ 3 provides knowledge to one part of AGV system design, fleet sizing.
To design an AGV system, fleet sizing together with the other technical design areas need
to be considered jointly with the other subsystems. AGV speed is varied in Paper II to
reveal how it interacts with fleet size, load capacity, and inventory. It is discussed in Paper
IT that the AGV speed that can be achieved in the facility is restricted by the interactions
with humans. There could be for safety reasons for limiting the speed as well as a very
fast AGV might be perceived as more threatening by employees working in the
environment. Focusing on one technical design area in particular, as the fleet sizing in
this case, could reveal aspects related to the human or work organisational subsystems
that need to be addressed in the design of the AGV system as a whole.

6.4. Discussion of results in relation to purpose

The purpose of the thesis is to develop knowledge to support the design of AGV systems
considering the human, technical, and work organisational subsystems. First, theoretical
contributions are discussed, followed by a discussion concerning practical contributions.

6.4.1. Theoretical contribution

The thesis contributes to the design process for AGV system design. A design process
begins with a formulation and evaluation of the requirements that the design should meet
(e.g. Granlund, 2014; Johansson, 2007; Tompkins et al., 2010). Developing a well-
formulated requirements specification is a vital step in a design process, not least when
considering automation (Granlund & Wiktorsson, 2014). Without a proper understanding
of the requirements, there is a risk that the design will not perform well. As a design
process progresses, making changes becomes more costly (Slack et al.,, 2013),
highlighting the need for a comprehensive overview of requirements from the beginning
to avoid costly redesigns later. This thesis provides support for the design of AGV systems
at this early stage of the design process. The next step in a design process, after the
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requirements specification has been produced, is to develop conceptual design and,
following that, more detailed design suggestions (Johansson, 2007; Tompkins et al.,
2010). The thesis contributes with knowledge to the design of the technical and work
organisational subsystems in these design phases.

Previous research has had a strong focus on the technical design areas in AGV system
design (Benzidia et al., 2019; Fragapane et al., 2021a; HrusSecka et al., 2019; Zuin et al.,
2020), as repeated several times in the thesis. However, designing an AGV system is not
only a technical undertaking. By combining the answers to the RQs, the thesis supports
the design process for an AGV system with knowledge to different phases in the process.
Figure 6.1 shows the contributions of the thesis in relation to the three design phases
presented in Figure 2.3. The thesis contributes to all the three phases: specification of
requirements and objectives, conceptual design, and detailed design.
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Figure 6.1. The thesis contribution in relation to the three design process phases.

The thesis contributes to the specification of requirements and objectives phase. Previous
research has shown that there are many requirements to consider for the technical
subsystem in an AGV system such as, pick-up and delivery locations, unit loads, number
of units to be transported at what times (Le-Anh & de Koster, 2006; Vis, 2006), and layout
restrictions (Zuin et al., 2020). Safety is also crucial (Hrusecka et al., 2019). This thesis
also confirms these requirements as presented in Table 5.1. The thesis contributes to the
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technical requirements by highlighting interoperability requirements when there are
different AGV generations or AGVs from different suppliers that need to operate together
(see Section 6.1.2). In addition to the technical requirements, the thesis contributes by
identifying requirements stemming from the interaction within and between subsystems.
Previous research has shown that human factors are crucial in the design and
implementation of technologies (Kadir & Broberg, 2021; Neumann et al., 2021;
Vijayakumar et al., 2021). Considering human factors can result in improved employee
well-being and reduced sick-leave (Reiman et al., 2023), and ‘phantom profits’ can be
avoided (Sgarbossa et al., 2020). Previous research on AGV systems has mostly
considered safety when humans are concerned (Tubis et al., 2024) or when improving
technical capabilities of the AGVs (e.g. Babic¢ et al., 2022; Bergman et al., 2020; Indri et
al., 2019). The thesis contributes by identifying requirements relating to the human factors
in the design of AGV systems. For example, overcoming employee worry and stress when
working with the AGV in the same environment, developing necessary competence, and
new work tasks (see Section 6.1.1). The thesis unites technical and non-technical
requirements providing a comprehensive overview (see Section 6.1.3) and the findings of
the thesis can contribute to making AGV system design human-centric and to improve
the wellbeing of employees.

