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Abstract
Increasing customer demands for product variety in conjunction with the short
lifecycle of products has caused manufacturing companies to introduce a wide
range of products by accommodating flexibility. An assembly system is an
essential part of the manufacturing system from both cost and time perspectives.
Hence, the shift towards flexibility in manufacturing companies highlights the
significance of establishing flexible assembly systems and designing products that
are closely aligned with them. Despite its significance, however, the flexible
assembly system concept and its requirements for product design have not been
clearly defined in research and from a practical point of view. Most research on
flexible assembly systems has mainly approached either the design or the
balancing and scheduling issues of these systems, whereas only a few studies have
briefly defined the flexible assembly system they focused on, without further
specifying the characteristics of a flexible assembly system and its requirements
for product design.
Taking that into account, the objective of this work is to provide a framework that
contributes to the understanding of the concept of flexibility in an assembly
system and its requirements for product design. In order to fulfil the objective,
four empirical studies combined with literature reviews have been conducted. The
empirical studies, a multiple-case study and three single-case studies, investigate
the definition of flexibility in an assembly system as well as the requirements that
a flexible assembly system imposes on product design.
Through its findings, this research provides a definition of flexibility in assembly
systems that mainly revolves around volume, mix and new product flexibility. In
addition, six constituents of a flexible assembly system have been identified:
adaptable material supply, versatile workforce, increased commonality,
standardised work content, integrated product properties and strategic planning.
Furthermore, three requirements of a flexible assembly system for product design
are defined, which, if fulfilled, reduce the complexity created by product variety
and consequently support flexibility in the assembly system. Accordingly, to
increase the understanding of the concept of flexibility in an assembly system and
its requirements for product design, a four-staged framework is suggested. The
proposed framework deals with the activities related to the concept and the
development of a flexible assembly system and is expected to be received by
assembly practitioners as a link between assembly and product design teams in the
product realisation process. Future research can further validate the framework in
practice.

SAMMANFATTNING
Ökade kundkrav på varianter av produkter i kombination med krav på kortare
produktlivscykler har lett till ett behov av ökad flexibilitet inom
tillverkningsföretag. Ett monteringssystem är en viktig del av
tillverkningssystemet ur såväl kostnads- som tidsperspektiv. Trots detta har
begreppet flexibla monteringssystem med krav på produktutformning inte
preciserats i forskning och praktik. Forskningen kring flexibla monteringssystem
har huvudsakligen omfattat antingen utformningen av system eller balanseringsoch planeringsfrågor där endast några få studier har definierat flexibla
monteringssystem, men utan att närmare precisera hur ett flexibelt
monteringssystem ser ut tillsammans med dess krav på produktutformning.
Mot den bakgrunden är syftet med denna licentiatavhandling att presentera ett
ramverk för att bidra till bättre förståelse för begreppet flexibilitet i
monteringssystem med dess krav på produktutformning. För att uppfylla det syftet
har fyra empiriska studier och en litteraturgenomgång genomförts. De empiriska
studierna undersöker hur begreppet flexibilitet i monteringssystem definieras och
vilka krav ett flexibelt monteringssystem ställer på produktutformning.
Resultaten av denna forskning ger en definition av flexibilitet i monteringssystem
som huvudsakligen handlar om flexibilitet rörande volym, mix och nya produkter.
Därutöver har sex beståndsdelar i ett flexibelt monteringssystem identifierats:
flexibel materialförsörjning, mångkunnig arbetskraft, ökad överensstämmelse,
standardiserat arbetsinnehåll, integrerade produktegenskaper och strategisk
planering. Dessutom har tre krav på ett flexibelt monteringssystem definierats
vilka syftar till att minska den komplexitet som skapas av varianter av produkter
och följaktligen stöder flexibiliteten i monteringssystemet. För att öka förståelsen
för begreppet flexibilitet i ett monteringssystem och dess krav på
produktutformning föreslås därför ett ramverk med fyra steg. Det föreslagna
ramverket beskriver begreppet och utvecklingen av ett flexibelt monteringssystem
och förväntas bli mottagen av montörer som en länk mellan montage och
produktutvecklingsteam i produktframtagningsprocessen. Framtida forskning
syftar till att validera ramverket i praktiken.
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Early definitions
Assembly line: an assembly line typically consists of a number of workstations
that are connected by transportation links, which move a product between stations
in a unidirectional flow.
Assembly operation: one of the two basic types of manufacturing operations in
which two or more separate parts are joined to form a new entity (Groover, 2014).
Assembly system: a collection of assembly resources and the assembly line in
which assembly operations take place.
Flexibility dimension: the situation for which the flexibility is required (Beach et
al., 2000a).
Manufacturing operations: certain basic activities that must be carried out in a
factory to convert raw materials into finished products, including processing and
assembly operations (Groover, 2014).
Manufacturing system: a collection of integrated equipment and human
resources that perform one or more processing and/or assembly operations on a
starting raw material, part, or set of parts (Groover, 2014).
Product design: detailing the material, shapes, and tolerance of the individual
parts of a product (Boothroyd, 2011). In this thesis, the term product design
denotes the physical properties of product rather than the design process.
Product realisation: the process that transforms a product idea into a designed,
produced and distributed product to the end user (Johansen, 2005). Product
realisation comprises a product development process (Bellgran and Säfsten,
2010).
Production system: a collection of people, equipment, and procedures that are
organised to perform the manufacturing operations of a company or other
organisation (Groover, 2014). In this school of thought, a production system is
superior to a manufacturing system; this perspective has been adopted in this
thesis.
Product variety: refers to the range of products or product models that a firm can
produce within a particular time period in response to market demand (Ulrich and
Eppinger, 2012).
Requirement: a formulation of the characteristics that a design should fulfil
(Chakrabarti et al., 2004). The terms assembly system requirements for product
design or flexible assembly system requirements for product design is employed in
this thesis to refer to the characteristics of an assembly system or flexible
assembly system that should be fulfilled by the product design.
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1 Introduction
This chapter provides background on the research area of flexibility in an
assembly system and the requirements of a flexible assembly system for product
design. Further, the motivation for this research, the research objective, the
research questions, and the scope and limitations of the thesis are presented.

1.1 Background
Increasing customer demands for various types of products, which are frequently
accompanied by short lifecycles, have directed manufacturing companies towards
the mass customisation and introduction of an extensive range of products to gain
a competitive edge in the market. To cope with these changes, flexibility has
emerged as a concept that offers performance excellence and competitive
advantages to manufacturing companies (Zhang et al., 2003; Lloréns et al., 2005;
Mishra et al., 2014). The basic known competitive priorities include quality,
delivery, price, and flexibility (Bellgran and Säfsten, 2010), in which flexibility
has a recognised role in supporting the remaining three competitive criteria
(Olhager and West, 2002). Flexibility is a complementary property to
productivity; the prevailing opinion is that companies must be both productive
and flexible, with no trade-off between these two characteristics (Bengtsson and
Olhager, 2002). The current focus of manufacturing companies in a competitive
environment is a shift towards flexibility. For instance, the recent findings of
Renault’s manufacturing strategy focuses on a new paradigm that shifts from
inflexible one-plant/one-vehicle policies towards highly flexible machines and
manufacturing platforms that are capable of producing multiple products (Jain et
al., 2013).
The shift towards flexibility in manufacturing companies also increases the
significance of flexibility in assembly systems. An assembly system is considered
an essential part of a manufacturing system in terms of cost and time aspects. The
costs of an assembly system represent 20-60% of the total costs of a
manufacturing system in the industrial activity of product manufacturing,
depending on the product (Demoly et al., 2010). In the case of manufactured
products, an assembly system accounts for more than 50% of production time,
according to Samy and ElMaraghy (2012). An assembly system is also
significant, as a large portion of a workforce (one third of a manufacturing
company’s labour) is linked to assembly operations, whereas 50% of the direct
labour costs in the automotive industry are attributed to assembly operations
(Samy and ElMaraghy, 2012).
Concerning the competitive priorities in manufacturing companies, assembly
systems must be flexible. Flexibility is needed in assembly systems as product
lifecycles and lot sizes are decreasing with numerous variants (Heilala and Voho,
2001). An assembly system is regarded as one of the most cost-effective
approaches towards creating high product variety (Hu et al., 2011). In addition,
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the competitive priorities offered by an assembly system have developed the
concept of flexibility as a particularly noteworthy concept of an assembly system.
Flexible assembly systems are gaining significant value due to their practical
importance and theoretical challenges (Barutçuoğlu and Azizoğlu, 2011).
The majority of the research in this domain has primarily approached either the
design (Bukchin and Tzur, 2000; Kumar et al., 2000; Edmondson and Redford,
2002; Nakase et al., 2002; Barutçuoğlu and Azizoğlu, 2011) or the balancing and
scheduling (Sun et al., 2002; Sawik, 2004; Zhang et al., 2005; Guo et al., 2008;
Vincent et al., 2014) issues of a flexible assembly system. A few of these studies
have briefly defined the flexible assembly system without detailing the
characteristics of flexibility in assembly systems. Although a flexible assembly
system is considered to be a system that is equipped with different automated
machines or robots working in the line (Bukchin and Tzur, 2000; Zhang et al.,
2005; Barutçuoğlu and Azizoğlu, 2011), manual operation has also been regarded
as a decisive factor in achieving high flexibility with a high number of variants in
the assembly system.
Understanding the concept of flexibility in an assembly system is significant, as
the product design may be influenced by the requirements of a flexible assembly
system, which are addressed during the product realisation process. Establishing
these requirements is critical in the design and is a central issue in design research
(Chakrabarti et al., 2004). An important aspect of the product design requirements
is the requirements set by the assembly system as a stakeholder during the product
realisation process. In the realisation of mechanical products, in which the
geometries of the parts of the product primarily influence the functionality of the
final product (McKay et al., 2001), the requirements related to assembly system
become crucial and should be considered as early as possible in the design cycle
(Boothroyd, 2011). The consideration of the requirements of an assembly system
in a timely manner in the design cycle has been linked to the competitive
advantages of a manufacturing company. More than 70% of the final product
costs are determined during design; therefore, the manufacturing system and the
assembly system should be considered early in the design cycle (Yang et al.,
2000). Accordingly, the requirements of a flexible assembly system are also
central for designing products that are closely aligned with a flexible assembly
system.