The thesis contributes to the conceptual and detailed design phase of an AGV system
regarding the design of the technical subsystem. The design of the technical subsystem
has been thoroughly examined in previous research as stated, and the findings of the thesis
concerning the design of this subsystem aligns with previous research as discussed in
6.2.1. However, the thesis shows that humans need to be considered in the technical
design areas, for example so that aisles for AGVs and humans are separated in guidepath
design, control of the AGVs for a safe traffic situation, designing the load transfer
positions considering the limitations of the operators, and adjusting AGV signalling. In
these aspects, less attention has been paid in previous research, but they are important for
AGYV system operations and the well-being of the employees. The thesis contributes to
one of technical design areas in particular, the fleet sizing considering the load capacity
of each AGV as discussed in 6.3. The interactions between fleet size and load capacity
have not been thoroughly addressed in previous research where most attention is directed
towards AGVs with a load capacity of one (Dang et al., 2021; Yan et al., 2022). The fleet
size and load capacity can have substantial impact on the required inventory levels at the
receiving stations.

The thesis contributes to the conceptual and detailed design phase for an AGV system
regarding the design of the work organisational subsystem. Reiman et al. (2021) stated
that humans should not only be considered on an individual level but also on an
organisational level, and previous research has shown the importance of the work
organisation when technologies are designed and implemented. There are several
difficulties associated with adapting the organisation to new technologies, and the costs
involved in adapting the organisation are often underestimated (Cimini et al., 2021).
Marcon et al. (2022) stated that the work organisation is important for the successful
implementation of new technology and showed that companies which only focus on
technologies risk failing but they tend to focus on productivity and labour costs. Cagliano
et al. (2019) identified that introducing technologies strongly influence the work
organisation. Research on AGV systems provides limited guidance on the design of the
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work organisational subsystem. In relation to AGV systems, acceptance factors (Kopp et
al., 2023) and changes in roles and competencies (Benzidia et al., 2019; Lee et al., 1990)
have been addressed to some extent. Considering the relevance of the work organisation
when technologies are introduced as shown in previous research, the thesis contributes
with insights to the design of the work organisational subsystem in an AGV system. As
discussed in Section 6.2.2 these insights refer to designing training and competence, new
and adapted work tasks, error management, and continuous improvements.

As stipulated in socio-technical systems theory, the risk of suboptimising arises when
focusing solely on one subsystem (Grosse et al., 2023) and a joint consideration is needed
(Hendrick & Kleiner, 2002). The joint consideration of technical and social systems is not
new, it has been a core aspect of socio-technical systems theory since its conception (e.g.
Fox, 1995; Mumford, 2006; Trist, 1981). However, in relation to the design of AGV
systems, a socio-technical perspective jointly considering all subsystems is novel. The
thesis has had a socio-technical perspective inspired by the HTO-model which was useful
in expanding the focus beyond the technical aspects. The thesis contributes to research on
AGYV system design by showing aspects that need to be considered concerning the human
subsystem as well as the design of the technical and work organisational subsystems, as
discussed in the previous paragraphs in Section 6.4.1. This knowledge is relevant
considering that there is research that indicates that humans will not be replaced in the
warehouses or production, they will remain a central part in internal logistics (Grosse et
al., 2023; Winkelhaus et al., 2022). Additionally, the Industry 5.0 concept introduced in
2021 highlights human centric design as crucial (Breque et al., 2021). The thesis is timely
and aligned with human centric design when it comes to the design of AGV systems.

6.4.2. Practical contribution

The findings from the thesis could assist practitioners such as project managers and
engineers at different stages in the design process of AGV systems, by providing insights
into the design of both the technical and work organisational subsystems.

The results of the thesis provide knowledge that is important in the early stages of the
design process regarding an overview of requirements for AGV systems as discussed in
Section 6.1. Knowledge about requirements could assist practitioners in knowing what to
assess in their context and operations before contacting potential AGV suppliers. The
thesis presented four categories of requirements, internal logistics environment,
characteristics of transported loads, performance requirements, and interactions within
and between subsystems, each containing several requirements which would need to be
assessed in a design situation.