1.2 Research motivation and research objective
The strong urge of manufacturing companies to become more flexible and the
significance of an assembly system for the manufacturing system place a high
value on characterising flexibility in an assembly system and identifying its
requirements for the product design.
Flexibility in a manufacturing system has continued to gain considerable attention
among researchers in the field. From a theoretical standpoint, the number of
publications on this topic demonstrates the emerging significance of
manufacturing flexibility in recent years; the number of studies from 2008–2013
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has surpassed the number of studies from 1987–1995 by nearly 3.5 fold (Mishra et
al., 2014). However, additional research in the field is needed. Reviews of
manufacturing flexibility in the 2000s highlighted the lack of complete
understanding of the concept of flexibility despite the extensive amount of
research and noted future research opportunities (Wilson and Platts, 2010).
Flexibility in an assembly system, as a critical part of a manufacturing system, is
increasingly important for manufacturing companies in the current competitive
market. Although flexibility in assembly systems has not been as extensively and
specifically discussed as flexibility in manufacturing systems to date, this topic
appears to be hindered by a similar ambiguity surrounding the concept in theory
and practice.
Given the design of suitable products for a flexible assembly system, the
requirements of this system for product design should be identified to ensure that
they are addressed in a timely manner during the product realisation process.
Thus, comprehending the requirements of flexible assembly system for product
design is significant for the manufacturing companies that are competing to
become flexible. However, based on existing knowledge and from a practical
standpoint, the concept of a flexible assembly system and the requirements of a
flexible assembly system for product design remain unclear. A real-life example
of the manufacturing companies that are striving to develop flexible assembly
systems and are interested in identifying the requirements of a flexible assembly
system for product design is the manufacturing company that has financed this
research.
Considering the background and motivation of this research, the objective of this
thesis is to provide a framework that contributes to the understanding of the
concept of flexibility in an assembly system and its requirements for product
design.

1.3 Research questions
To achieve the objective of the study, the following two research questions have
been formulated. The research questions have been designed such that they build
upon each other to fulfil the research objective.
RQ1. How is a flexible assembly system described?
The objective of this research question is to define flexibility in an assembly
system and identify the key constituents of a flexible assembly system. To answer
this question, various dimensions of flexibility in a flexible assembly system must
be identified. Answering the first research question paves the way for answering
the second research question, which is expected to close the gap in theory and
practice regarding the concept of a flexible assembly system.
RQ2. How can product design support flexibility in an assembly system?
The second research question focuses on the influence of flexibility in an
assembly system on product design and the aspects of a flexible assembly system
that concern the product design. Considering the lack of knowledge about this
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topic, the second research question is expected to contribute to both theory and
practice by identifying the requirements of flexible assembly system for product
design.

1.4 Scope and limitations
This research investigates and represents the situation in the heavy machinery
manufacturing industry. The case studies presented in this thesis have been
performed in a multinational heavy machinery manufacturing company that is
headquartered in Europe and produces construction equipment. Based on the
International Standard Industrial Classification (ISIC), which is employed by the
United Nations, the heavy machinery industry is among the secondary industries,
in which the principal activities comprise manufacturing operations and the
typical products include machine tools and construction equipment (Groover,
2014).
This research has primarily focused on assembly systems with semi-automatic
mixed-model or semi-automatic mixed-product assembly lines. Thus, the data
have been collected and analysed based on this focus. In semi-automatic assembly
lines, part of the operations is automated (Heilala and Voho, 2001). Although the
majority of the assembly operations in the case companies were manually
performed, due to different automated equipment utilised for transportation of the
product between the stations, testing, and material handling, all assembly lines
were categorised as semi-automatic assembly lines.
To accomplish the research objective, this research has been conducted from the
standpoint of an assembly system and focuses on flexibility in this context. Thus,
the focus on the product realisation process and product design and the
technicalities of these research domains is considered to be external to the scope
of this research.

1.5 Thesis outline
In Chapter 1, the background on the research area, motivations, research
objective, research questions, and scope and limitations are introduced. Chapter 2
presents the research methodology that is applied in this research and describes
each study. In Chapter 3, the theoretical frame of reference is provided. In
Chapter 4, the results from the studies are provided. Chapter 5 offers a synthesis
of the results with regard to the research questions and presents a framework. The
concluding remarks, contributions of this thesis and the outlook for future
research are indicated in Chapter 6. Finally, the four papers produced during the
course of this research are appended.
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2 Research methodology
This chapter describes the systematic research methodology adopted to conduct
this research. The research methodology chapter begins by describing the
research philosophy, research design, research strategy, and data collection
techniques applied in this thesis. The chapter continues by presenting the four
studies and concludes with discussions about the data analysis and quality of the
research.

2.1 Research philosophy
In its broadest sense, research is a systematic process by which a person knows
more about something after the process than he or she knew prior to engaging in
the process (Merriam, 2009). The research philosophies (e.g., positivism,
interpretivism, realism, and pragmatism) can be considered assumptions about the
manner in which a researcher views the world (Saunders et al., 2012). These
assumptions underpin the research strategy and the method that is selected as a
part of the strategy. Considering the different research philosophies and by
focusing on the scope of this thesis from an empathetic stance, the adopted
research philosophy in this thesis is similar to the interpretivism tradition. The
researcher with an interpretivist approach emphasises the meaning created by
people as they interpret their world (Williamson, 2002). Qualitative research is
associated with an interpretive philosophy, as researchers must make sense of the
subjective and socially constructed meaning that is expressed about the
phenomenon being studied (Saunders et al., 2012). As qualitative research, this
research maintains the four main characteristics of qualitative research outlined by
Merriam (2009):





The focus is the process, understanding, and meaning.
The researcher is the primary instrument of the data collection and analysis.
The process is inductive.
The product is highly descriptive.

In this thesis, the process of each study has been designed to gain a
comprehensive understanding of the understudy phenomena. In addition, the
overall process in each study has been an inductive process, which indicates that it
began by focusing on a particular phenomenon and culminated in general
propositions (Williamson, 2002). The researcher, as the primary instrument in the
qualitative research (Merriam, 2009), conducted the data collection and analysis
of the collected data, which resulted in a highly descriptive outcome, as presented
in Papers I, II, III, and IV.

2.2 Research design
Qualitative research design does not begin from a predetermined starting point or
proceed through a fixed sequence of steps; it involves interconnection and
interaction among the different design components (Maxwell, 2012). The
interactive model of research design suggested by Maxwell (2012) is an
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interconnected structure that presents relationships among five different
components of research design—goals, conceptual framework, methods, validity
and research questions at the centre of design—as shown in Figure 1. To design a
qualitative study according to the Maxwell (2012) model, a logical strategy cannot
be developed a priori and subsequently be faithfully implemented. It is needed to
construct and reconstruct the research design. This interactive nature of research
design has been applied as the basis for the total design of the research as a whole
and each individual study in this thesis.
Conceptual
Framework

Goals

Research
Questions

Methods

Validity

Figure 1. Iterative model of research design, adapted from Maxwell (2012).

In addition to the Maxwell (2012) model of research design, the design research
methodology (DRM) framework suggested by Blessing and Chakrabarti (2009),
shown in Figure 2, has been employed to plan the studies and perform the
research. The DRM framework begins with the “Research Clarification”, which
intends to support researchers in formulating a clear and realistic research plan.
The deliverables of the research clarification stage contribute to the current
understanding and expectations and overall research plan. Following the research
clarification, three other stages, namely, “Descriptive Study 1”, “Prescriptive
Study” and “Descriptive Study 2”, are outlined in this framework.
According to the DRM framework, the four studies in this thesis have been
designed to answer the research questions and fulfil the objective of this research.
To complete the preliminary stages of the doctoral research, all studies conducted
towards the licentiate degree and presented in this thesis correspond to the first
and second stages of the DRM model: Research Clarification and Descriptive
Study 1, as shown in Figure 2. These two stages have been planned and performed
in parallel in each study. However, the last two stages of the DRM model will be
implemented after the licentiate degree and towards the completion of the doctoral
studies.
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Basic means
Literature
Analysis

Empirical data
Analysis

Assumption
Experience
Synthesis

Empirical data
Analysis

Stages
Research
Clarification

Descripitive Study 1

Perscriptive Study

Descripitive Study 2

Main outcomes
Goals

Understanding

Support

Evaluation

Figure 2. DRM framework, adapted from Blessing and Chakrabarti (2009).

To accomplish the objective of this research, the research questions have been
formulated to complement and build upon each other. According to Saunders et
al. (2012), research questions may be divided into questions that are descriptive,
evaluative and/or explanatory, and a question that commences with “what”,
“when”, “where”, “who” or “how” will produce an answer that will be at least
partially descriptive.
In this thesis, the first research question, “How is a flexible assembly system
described?”, provides a basis to answer the second research question, “How can
product design support flexibility in an assembly system?”. To answer each
research question in the four studies of this research, a case study, which is a
common strategy in qualitative research, has been employed.

2.3 Research strategy
A research strategy can be defined as a plan employed by a researcher to answer
her research question and can be described as a methodical link between the
philosophy and subsequent choice of methods to collect and analyse the data
(Saunders et al., 2012).
Qualitative research can be linked to a variety of research strategies. However,
case study has been selected as the main research strategy in this thesis given the
scope of this thesis and to gain a practical insight on flexibility in an assembly
system. In addition, a literature review has been conducted to complement the
case studies. The literature review and case study strategy are described in the
following sections.
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2.3.1 Literature review
The literature search and review that was conducted in this research involves
identifying, locating, synthesising and analysing the conceptual literature and
completed research reports, articles, conference papers, books, theses and other
materials related to the research topic, as suggested by Williamson (2002). In
performing this research, the state-of-the-art literature review was considered to
be the backbone of all studies and particularly facilitated the clarification of the
research questions and the research motivations in each individual study and the
overall research. Literature analysis is regarded to be a basic means for the
research clarification stage, according to Blessing and Chakrabarti (2009).
Each individual study was reinforced by a literature study that helped to frame the
research questions, provide a theoretical framework and position the findings of
the study in relation to this framework. Considering the research objective and the
role of literature in conducting research, manufacturing flexibility and assembly
systems have become the main focus of the literature studies in this research. An
assembly system is regarded as a critical subsystem of the manufacturing system
as a larger system, and due to the existing well-established research area, the
literature review on the topic of manufacturing flexibility has served a central role
in this thesis. The main theoretical propositions that were significant to the
research clarification, framing of the research objective and positioning of the
finding of this research are presented in Chapter 3. Literature can be applied in
three ways: to frame the research questions in the initial stages of the research, to
provide a context and theoretical framework for the research and to place the
research findings within the extensive body of knowledge (Creswell, 2012). The
literature reviewed in this research has been accessed via Mälardalen University
Library and online academic databases. The online academic databases that were
employed in the different studies of this research encompass a vast amount of
information. Such databases as Scopus, Discovery, Science Direct, and Google
Scholar were utilised to access current journal and conference publications in the
research field of interest.
2.3.2 Scientific case study research
A case study is an in-depth description and analysis of a bounded system
(Merriam, 2009); it is a preferred research method to closely investigate and
understand a specific phenomenon within its natural context (Eisenhardt, 1989;
Yin, 2014). Case studies are pertinent when research addresses either a descriptive
question, such as “What is happening or has happened?”, or an explanatory
question, such as “How or why did something happen?” (Yin, 2014). As both of
the two main research questions are descriptive, a case study has been selected as
the main research strategy.
A case study can be designed as a single-case study when it focuses on one case
or as a multiple-case study when it focuses on more than one case (Yin, 2014).
Although the implementation of a multiple-case design is typically more difficult
than the implementation of a single-case design, the ensuing data can provide
greater confidence in the findings (Yin, 2012). Thus, three single-case studies and
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a multiple-case study have been conducted in this research to ensure the richness
of data and provide better confidence in the findings and results. Regardless of the
design, a case study can be exploratory, descriptive, explanatory, or a
combination of these types in terms of its objective and research questions
(Saunders et al., 2012). Each of the case studies that were conducted in this
research is exploratory, descriptive or a combination of these types in terms of its
purpose in the research design. According to Saunders et al. (2012) the research
studies are primarily categorised as exploratory studies as they ask open questions
to investigate what is happening and gain insight on the topic. In addition, the
descriptive studies aim to gain an accurate profile of events, persons, or situations.
A brief overview of the four research studies that were conducted in this thesis is
presented in Table 1. In the table, “○” and “●” indicate low and high correlations,
respectively.
Table 1. Overview of the conducted research studies.

Study

Topic

Research
strategy

Research design
purpose

Unit of
analysis

Paper

Descriptive Exploratory

Study I

Flexibility and
its dimensions
Real-time
in an
multiple-case
study
assembly
system

Assembly
system
Study II requirements
for product
design
Flexible
assembly
system
Study III
requirements
for product
design
Drivers of
complexity in
Study IV a flexible
assembly
system

Retrospective
single-case
study

RQ1 RQ2

Flexibility in
an assembly
system

I

●

Requirements
of an
assembly
system for
product
design

II

●

Research
Question

Real-time
single-case
study

●

○

Flexibility in
an assembly
system

III

Real-time
single-case
study

●

○

Flexibility in
an assembly
system

IV

●

○

●

○

●

●

In the case studies, multiple sources of evidence suggested by Yin (2014) have
been applied to provide greater insight. The different sources of evidence
employed in this research include observations, interviews, documents,
questionnaires and participant observations.
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2.4 Data collection techniques
The different employed data collection techniques are presented to illustrate how
they are utilised within the scope of this research. A detailed description of the
applicability of each technique in each individual research study is presented in
the summary of each study.
2.4.1 Observations
The purpose of participant observations as a data collection technique in this
research is to discover the delicate nuances of meaning (Saunders et al., 2012),
which concern the relevant units of analysis. The observations made during
different studies in this research have been formed across different circumstances.
These circumstances are presented in three main variations of meetings,
workshops and informal discussions. Different categories of data (e.g., primary,
secondary, experimental and contextual data (Saunders et al. 2012)) have been
generated from participant observations in this research by note-taking and
recording diaries during Studies I, III, and IV. With the exception of Study II,
which was a retrospective case study, the researcher assumed the role of
“participant as observer” in all case studies. In this type of observation, the role of
the researcher who observes activities, which are known to the group, is
subordinate to the participant role (Merriam, 2009). All observations in this
research have occurred by physical participation in the case companies or during
virtual meetings arranged by the case companies. Observations can be
distinguished from interviews in two ways. First, observations occur in the setting
in which the phenomenon of interest occurs naturally instead of a location that is
designated for the purpose of interviewing. Second, observational data represent a
first-hand encounter with the phenomenon of interest instead of a second-hand
account of the world obtained in an interview (Merriam, 2009). The informal
discussions in each study in section 2.5 were limited to the topic of interest for
each study.
2.4.2 Interviews
Semi-structured and in-depth (unstructured) interviews comprise the two main
types of interviews that were conducted in the research studies. The qualitative
research interview attempts to understand the world from the subject’s point of
view and unfold the meaning of people’s experiences to uncover their world prior
to scientific explanations (Kvale, 1996). An interview guide has been designed for
the semi-structured interviews in each study. In-depth interviews were informally
conducted to gain a comprehensive knowledge of the areas of interest. Two of the
conducted semi-structured interviews (one interview in Study II and one interview
in Study IV) consisted of group interviews, which included two participants and
four participants, respectively. Regardless of the type of the interviews, three
different types of open, probing and closed questions (Saunders et al., 2012) were
asked during the interviews.
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2.4.3 Questionnaires
In Study IV, self-completed questionnaires, which were delivered to and collected
from each respondent, have been employed as a means of data collection in
addition to other data collection techniques applied in this study. Although
questionnaires may be employed as the only data collection method, linking them
with other methods in a multi-method research design may be optimal (Saunders
et al., 2012). In this case, the questionnaires have been administered as a
structured interview technique in the qualitative research and to complement the
data collected through the case study in Study IV via the observations and
interviews.
2.4.4 Documents
Documents comprise a data collection strategy with an extensive range and
various types: visual, digital and physical material that is relevant to a study,
public records, and researcher-generated documents, as suggested by Merriam
(2009). In the performed studies, documents were either accessed via the Intranet
and the databases of the case companies or upon the request of the researcher to
the main employees who participated in the study. Different types of documents
were utilised during the studies. Typical utilised documents include visual
presentations, e-mails, minutes of meetings, guidelines, procedures and
instructions, working schedules and plans, assembly system layouts, images from
different workstations and material supply areas, researcher’s notes, and pictures
taken by the researcher.

2.5 Summary of the research studies
In this section, the studies conducted in this research with regard to the adopted
research methodology are described. A schematic overview of each study that
considers the time period and the context in which it has been conducted is
presented in Figure 3.
Literature study
(Oct 2012-Jan 2015)

Study III

(Aug 2013-Jan 2015)
MPAL Project
(Concept Development Phase) & (Pilot Implementation Phase)

Study I

(Oct 2012-Mar 2013)
FAS Project

Study II

(Sept 2013-Feb 2014)
NCPD Project

Study IV

(Mar 2014-Jan 2015)
MPAL Project
(Pilot Implementation Phase)

Oct 2012

Jan 2015

Figure 3. Time axis of the conducted case studies and their related context.