Knowledge regarding requirements could facilitate interaction between buyers and
suppliers of AGV systems. Grover and Ashraf (2024) state that end users often lack AGV
expertise internally and rely on the supplier in the implementation phase. This thesis could
provide buying companies with more knowledge when interacting with AGV suppliers.
Based on the findings in this thesis, the buying company could develop a better
requirements specification. A better understanding of requirements and how they
influence the design of the AGV system in the buying company could facilitate the
interaction between the buying company and the supplier. With a well-prepared
requirements specification for the intended AGV system, suppliers could generate more
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accurate design suggestions for the buying company. The buyer could be more prepared
and ask the supplied the ‘right’ questions. The buying company would also not be as
dependent on the supplier when it comes to AGV system design. The buying company
could conclude that an AGV system is not the most suitable way forward.

The requirements identified concerning the interactions within and between subsystem
show to both buyers and suppliers that humans need to be considered in design. Work
organisation subsystem also needs to be designed, and this thesis provides guidance on
what the work organisational subsystem needs to include and how it may need to change
throughout the implementation and post-implementation phases. The AGV suppliers are
likely very knowledgeable about their AGV technology, how it functions and where it is
suitable to use. For the suppliers, the findings concerning the design of the work
organisational subsystem presented in this thesis may be more novel for them. The
supplier could, with input from this thesis, provide recommendations regarding the work
organisation and how to best manage and ensure that their specific AGV models are kept
in operational condition. Thus, the answers to RQ 1 and RQ 2 provide input for engineers
and project managers involved in the design of AGV systems and can facilitate the design,
for both AGV suppliers and buyers.

The answer to RQ3 provides both suppliers and buyers with information that can facilitate
fleet sizing. When AGVs with different load capacities can be used, the answer to RQ 3
provides information that can facilitate decisions regarding load capacity of individual
AGVs and how that decision could influence the inventory levels at receiving stations.

It was stated in Chapter 3 that the results of the research have been presented to
practitioners on several occasions, such as at conferences and within the research projects.
These practitioners found the results to be useful and relevant. This indicates that the
results of the thesis are practically relevant.

6.5. Generalisability

In this section, the generalisability of the findings from the thesis is discussed.

The cases studied in this thesis have focused on industrial material flows, often in
manufacturing environments. Paper IV focused on the loading and unloading to and from
manufacturing and warehouse facilities. The findings are likely generalisable to similar
industrial contexts like warehousing. Warehousing is similar in that it often involves
several employees working in the same environment with order picking or operating
forklifts and tugger trains. The warehousing context would likely be similar to the
contexts studied in the research for this thesis. AGV systems are also applied in non-
industrial contexts like in hospital logistics. Findings from the thesis showing the need
for new competencies and responsibilities for the AGV systems are applicable in this
context as well, as indicated by (Benzidia et al., 2019; Fragapane, 2021) who study AGVs
in hospital logistics. However, there could new types of interactions between the AGVs
and with people that may not have any experience of automation such as patients and
visitors resulting in additional requirements for the design of AGV systems. This is further
discussed in 6.6.1.

In section 1.6, it was stated that AGV is used as an umbrella term encompassing other
terms used in research and industry for automated vehicles. The findings of the thesis are
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considered to be applicable for the design of other automated vehicle systems.
Autonomous mobile robots for instance have become popular in current research. Based
on the definition of autonomous mobile robots (e.g. Fragapane et al., 2021a), the AGVs
in case 1 in Paper V were autonomous mobile robots since they navigate freely in the
environment. There were some differences in the design of the technical and work
organisational subsystem compared to the other cases due to the advanced capabilities of
the AGVs in case 1 in Paper V, for example, no guidepath design was needed, load
transferring could be performed without guiding rails, and the system could be redesigned
without supplier involvement. Besides these examples, similar considerations to the
human subsystem were observed in case 1 in Paper V as in the other cases with AGVs
not having these advanced capabilities. The design of the work organisational subsystem
was also similar concerning training, error management, and work tasks. This indicates
that the findings of the thesis are generalisable when designing AGV systems with more
advanced functionality.

The thesis focused on the design of AGV systems; the only other automation technology
considered was conveyor-based automated loading and unloading in Paper I'V. Findings
concerning requirements and technical design areas that are unique to AGV system are
not generalisable to other automation technologies. For example, findings concerning
guidance technologies and guidepath design are not applicable beyond AGV system
design. However, findings concerning the design of the work organisational subsystem
could be useful for other automation technologies. For example, findings concerning what
kind of competencies are needed for different roles, how error management could be
performed, and how humans influence and are influenced by the technical subsystem
could be applicable.