11

2.5.1 Case Study I – Flexibility and its dimensions in an assembly
system
In this multiple-case study, five different plants of a core company (cases A, B
and C in Europe, case D in Asia and case E in North America) have been
investigated regarding the flexibility in their assembly systems. The objective of
the study was to define flexibility in an assembly system, identify different
dimensions of flexibility in an assembly system, and determine the constituents of
flexible assembly systems. The core company was a large and leading European
manufacturer of heavy vehicles, which develops, manufactures and markets
construction equipment. The company produces more than 100 models of
different products and operates more than ten plants across the world. The core
company initiated a new joint project— the Flexible Assembly System (FAS)—
among several of its plants. By initiation of the FAS project, the core company
proposed that all participating plants should jointly develop a flexible assembly
system concept to enable production of all ranges of different products in each
plant, according to their local market demand volume. All five selected plants in
this case study participated in the FAS project. At the time of this proposal, all
five plants owned mixed-model assembly lines for the production of a certain
product family. The focus on the issue of flexibility in an assembly system across
the case plants by adapting to the new global strategy and participating in the FAS
project were the decisive main factors in conducting case Study I within the
selected case plants. The selection of the five case plants followed replication
logic (Yin, 2012). The multiple-case study has been applied in Study I for its
capacity to demonstrate literal replication. The rationale for using multiple cases
focuses on whether the findings can be replicated across the cases. Thus, cases
were selected on the basis that similar results were predicted to be produced from
each case to demonstrate literal replications, as suggested by Yin (2014) and
Saunders et al. (2012). According to Yin (2012), direct replications can produce
greater confidence compared with the situation in which the results have been
derived for only a single case or two cases.
Within-case status
In each plant, each assembly line was dedicated to the assembly of different
product models from one certain product family as a mixed-model assembly line.
Different product models that existed within each product family frequently
shared similar product platforms, components and assembly procedures. Although
the majority of the assembly operations in each plant were manually performed
due to different automated equipment that was utilised for transportation of the
product between the stations, testing, and material handling, the assembly lines
were categorised as semi-automatic assembly lines. Some of the assembly lines
for each product family were dedicated to the assembly of products that were
primarily based on the similarities in size and were named accordingly. The
remaining assembly lines were identified as General lines. To satisfy the demand
volume and increase the skills of the assemblers, all plants employed different
staffing strategies, including job rotation and overtime. For instance, when
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needed, the overtime hours or new work shifts were added to the regular working
hours to balance the workloads of the assemblers.
Case A
Case plant A was located in Europe and produced both large- and medium-sized
products that belong to product family (T). Two semi-automatic mixed-model
assembly lines were employed in case A. These assembly lines were named
according to the size of the product that they produce: Medium assembly line and
Large assembly line. Ten product variants existed in the Medium assembly line
and 5 product variants existed in the Large assembly line. The throughput of the
Medium and Large assembly lines was consecutively 8 vehicles and 4 vehicles,
respectively, per shift. In the entire assembly area, 58 assemblers worked on the
Medium assembly line and 48 assemblers worked on the Large assembly line
during every shift. Both assembly lines had two working shifts during 24 hours.
Case B
Case plant B was located in Europe; one semi-automatic mixed-model assembly
line produced 7 product variants from product family (U). The throughput of the
assembly line was 8 vehicles per shift, for which 51 assemblers worked in the
entire assembly area. The assembly line in case B was divided into two main
areas: in the first area, the initial assembly operations of the driving unit were
conducted; in the second area, the driving unit was joined to the upper loading
structure. Two working shifts were operated during 24 hours for assembly
operations.
Case C
In case plant C in Europe, two product variants from product family (V) were
assembled in a semi-automatic mixed-model assembly line. One working shift
was operated in case C, in which 6 products were assembled. In the entire
assembly area, 68 assemblers worked during a single working shift.
Case D
Located in Asia, case plant D had 4 semi-automatic mixed-model assembly lines
for the production of 38 product variants from product family (W), which were
named by the size of the product they produced (e.g., Small, Medium, Large and
Extra-large). In each of these lines, 6, 19, 11 and 2 product variants were
consecutively assembled, and the throughput per each working shift for these
assembly lines was 26, 34, 24 and 14, respectively. One working shift was
operated at the case plant, during which 293 assemblers worked in the entire
assembly area.
Case E
Case plant E was located in North America and had 4 semi-automatic mixedmodel assembly lines for the production of three different product families (X, Y
and Z). Thirteen product variants of product family X were produced on the Small
assembly line, whereas 29 other variants of the same product family were
produced on the Large assembly line. In addition, 11 product variants of product
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family Y were produced on the General.1 assembly line, and 5 product variants of
product family Z were produced on the General.2 assembly line. Fifty-six
assemblers worked in the entire assembly area. The throughput of vehicles per
shift in each assembly line was 3 vehicles, with the exception of the General.2
assembly line, in which one vehicle was produced per every two shifts. Case plant
E had one working shift during every 24 hours. A summary of the status of the
assembly systems is shown in Table 2.
Table 2. Status of the assembly systems in the case plants in Study I.

Case
plant

Assembly
line

Product
family

No. of
variants

No. of
assemblers

A

Medium
Large
General
General
Small
Medium
Large
Extra large
Small
Large
General.1
General.2

T
T
U
V
W
W
W
W
X
X
Y
Z

10
5
7
2
6
19
11
2
13
29
11
5

58
48
51
68
43
99
83
68
10
23
15
8

B
C
D

E

Throughput
per shift
(vehicles)
8
4
8
6
26
34
24
14
3
3
3
0.5

No. of
shifts
2
2
2
1
1
1
1
1
1
1
1
1

Data collection in Study I
In performing the literature review in Study I, the main focus was the research
areas of manufacturing flexibility and flexible assembly system. In the theoretical
study performed for this purpose, the definition of flexibility, different taxonomies
for manufacturing flexibility and different dimensions of flexibility in the
literature were reviewed. An investigation of various dimensions of flexibility in
an assembly system in the case plants was performed, with reference to the
classification of the manufacturing flexibility dimensions offered by Sethi and
Sethi (1990).
In addition to the literature review, other sources of data collection that are
common to the case studies were employed in Study I. Observations, interviews
and inspection of the FAS project’s documents comprised the main sources of the
data collection within a five-month study period, during which all five
manufacturing case plants were investigated. The researcher participated in all
meetings, workshops and several informal discussions of the FAS project, during
which the observations were conducted. All five cases were considered in each of
the meetings and workshops. These meetings and workshops covered such issues
as the present status and existing capabilities of the assembly systems of the case
plants as well as future needs in terms of the flexibility of the assembly system in
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each case plant. In addition, forty-seven interviews, including in-depth and semistructured interviews, were performed. The semi-structured interviews conducted
in Study I are considered to be elite interviews, as suggested by Yin (2012), as the
assembly managers and main assembly engineers were interviewed. In some case
studies, the participants’ construction of reality provides important insights into
the case, and the insights gain even further value if the participants are critical
persons in the organisations, as only one or several persons will assume these
roles by definition (Yin, 2012). The interview guide that was employed during the
semi-structured interviews had two sections: the first section focused on the
definition of flexibility in an assembly system and different dimensions of
flexibility in an assembly system, whereas the second section focused on the
design and development of a flexible assembly system. The design of the
interview guide considered the theoretical propositions to maintain the solidity of
the collected data in relation to the theoretical framework. The recordings of the
semi-structured interviews in Study I were initially transcribed into text. The
researcher had complete access to the documents related to the FAS project in the
case plants. Table 3 provides a detailed summary of the main data collection
techniques employed in this study. The duration of each data collection techniques
indicates the length of time that each event continued, and the longest duration
(480 minutes) implies that the related workshop continued for more than a
complete working day, or eight hours. The same format was used for the
information in Tables 5 and 6, which provide a summary of the data collection
sources in Studies III and IV of this research, respectively.
Table 3. Data collection sources and evidence in Study I.

Source

Techniques

Participant(s)

Duration Relevant case
(minutes) A B C D E

20

60-300

Workshops

4

90-480

●●●●●
●●●●●

Informal
discussions

Several

Daily

●●●●●

Observations Project meetings
(FAS Project)

Interviews

No.

In-depth interviews

Semi-structured
interviews

37

Assembly engineers,
assemblers, assembly
managers

5-60

2

Production engineer,
production engineering
assembly manager

32-67

2

Assembly manufacturing
engineering manager

25-107

2

Assembly manufacturing
engineering manager

23-52

2

Assembly technical
specialist

24-96

2

Assembly manufacturing
engineering manager

25-77
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●●●●●
●
●
●
●
●

2.5.2 Case Study II – Assembly system requirements for product
design
Study II was a single-case study in a heavy vehicle component manufacturing
company, which develops and produces components for heavy vehicles. To
understand and identify the requirements of an assembly system for product
design, Study II investigated all assembly system requirements that were captured
and incorporated during the early phases of the product development process
(planning and concept development phases according to Ulrich and Eppinger
(2012)). The understudy new product development project (New Component
Platform Development (NCPD)) began in 2008, and the concept development
phase was completed by the end of 2012. Study II concentrated on the assembly
system requirements and the approach towards capturing and incorporating these
requirements in the NCPD case during the time period between the project’s
initiation and the end of the concept development phase. The NCPD case has been
selected for this case study for two main reasons. First, the NCPD was a platform
development project, in which one component platform for three different types of
heavy vehicles was developed. The NCPD case was unique in terms of its scope
and size and as a result of implementing a new strategy in the case company. The
new strategy aimed at higher product quality, improved fuel efficiency,
competitive cost reduction, performance excellence and optimised aftermarket
profitability. Second, due to the applied changes in the technology (development
of one component platform for three different types of products) in the NCPD
case, the resulting product was expected to have new content that produced
complexity in the assembly operations. At the time that this research was
conducted, the NCPD case was referred to as a master case in terms of its
collection of the requirements (including assembly system requirements) for
product realisation process. The two early phases in the NCPD case were selected
for analysis due to the significance of this period. All assembly system needs and
requirements were identified during these two phases. At the end of this period in
the NCPD case, the requirements were frozen and ready for use in the detailed
development of the product.
During a five-month period, interviews (both semi-structured and in-depth)
comprised the primary method of data collection. Fourteen interviews, including
six in-depth and eight semi-structured interviews, were conducted in this study.
The semi-structured interviews were conducted with several company experts on
the topic of focus, several project team members and the project managers. All
interviews were recorded, and eight interviews were transcribed in full. The
nontranscribed interviews benefited from detailed notes taken by the researcher
during the interviews. Two separate interview guides for the assembly and
product design team participants were developed for the semi-structured
interviews. Some of the interview sessions required a relatively longer amount of
time than the other interview sessions. As Study II was a retrospective study
during these interview sessions, presentations, guidelines, and utilised software
from the NCPD case were discussed by the researcher and participants. On
several occasions, the researcher had access to the documents of the project (e.g.,
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database of the requirements and project presentations) by request. To form a
solid foundation of previous research for this study in addition to an assembly
system as a central research area, a concise literature review that is related to
several other areas, such as requirement management, concurrent engineering,
design for assembly, and design for manufacturing, was performed.
The active involvement of a co-researcher in Study II, who was a former team
member in the NCPD case, provided insight into the case and facilitated access to
the documents of the project. Table 4 provides a detailed summary of the main
data collection techniques employed in this study.
Table 4. Data collection sources and evidence in Study II.

Source

Techniques

Interviews

In-depth
interviews

Semi-structured
interviews

No.

Participant(s)

Duration
(minutes)

1

Product platform development manager

75

1

Coordinator-product architecture

46

1

Consultant-system engineering

3

Project manager-production

1

Production engineer, project leader

2

Project manager-production

1

Senior system/requirements engineer

90

1

Product development- design engineer

62

1

Product development- project manager

63

1

Engineer-product architecture

169

1

Director of process developmentassembly and fabrication requirements

97

50
47-75
71
50-54

2.5.3 Case Study III – Flexible assembly system requirements for
product design
Study III was a single-case study that was performed in a heavy vehicle
manufacturing company, which produced twelve different product families in its
several manufacturing plants around the world. The objective of this research
study was to identify the generic needs within a flexible assembly system and the
requirements it imposes on the product design. Study III has been conducted over
a 17-month period, during which the concept of a flexible assembly system was
developed and implemented as a pilot. These consecutive phases are referred to as
“concept development” and “pilot implementation” phases, respectively. At the
case company, these activities were performed as the two phases of the MixedProduct Assembly Line (MPAL) project. In the flexible assembly system concept,
four product models (A, B, C, and D) from distinct product families were
assembled in the same mixed-product assembly line. The developed concept was
subsequently implemented as a pilot. Each of these four product families were
produced in different manufacturing plants at the time of this study due to the
semi-automatic mixed-model assembly lines. The proposed and implemented
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flexible assembly system concept had five main assembly zones in which the
assembly operations were performed, as shown in Figure 4. The products were
transported from one assembly zone to the next assembly zone on an automated
and continuously moving line.

Joining

Cabin
installation

Trimming

Fluidfilling

Wheel
installation

Assembly line
Figure 4. The assembly line and assembly zones in the flexible assembly system concept, as in the
MPAL case.

The development and implementation activities were led by a cross-functional
project team in the case company. The primary focus on the issue of flexibility in
an assembly system and its requirements for product design, as well as the
practical development of a mixed-product assembly line concept were the primary
motivations for conducting Study III. The researcher has been closely involved in
the activities that focused on the needs within the flexible assembly system and its
requirements for product design in the MPAL project.
Observations, interviews (both semi-structured and in-depth interviews) and
documents served as the primary sources of data collection in case Study III. The
observations during the meetings, workshops and informal discussions were
conducted in the “concept development” phase of the flexible assembly system
and the “pilot implementation” phase of this concept in the MPAL project. The
meetings and workshops of the MPAL project, which were employed as data
collection techniques in Study III, concentrated on the concept of the flexible
assembly system, development of a flexible assembly system, and assessing the
needs and requirements of a flexible assembly system. The observations from
certain meetings and workshops during the “pilot implementation” phase, which
focused on the requirements of a flexible assembly system for product design,
were utilised in Study III. The focused activities performed by the researcher
during the MPAL project yielded greater insight into the case and observations.
The semi-structured interviews and a part of the in-depth interviews (3 interviews)
were initially conducted during Study II. As these interviews focused on the
general approach towards assembly system requirements in the same case
company and due to their relevance to the setting of this study, they have been reapplied as a part of the data sources in Study III. In addition, the literature review
performed in the research areas of manufacturing flexibility, mixed-model and
mixed-product assembly lines, and the complexity in manufacturing system
supported the data collection and data analysis. The researcher had full access to
all the documents of the MPAL project. A detailed summary of the data collection
sources utilised in Study III is presented in Table 5.
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Table 5. Data collection sources and evidence in Study III.

Source

Techniques

No.

Participant(s)

Duration
(minutes)

Project meetings
Observations
(MPAL project) (concept development)

27

Cross-functional project team

30-60

Project meetings
(pilot implementation)
Workshops
(concept development)
Workshops
(pilot implementation)

8

Technology platform team,
Assembly team representatives

30-60

10

Cross-functional project team

60-480

2

Technology platform team,
Assembly team representatives

240-300

Informal discussions

Interviews

In-depth interviews

Semi-structured interviews

Several Case company employees
2

MPAL project manager

60

1

Technology platform manager

60

1

Consultant-system engineering

50

1

Coordinator-product
architecture

46

1

Product platform development
manager
Director of process
development-assembly and
fabrication requirements
Engineer-product architecture

75

1
1
1

Senior system/requirements
engineer

97
169
90

2.5.4 Case Study IV – Drivers of complexity in a flexible assembly
system
Study IV was a single-case study that been conducted during the “pilot
implementation” phase of the MPAL project. During the pilot implementation
phase, the previously developed concept of a flexible assembly system was
implemented and tested. The objective of this study was to investigate the drivers
of complexity in a flexible assembly system. The focus on the issues of flexibility
and complexity during the practical development of the flexible assembly system
were the main motivations for conducting this case study during the “pilot
implementation phase” of the MPAL case. The MPAL case is described in Study
III, in section 2.5.3, and an illustration of the developed and implemented concept
is presented in Figure 4. During the operations in each zone for every machine,
the assemblers rotated in their group of four; at the end of each assembly
operation in each assembly zone, the assemblers were replaced by two different
assemblers. With the exception of product A, for assembly operations of which
the assemblers were experts (with an average experience of 13.5 years) and had
access to the assembly work instructions, the remaining three products (B, C and
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D) were completely new products for the assemblers in terms of assembly
operations. The assemblers had neither training nor access to the assembly work
instructions for these three products. Given this situation, the assemblers have
disassembled and reassembled products B, C and D to learn about the parts and
assembly operations of those products prior to the start of the “pilot
implementation phase”. The assemblers’ job experience in the heavy vehicle
manufacturing industry ranged from 4 to 42 years, whereas their years of
experience in the case company ranged from 4 to 40 years.
In Study IV, the data collection sources that were common to the case study, such
as observations, interviews and documents, were employed with the
questionnaires, which are a common data collection source for quantitative
research. Therefore, Study IV is a concurrent mixed-method research study that
involves the use of both quantitative and qualitative methods within a single phase
of data collection and analysis (Saunders et al., 2012). The data collected from the
questionnaires were employed to support the data collected via the remaining data
collection sources and have been treated as qualitative data. Mixed-method
research permits researchers to address complex research questions and collect a
richer and stronger array of evidence compared with any single method (Yin,
2014).
Similar to Study III, observations in Study IV were also made during the
meetings, workshops and informal discussions held in the MPAL project over a
ten-month period. However, these observations were limited to the “pilot
implementation” phase of a flexible assembly system and were conducted during
this period of time. A large number of the meetings in Study IV were specifically
devoted to discussions of the issue of complexity in the developed flexible
assembly system and practical solutions. The remaining meetings comprised
general discussions regarding the on-going activities, progress, and practical
challenges of the implementation of the flexible assembly system concept. The
workshops during the “pilot implementation phase” in Study IV were held as
brainstorming sessions to discuss the implementation activities with regard to the
flexibility and complexity of an assembly system. During the “pilot
implementation” phase, the researcher was also particularly involved in the
focused activities regarding the matter of complexity caused by product variety in
a flexible assembly system. These activities helped the researcher to gain greater
insight into the case and enhance the observations. The interviews were conducted
as both in-depth and semi-structured interviews. All interviews were one-to-one
interviews, with the exception of a single semi-structured interview, which was
performed as a group interview, in which four assemblers participated. As
described in Study III, the researcher had full access to the MPAL project’s
documents during the “pilot implementation” phase. In Study IV, the primary
focus of the questionnaire was the identification and rating of the drivers of
complexity as perceived by the assemblers and in relation to the main assembly
operation in each zone. The employed questionnaires were “delivery and
collection” questionnaires, which were delivered to the respondents (assemblers)
and subsequently collected. Initially, the questionnaire had twenty-eight questions
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and was divided into three sections. To focus on the drivers of complexity in a
flexible assembly system, only the results from the first and second sections of the
questionnaire were employed in Study IV. The first section focused on general
information regarding the product, assembly operations and expertise of the
assemblers. The second part of the questionnaire investigated the drivers of
complexity in relation to the level of complexity of an assembly operation, as
perceived by the assemblers. In this section, questions were asked using a fivepoint numeric rating scale. First, the respondents were asked to indicate their
perception of the complexity of the assembly operations in each zone by dividing
them into three general categories: complex operations, neither complex nor
simple operations, and simple operations. They were subsequently asked to rate
several drivers of complexity for the assembly operations in each assembly zone
and for each of the four products. These drivers of complexity were previously
identified in a brainstorming session with the cross-functional team of the case
project. As shown in Figure 5, “1” indicates the lowest impact and “5” refers to
the highest impact of the respective driver of complexity.