Paper IV consisted of two additional cases that have not been presented in the cover paper
because they involve the use of conveyors for loading and unloading rather than AGVs.
The cases highlighted many similar requirements for automated loading and unloading.
There were similar requirements related to technical infrastructure in these cases (e.g.
communication between the loading and unloading equipment and the IT systems with
correct semantics). The identified requirements are similar in the cases despite the use of
two different types of loading and unloading equipment. This indicates that the findings
from Paper IV are generalisable beyond AGV systems in loading and unloading and
include these conveyor-based loading and unloading applications.

Analytical frameworks were developed and used in the papers. The framework in Paper
IV combines interoperability layers and types of functions and could be applied for
identifying requirements for other types of automation or when actors need to interoperate
in the supply chain, for example, regarding implementing a joint IT system. When
multiple actors are involved, the framework can provide guidance regarding what to
consider in the interoperation between the actors as shown in the loading and unloading
application in Paper IV. The framework from Paper IV could be applicable beyond
loading and unloading applications. In Paper IV it was clear that the framework was
applicable not only for loading and unloading using AGVs but also for the conveyor-
based solutions.
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6.6. Suggestions for future research
Future research is suggested in this section based on the limitations and the findings of
the thesis.

6.6.1. Context of the AGV system

The research in this thesis focused on AGV systems within industrial material flows,
mostly in manufacturing environments. Additional cases could be studied in other
environments to assess whether the findings from this thesis are generalisable to them and
to add to the findings of this thesis. AGV systems have been used in container terminals,
warehousing, and hospital logistics. In the industrial environments studied in this thesis,
it is possible to provide training to employees working in the same environment as the
AGYV system. In hospital logistics, by contrast, AGVs can be used to perform transports
in wards where employees, patients, and visitors are moving (e.g. Fragapane, 2021;
Fragapane et al., 2020), so the potential to provide training to all people who come in
contact with the AGVs would be more limited, for example, visitors or patients who might
not have encountered an AGV before. This could entail the consideration of further
human factor when designing an AGV system in hospital logistics. In container terminals,
AGVs operate outdoors, and the payloads are much larger, which influences the technical
subsystem. There could be more interactions between manually operated vehicles and
AGVs, while in a manufacturing environment, there are often interactions between AGVs
and pedestrians in the environment, which could be an important aspect of the human
subsystem. Weather conditions also need to be taken into account, for example snow may
make it more difficult to navigate and influence the sensors of the AGVs. Other contexts,
like hospital logistics, container ports, or warehousing in which AGV systems are applied
could be studied in future research.

6.6.2. AGV system applications

Two main applications of AGV systems were studied in this thesis: AGV systems as a
means for transporting goods and one case wherein AGVs were used for automated
loading and unloading. There are other applications of AGV systems, such as supporting
order picking (Glock et al., 2024) and supporting assembly, for example, AGVs equipped
with a robot manipulator (e.g. Fragapane et al., 2021a). An AGV system could support
order picking by moving material to the pickers, allowing the order picker to focus on the
picking of parts. Alternatively, an AGV could follow an order picker in the environment
and automatically deliver finished picking assignments to a depot, reducing transport
time. AGVs equipped with manipulators could entail several safety requirements and the
potential collaboration with humans need to be planned. Future research could thus focus
on these other applications of AGV systems to determine whether the findings of this
thesis apply and for identifying for example further aspects in the technical, human, or
work organisational subsystems.

6.6.3. Economic assessment of AGV systems

The research conducted in this thesis was principally qualitative. Limited attention was
given to quantitative aspects. However, Paper Il was a discrete event simulation study
that focused on AGV combinations of different fleet sizes and load capacities. Future
research could focus on conducting an economical assessment of the total costs involved,
building upon the findings of Paper II. There are investment costs associated with
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purchasing AGVs that are influenced by load capacity and the fleet size. As seen in Paper
I1, the required inventory at the receiving stations is influenced by the number of AGVs
and their load capacity. The inventory carrying cost is therefore important to consider in
the total cost assessment. This thesis shows that the work organisational subsystem is
important in AGV systems in which employees carry out maintenance activities, manage
errors, and make design changes, which entails operational costs that need to be assessed
and included in the total costs. Thus, an economic model, including investment costs,
inventory costs, and operational costs, is suggested as an avenue for future research.