Low impact on complexity

1

2

3

4

5

High impact on complexity

Figure 5. Numeric rating scale used in the questionnaire.

The assemblers were given the choice to state the remaining drivers of
complexity, which were not mentioned in the questionnaire. Due to the generic
assembly operations for all vehicles in the last assembly zone (wheel installation),
only the first four assembly zones, namely, joining, cabin installation, trimming,
and fluid-filling, have been considered in this study, as shown in Figure 4. The
questionnaires were answered by two assemblers who performed the assembly
operations, and fourteen questionnaires were answered by the assemblers. As
suggested by Saunders et al. (2012), the questionnaires were pilot-tested prior to
the data collection to refine them such that the respondents will not encounter any
problems when answering the questions. The pilot test was conducted in a
manufacturing plant of the case company in which eight questionnaires were
handed out and then discussed with the assemblers. In addition, the literature
review on the topics of manufacturing flexibility, mixed-product assembly lines,
and complexity in manufacturing systems supported the process of data collection
and data analysis in this study.
A detailed summary of the data collection sources utilised in Study IV is
presented in Table 6.
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Table 6. Data collection sources and evidence in Study IV.

Source

Techniques

Observations
MPAL project

Project meetings
(complexity)
Project meetings
(general meeting)
Workshops

(pilot implementation)

Interviews

Informal discussions
In-depth Interviews
Semi-structured
Interviews

Questionnaires

Questionnaires

No.
26

Participant(s)/
Respondent(s)

Cross-functional project
team

9

Cross-functional project
team

10

Cross-functional project
team
Case company employees
MPAL project manager
MPAL pilot
implementation manager
Assemblers
Assemblers

Several
3
2
1
14

Duration
(min)
30-60
30-60
300-480

60-90
15
60

2.6 Data analysis
The data analysis process for each research study in this thesis began while the
data collection process was on-going and continued after the data collection
process was completed. The data analysis must be performed in conjunction with
the data collection (Merriam, 2009).
A generic approach to analysing qualitative data, as suggested by Saunders et al.
(2012), was employed for the analysis of the data in each of the four studies. The
approach consists of five points:
 Identifying categories or codes that enable the comprehension of the data.
 Attaching data from disparate sources to appropriate categories or codes to
integrate the data.
 Developing categories to identify relationships and patterns.
 Developing testable propositions.
 Drawing conclusions.
In the first stage, some general descriptive categories were identified and given
suitable names and codes to attach the data. The identification of these general
categories was led by the research questions and research objective. The purpose
of the research expressed via the research objective and research questions guides
the identification of categories (Saunders et al., 2012).
In the second stage of the data analysis, data collected from different sources,
such as documents, interviews, observations and questionnaires, were attached to
the appropriate categories that were previously identified. Regarding the third
stage, which primarily includes data reduction and category revisions, some
categories were removed and some categories were divided into new categories.
To develop testable propositions according to the fourth stage in the data analysis
model, the possible connections between different developed categories and the
propositions were tested with alternative statements to ensure actual connections
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and prevent unreliable interpretations. The propositions that inductively emerge
from the data should be tested by seeking alternative explanations and negative
examples that do not conform to the pattern or relationship being tested (Saunders
et al., 2012). Where applicable, the emerging propositions from the analysis of the
empirical findings were juxtaposed with the theoretical findings to reveal whether
they are aligned with each other. The crucial role of theoretical propositions in a
problem statement, the design of the case study and the generalisations from the
case study has been emphasised by Eisenhardt (1989); Merriam (2009); Yin
(2014). The conclusions were formed in the final stage in the data analysis
process. The data analysis process has been an iterative process for the researcher.
Data collection, data analysis and the development and verification of
propositions comprise an interrelated and interactive set of processes (Saunders et
al., 2012). To analyse the qualitative data, the researcher engages in the process of
moving in an analytic circle instead of using a fixed linear approach (Creswell,
2012).
In Study I, the selection of the five case plants followed replication logic (Yin,
2012), which indicated that each case serves as a distinct experiment that
represents an analytic unit (Eisenhardt and Graebner, 2007). A multiple-case
study includes two stages of analysis: the within-case analysis and the cross-case
analysis (Merriam, 2009). In Study I, the first within-case analysis was performed
for each single case, and the cases were analysed using a cross-case analysis. The
within-case and cross-case analyses followed the generic analysis approach.

2.7 Research quality
To establish and assess the quality of qualitative research, the validity and
reliability of the research are typically considered. Regardless of the type of
research, validity and reliability are concerns that can be approached by careful
attention to a study’s conceptualisation, the manner in which the data are
collected, analysed, and interpreted and the manner in which the findings are
presented (Merriam, 2009). Yin (2012) listed construct validity, internal validity,
external validity, and reliability as the four extensively applied tests or criteria for
assessing the quality of research in case studies. These four aspects, as they relate
to this research, are presented in the following section.
2.7.1 Construct validity
Construct validity is concerned with the extent to which the research measures
actually measure what they are intended to assess (Saunders et al., 2012).
According to Yin (2012), the following tactics are employed in a case study to
ensure validity: the use of multiple sources of evidence, the establishment of a
chain of evidence, and a review of the draft case study report by the main
informant. The first two tactics occur during the data collection phase, whereas
the third tactic occurs during the composition phase of the research.
In designing and conducting all four studies of this research, these measures have
been considered to increase the construct validity of the research as a whole. As
presented in Table 3, Table 4, Table 5, and Table 6, multiple sources of evidence,
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including interviews (in Studies I-IV), observations (in Studies I, III and IV),
documents (in Studies I-IV), and questionnaires (in Study IV), have been
employed in this research. To provide multiple measures of the same phenomenon
using several types of evidence in each study, the data from multiple sources of
evidence have been triangulated in all studies. To maintain the chain of evidence
in each study, distinct links between the data collected from different sources
(e.g., interviews and observations) and the research questions have been sought.
Efforts have also been made to secure the traceability of the steps that the
researcher has taken in each study, from the initial research questions to the
conclusions. The outcome of each case study, whether in the form of written draft
papers or as the initial case study report, has been reviewed or discussed by the
main informants.
2.7.2 Internal validity
Internal validity address the question of how research findings match the reality
and hinges on the meaning of reality (Merriam, 2009). The concern over internal
validity for the case study research extends to the broader problem of making
inferences; however, the specific tactics for achieving internal validity are
difficult to identify (Yin, 2012). To reduce inferences made by the researcher and
prevent vulnerability to bias, several people with different backgrounds have been
involved in each study to provide different perspectives on the same topic.
Internal validity is primarily regarded as a concern for explanatory case studies,
when an investigator attempts to explain how and why event x caused event y
(Yin, 2012).
2.7.3 External validity
External validity is concerned with the extent to which the findings of a study can
be generalised and applied to other relevant settings (Merriam, 2009; Saunders et
al., 2012). Reader or user generalisability involves leaving the extent to which a
study’s findings apply to other situations and to the people in these situations.
Saunders et al. (2012) argued that the generalisability of qualitative research
frequently addresses two prevalent arguments, which are related to the situation in
which a single-case study is employed and the significance of this type of research
to theoretical propositions. Both multiple and single-case studies have been
conducted to increase the generalisability of this research. In the design of a
multiple-case study (Study I), the replication logic in terms of literal replication
has been considered, as discussed in section 2.5.1. During the course of singlecase studies (Studies II-IV), by interviewing different roles in the organisation (in
Studies II-IV), participating in a considerable number of meetings and workshops
in the case company (in Studies III and IV), and evaluating different
organisational documents and informal discussions with employees (in Studies III
and IV), the researcher gained insight on different dimensions of the research
topic of focus. This knowledge also expanded over time, as all four case studies
were related to one core case company and since the FAS and MPAL projects
studied (in Studies I, III and IV) were also linked to the same strategic initiative in
the core company. To establish the relationship to the existing theories for each
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subject of focus in each study, the relevant existing theories have been considered.
These theories were regarded during the design, data collection and analysis
phases of the studies to demonstrate the significance of the findings of the case
study. Yin (2012) highlighted the use of theory in a single-case study and the use
of replication logic in multiple case studies as tactics for securing external validity
in case studies.
2.7.4 Reliability
Reliability in research design is based on the assumption that a single reality
exists and that its repeated analysis will yield the same results. Traditionally,
reliability is the extent to which research findings can be replicated (Merriam,
2009). Saunders et al. (2012) stated that reliability indicates regardless of whether
data collection techniques and analytic procedures would produce consistent
findings if they were repeated on another occasion or replicated by a different
researcher. Yin (2012) suggested that a case study protocol and case study
database can be developed during the data collection phase of case study research
as a tactic for securing reliability of case study research.
A study protocol has been developed for each study to maintain the reliability of
the case studies in this research. To enhance the visibility and traceability of the
applied procedures, a case study database has been created for each of the studies;
the case study material, including relevant documents, records of the interviews,
and an analysis of the data, is stored in this database. In each study and the
corresponding paper, the methods by which the data have been collected and
analysed have been described to maintain the consistency and reliability of this
research.
2.7.5 Role of the researcher
One of the main characteristics of qualitative research is that the researcher is the
primary instrument of data collection and analysis (Merriam, 2009). The
researcher conducting this research is a doctoral candidate at the Division of
Innovation and Product Realisation at Mälardalen University and has been
employed by Volvo Construction Equipment since October 2012. The company
has supported the researcher to perform this research. Because this research was
conducted in the company in which the researcher was employed, the researcher
adopted the role of internal researcher (Saunders et al., 2012) to undertake all case
studies. With the exception of Study II, which was a retrospective case study, the
researcher actively participated as a project team member in the remaining three
case studies (Studies I, III, and IV).
Being an internal researcher facilitated gaining research access within the case
companies and also provided a comprehensive understanding and knowledge of
the activities within the case companies. This situation has influenced the
selection of the case companies in this research.
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3 Frame of reference
This chapter presents the theoretical propositions that form the frame of reference
for this research. To position this research and provide a platform to discuss its
findings in relation to the relevant body of knowledge, the objective of this chapter
is to explain the pertinent research that was previously conducted. Therefore, the
two main areas of assembly system and manufacturing flexibility are described as
the central research areas in this thesis. The chapter concludes with several
highlights from the described theory in the frame of reference.
Considering the research objective, research questions, scope and limitations of
this research and the studies conducted in general, the flexible assembly system is
the focus of this thesis. Additionally, in this thesis, the research is considered to be
an overlap between the two research areas of the manufacturing flexibility and
assembly system.
To support the research objective, the research area of interest, flexible assembly
system, must be positioned in relation to the remaining established research areas.
An assembly system is regarded as a subsystem in a larger system—the
manufacturing system. Therefore in investigating the flexibility of an assembly
system, the manufacturing flexibility should be carefully considered. An
additional encouraging factor is that the research area of manufacturing flexibility
is a well-established research area compared with flexibility research, which is
limited to an assembly system. A schematic of the main research area of interest is
presented in Figure 6.
In this chapter, the foundations of assembly systems are presented by describing
the assembly operations, the assembly system and the significance of an assembly
system by one of its main characteristics—creating product variety. Then, a
discussion on supporting assembly system using requirements for product design
is provided. The theories described in section 3.1 define the basis and outline the
boundaries of this research. In section 3.2, flexibility is explained with regard to
manufacturing flexibility, its different dimensions and the flexibility of an
assembly system.