6.6.4. Refining the framework

In section 6.5, the potential applicability of the framework of Paper IV for the
implementation of other automation solutions than automated loading and unloading is
discussed. The framework was useful in the study for identifying requirements for loading
and unloading when multiple different organisations need to interoperate. The framework
could, for example be applied in supply chains when multiple actors need to operate
together regarding some activity or in the implementation of some type of common
equipment such as automated loading and unloading as in Paper IV. Applying the
framework in new contexts could lead to developing it further, adding more details and
expanding the scope of applications. New dimensions may be added to the framework
that are important in a specific context or for a specific technology.

6.6.5. Interoperability issues

In Section 6.1.3, interoperability was discussed, and the ongoing initiative of the German
Association of Automotive Industry (2022) involving the VDA 5050 standard was
presented. VDA 5050 is an interface for communication between AGVs and a master
control, which facilitates interoperability between AGVs from several suppliers. The
VDA 5050 standard is an industry driven initiative, and research efforts into
interoperability relating to AGV systems have been limited, but this thesis showed that
there are potential interoperability issues in AGV system design. Paper I revealed the
interoperability issues that arise when an existing AGV system is expanded with
additional AGVs at a later point in time. The AGVs, although of the same model, were
not completely the same, which influenced the design of the AGV system. Future research
could study how to manage interoperability issues in AGV system design, potentially
regarding how to apply the VDA 5050 standard.
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7. Conclusion

AGYV system design was the focus of this thesis. This chapter presents the conclusions of
the thesis, presenting the main findings as well as suggestions for future research based
on these findings.

Current trends are driving increased interest in automation in general and, together with
the improving technical capabilities of the AGVs, have led to a growing number of AGV
system applications. Whereas previous research on AGV systems has had a
predominantly technical focus, this thesis applied a socio-technical systems perspective
inspired by the HTO model. By focusing only on technical aspects there is a risk that the
system is suboptimized and does not achieve the intended performance outcome and
results in poor employee well-being, highlighting the need for a broader perspective.
AGYV systems in this thesis have been viewed as consisting of three subsystems — human,
technical, and work organisational. The thesis addressed three research questions that
focused on developing knowledge to support AGV system design. The research
conducted to answer these questions was based on case studies, with the exception of one
study, which was based on discrete event simulation. The first research question focused
on the requirements for AGV system design. The second research question concerned
how the requirements can influence the design of AGV systems. The third and final
research question focused on fleet sizing.

The socio-technical perspective in the thesis facilitated the identification of requirements
in relation to RQ 1 and an understanding of how the requirements influence the design of
AGYV systems in relation to RQ 2. It is clear that the design of AGV systems should not
only focus on the technical subsystem but must also consider the human subsystem
regarding, for example, acceptance and understanding, and the design of the work
organisational subsystem with new work tasks, roles and competencies to develop. The
findings of the thesis align with the concept of Industry 5.0, which underscores the need
for human-centric design.

In relation to RQ 3, the thesis focused on one of the detailed technical design areas of
AGYV systems, namely fleet sizing, considering different combinations of fleet size and
load capacity. The results show the interactions between fleet size and load capacity and
their impacts on required inventory levels considering AGV speed, load transfer duration,
and routes in the environment.

The thesis shows that the socio-technical perspective with a human and work
organisational subsystem together with the technical subsystem is relevant for designing
an AGV system. The thesis can facilitate the design process of an AGV system by
providing input for the requirements and objectives specification phase early in the
process and the conceptual and detailed design stages, encompassing the design of both
the technical and work organisational subsystems. The findings could be useful for both
suppliers and users of AGV systems when designing these systems.

Suggestions for future research were provided in the thesis. Future research could focus
on other contexts and applications of AGV system. The main context of this thesis was
industrial material flows, largely in manufacturing environments. Studying other contexts
and applications of AGV systems could establish whether the findings are also applicable
to them. Interoperability was shown to impose requirements on AGV system design, and
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designing AGV systems in the future may involve additional interoperability
considerations due to the increasing number of AGV suppliers, new models, and new
technologies that would need to operate together. Thus, the exploration of interoperability
issues constitutes another potential area for future research. An economic model based on
the answer to the third research question is also suggested. Finally, while the conceptual
framework applied in Paper IV was useful for identifying interoperability requirements,
the applicability of the framework could be explored in future research.
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