Manufacturing
Flexibility

Manufacturing
System
Flexible Assembly
System

Flexibility

Figure 6. The research area of interest in this thesis is the flexible assembly system.
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3.1 Foundations of assembly systems
First, to describe the foundation of an assembly system, a description of the
assembly operations is offered. Second, a discussion about viewing an assembly
through a system perspective is provided. Finally, creating product variety in an
assembly system and the role of the assembly system as a stakeholder for product
design in the product realisation process are explained.
3.1.1 Assembly operations
Assembly operation is considered one of the two basic types of manufacturing
operations, in which two or more separate parts are joined to form a new entity in
which the components are either permanently or semi-permanently connected
(Groover, 2014). Based on this definition, assembly operations can be divided into
joining operations (e.g., welding, brazing, soldering and adhesive bonding) and
mechanical fastening (e.g., threaded fasteners and permanent fastening). In
addition to assembly operations, the other basic type of manufacturing operations
are the processing operations, in which a work material is transformed from one
state of completion to a more advanced state of completion that approaches the
final desired part or product. In this case, value is added by changing the
geometry, properties, or appearance of the starting material.
Assembly operations are the last step in the value-adding chain of activities that
occur prior to testing, packing, and distribution, and thus this step ties all activities
together (Bellgran and Säfsten, 2010). The consequences of product development,
part manufacturing, and materials supply are shown in assembly operation, which
makes this step interesting from many perspectives, as noted by Bellgran and
Säfsten (2010).
Regardless of the type of assembly operations, the collection of assembly
resources and assembly line, by and in which assembly operations take place, is
considered to be a system in this research because it has a well-defined purpose
and fulfils the stated and implied needs.
3.1.2 Assembly system
A system is a finite set of elements that are collected to form a whole under
certain well-defined rules; certain definite relationships exist between the
elements and its environment (Hubka and Eder, 1988). When the sum of all
elements and their relationships participate in a transformation, the collection is
referred to as a transformation system. The operand, operators and process
comprise the elements of a transformation system, in which the technical process
has inputs and outputs and aims to transform an operand. Other elements of a
transformation system, referred to as operators, consist of human beings, technical
systems, information systems, the management system and the immediate
environment. Human beings and technical systems are referred to as the executing
systems, whereas the information and management system are referred to as the
active environment.
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Figure 7. Transformation system, adapted from Hubka and Eder (1988).

According to the pillars of system theory, an assembly system is regarded as a
transformation system in this research, as shown in Figure 7. Considering the
hierarchy in systems, an assembly system is considered to be a subsystem in a
manufacturing system and is discussed from this perspective, as shown in Figure
8. Systems are hierarchical, which indicates that every system can be regarded as
an element (subsystem) within a larger system (Hubka and Eder, 1988).

Processing
System

Manufacturing
System

Assembly System

Figure 8. An assembly system is a subsystem of a manufacturing system, adapted from Groover
(2014).

Based on system theory, an assembly system consists of an assembly line—a
collection of assembly stations or assembly zones—in which a transformation
process via assembly operations occurs. Various operators exist in this assembly
system, which help to define the system’s boundaries. The execution system is
composed of assemblers (such as the human system), tools and equipment, and
material supply at the assembly line (such as technical systems). The remaining
operators include the assembly plans and management of assembly operations
(such as the management and goal system) and assembly work instructions and
procedures (such as an information system). The assembly system is an open
system that dynamically interacts with its surroundings. The assembly systems
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studied in this research were defined by the physical boundaries in which the
assembly operations were conducted in each case.
3.1.3 General classifications of assembly lines
According to Heilala and Voho (2001), the assembly line’s principles and
strategies can be classified into five categories:
 Sequential manual assembly line or “progressive build” - the assembly
operations are broken down into smaller process steps, assembly operations
are manually performed and the skill level of operators is low. Assembly
operations in this case have significant potential for automation.
 Parallel manual assembly line or “complete build” - the assembly operations
are manually completed by one operator in one place. The operator requires a
high level of skill.
 Semi-automatic assembly lines - part of the assembly operations, which
frequently involves the most time-consuming, quality-critical and
ergonomically poor work phases (e.g., material handling and testing), is
automated.
 Flexible automatic assembly lines - the assembly operations are automated
and suitable for the assembly of high-volume products in relatively large lots.
 Dedicated automatic assembly lines - the assembly line is suitable for highproduction volume products and mass production.
3.1.4 Creating product variety in assembly lines
Assembly operations are one of the most cost-effective approaches to creating
high product variety (Hu et al., 2011). This potential of assembly operations is
realised via different types of assembly lines. Mixed-model, multi-model, mixedproduct and multi-product assembly lines are typically used in the assembly
system literature to refer to the variety of products that can be produced in an
assembly line.
Based on a categorisation offered by Becker and Scholl (2006), only three
versions of assembly line balancing problems have been recognised: singlemodel, mixed-model and multi-model. The simplest assembly line configuration
is the single-model assembly line (Bukchin and Rabinowitch, 2006). Singlemodel assembly lines are designed to produce a high volume of standardised
homogeneous products, which is not suitable for customer demand with high
product variety (Özcan and Toklu, 2009). The mixed-model assembly line is a
more complex environment in which several variants of the product, which are
referred to as models, are simultaneously assembled on the line (Bukchin and
Rabinowitch, 2006). According to Rekiek et al. (2000), a mixed-product assembly
line is an assembly line that is simultaneously and continuously capable of
producing a variety of different product models (referred to as variants). Few
authors have distinguished the two concepts of mixed-model and mixed-product
assembly lines. Mixed-product assembly lines are deployed as a critical method
for realising mass customisation and consist of many different workstations, in
which various parts are assembled for diverse types of products (Cao et al., 2013).
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Lin and Chu (2013) distinguish between mixed-model assembly lines and mixedproduct assembly lines based on the considerations in sequencing problems. Only
one product with multiple models exists in each production line for mixed-model
sequencing problems, and multiple products with only one model exist in each
production line for mixed-product sequencing problems (Lin and Chu, 2013).
Considering the latter statement, three prevalent characteristics of mixed-model
assembly lines, which are highlighted in the previous research, are summarised in
Table 7.
Table 7. Prominent characteristics of mixed-model assembly lines, as discussed in this research.

Characteristics of mixed-model assembly lines

 Different models of a parent product with slightly different characteristics
are assembled in the same assembly line (Haixu and Bhaba, 1998;
Vilarinho and Simaria, 2002; Kim and Jeong, 2007; Rahimi-Vahed et al.,
2007; Ullah et al., 2014).
 Small batches are produced; without relying on large inventories, sudden
demand changes are promptly addressed (Haixu and Bhaba, 1998;
Merengo et al., 1999; Kim and Jeong, 2007; Rahimi-Vahed et al., 2007;
Bautista and Cano, 2008).
 The assembly operations of different product models are similar, with
short or insignificant set-up times (Merengo et al., 1999; Boysen et al.,
2007; Bautista and Cano, 2008; Ullah et al., 2014).

In this thesis, the mixed-product assembly line is also distinguished from the
mixed-model assembly line. Although the former enables the assembly of
different products from distinct product families, the latter enables the assembly
of different product variants (models) of the same product family.
Product variety enables manufacturers to satisfy an extensive range of customer
requirements; however, it can also be a major contributing factor to the increased
complexity of assembly operations (Samy and ElMaraghy, 2012). Complexity
refers to complications of the manufacturing operations (Budiono et al., 2014) and
can be defined by geometry, topology, manufacturability, and assembly
operations (Shafiei-Monfared and Jenab, 2012). The concept of complexity is
relative to two dimensions—uncertainty and time—in which uncertainty may be
attributed to the lack of information and/or the nature of the interaction between
the system components and time-dependent decisions and operations (Samy and
ElMaraghy, 2012).
Establishing a mixed-model or mixed-product assembly line that offers a high
product variety may become a complex task that affects performance. Product
variety and options have a significant and adverse impact on productivity, labour
cost, assembly line downtime, minor repair and major rework, and inventory
levels (Sarkis, 1997).The growth in product variety has a significant impact on the
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performance of an assembly system, particularly in certain industries. For
instance, in the case of automotive vehicle production, increased product variety
has a significant negative impact on the performance (quality and productivity) in
assembly system and parts supply (Hu et al., 2008). Nevertheless, the complexity
of products and its relation to manufacturing operations is relatively unknown
(Zeltzer et al., 2013).
3.1.5 Assembly system: a stakeholder for product design in the
product realisation process
A superior product design saves time and costs for the assembly system with
reduced components, easy assembly procedure and optimal part structures in an
accessible working space of assembly tools (Kang and Peng, 2010). However,
frequent manufacturing system and assembly system related problems are
discussed in the subsequent stages of the product realisation process, which causes
delay in the final product release and an increase in cost. Thus, manufacturing
system and assembly system should be considered during the design, and these
considerations must occur as early as possible in the design cycle (Boothroyd,
2011). More than 70% of the final product costs are determined during design and
therefore, manufacturing system and assembly system should be considered early
in the design cycle (Yang et al., 2000). One approach to achieving this goal is the
generation of assembly system requirements for product design. Establishing
these requirements is critical in the design and a central issue in design research
(Chakrabarti et al., 2004). An important aspect of the requirements that are
considered during the product realisation process is the requirements of the
assembly system, which concern the product design. In the development of
mechanical products, in which the geometries of the parts of the product
substantially influence the functionality of the final product (McKay et al., 2001),
the requirements related to assembly system become crucial. As a part of the
product requirements and to release the product for manufacturing operations,
these requirements are fulfilled during the product realisation process (Kerr et al.,
2006).
Establishing manufacturing system and assembly system requirements is also
important to concurrent product design activities. To simultaneously design a
product and its manufacturing operations, information about the product features,
manufacturing system requirements, and customer demands must be processed
while the design is underway (Xu et al., 2007). Although companies frequently
experience difficulty obtaining a shared understanding of the requirements for
product design, a greater emphasis on the requirement driven design concept is
needed to enable concurrent engineering (Kerr et al., 2006). The design of a
product frequently begins with some general project objectives and a set of
stakeholder needs that are subsequently translated into more detailed
product/system requirements (Nilsson and Fagerström, 2006). The identification
of relevant stakeholders and their relation to the system, the determination of the
stakeholders’ needs, the establishment of a stakeholder and requirement matrix,
and the balancing of the stakeholders’ requirements were outlined as the process
steps for managing stakeholder requirements. Nuseibeh and Easterbrook (2000)
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also suggested that the needs of the different stakeholders should be identified and
understood for requirements elicitation. An assembly system is regarded as one of
the important stakeholders in the product realisation process; therefore, the needs
and requirements of an assembly system should be identified in product design
and the product realisation process. Nevertheless, the existing research lacks an
explicit focus on the requirements of an assembly system for product design in a
product realisation process.

3.2 Flexibility
The majority of the academic literature on flexibility discusses flexibility from the
standpoint of a manufacturing system. Considering the hierarchical viewpoint of
the assembly system as a subsystem of a manufacturing system presented in
section 3.1.2, a similar approach regarding the presented theoretical propositions
on the topic of flexibility is adopted in this thesis. In this chapter, flexibility within
the context of a manufacturing system and assembly system is presented. In this
thesis, the term manufacturing flexibility refers to flexibility in a manufacturing
system. In addition, a manufacturing system with flexibility is referred to as a
flexible manufacturing system, which should be distinguished from a Flexible
Manufacturing System (often referred to as FMS), which denotes a highly
automated manufacturing system. A FMS is a highly automated group technology
machine cell that consists of a group of processing workstations (typically CNC
machine tools), which are interconnected by an automated material handling and
storage system and controlled by a distributed computer system (Groover, 2014).
Confusion regarding the flexibility of a manufacturing system has arisen in the
literature because the term FMS is frequently employed to describe a specific
piece of technology that is used in the engineering industry to machine individual
components from metal blanks and castings, whereas the characteristics of this
technology are such that taxonomies that are developed in relation to such systems
are not easily transferable to manufacturing systems (Oke, 2005).
3.2.1 Manufacturing flexibility
Manufacturing flexibility is considered a multidimensional concept with minimal
consensus regarding its precise definition (Sethi and Sethi, 1990; Upton, 1994;
Beach et al., 2000a; Vokurka and O'Leary-Kelly, 2000; Buzacott and
Mandelbaum, 2008; Jain et al., 2013). The reviews of manufacturing flexibility
(e.g. (Beach et al., 2000a; Terkaj et al., 2009; Jain et al., 2013; Mishra et al.,
2014)) reflect the efforts made in the last three decades to define and categorise
flexibility. During the 1980s and 1990s, researchers primarily concentrated on
defining and understanding the nature of flexibility. In an early definition, Gupta
and Goyal (1989) suggested that flexibility is important for accommodating
changes in the operating environment and can be utilised as an adaptive response
to unpredictable situations. In addition, flexibility ensures that the manufacturing
operation is cost efficient and effective and can produce customised products
without sacrificing either objective (Gupta and Somers, 1992). Upton (1994)
defined flexibility as the ability to change or react with minimal penalty in terms
of time, effort, cost, or performance. Koste and Malhotra (2000) noted that
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manufacturing flexibility is the ability of a manufacturing function to react to
changes in its environment without significant sacrifices to firm performance.
Flexibility is considered as the ability to change and accommodate uncertainty
(De Toni and Tonchia, 1998; D'Souza and Williams, 2000; Vokurka and O'LearyKelly, 2000; Giachetti et al., 2003; Van Hop, 2004; Lloréns et al., 2005). As these
definitions indicate the breadth of understanding of the flexibility, they also
denote the capability to respond to change and accommodate uncertainty.
Given the multidimensional nature of flexibility, flexibility can be regarded as
reactive or proactive based on how a manufacturing firm approaches
uncertainties. Proactive flexibility enables an organisation to redefine market
uncertainties or influence customer expectations, whereas the reactive nature of
flexibility refers to addressing the external or internal environmental uncertainties
experienced by the firm (Koste and Malhotra, 1999). Another aspect of flexibility
is that it can also be perceived as either actual or potential in terms of the degree
to which flexibility is achieved, as opposed to the degree to which it can be
achieved within an organisation. Beach et al. (2000a) noted that the prerequisite of
realising the full potential of manufacturing flexibility is that the concepts of
manufacturing flexibility and the implications of its acquisition are understood by
the individuals who are responsible for developing the capacity. Moreover, the
connection between manufacturing flexibility and strategy, which is an important
aspect that affects the performance of firms, has been discussed and proven to
exist (Beach et al., 2000b; Koste and Malhotra, 2000; Zhang et al., 2003; Lloréns
et al., 2005; Wadhwa et al., 2009; Esturilho and Estorilio, 2010). The strategic
goals of an organisation determine the manufacturing system capabilities by
which it will compete in the marketplace (Koste and Malhotra, 2000). Two
additional concepts should be distinguished from flexibility: agility and reconfigurability. Agility relates to the strategic ability of an entire company to open
up new markets, develop the requisite products and services, and establish the
necessary manufacturing system capacity (Wiendahl et al., 2007). Reconfigurability is described as the ability to adjust the production capacity and
functionality of a manufacturing system to new circumstances via the
rearrangement or change of the system’s components by the National Science
Foundation’s Engineering Research Center for Reconfigurable Manufacturing
Systems (Colombo and Harrison, 2008). Additionally, re-configurability refers to
the operative ability of a manufacturing or assembly system to switch to a
particular family of work with minimal effort and delay (Wiendahl et al., 2007).
Different taxonomies have been developed to identify the factors that contribute
to manufacturing flexibility. Beach et al. (2000a) regarded manufacturing
flexibility as a product of several important enablers, such as corporate culture,
management structure, process technology, facility layout, and information
systems. According to Vokurka and O'Leary-Kelly (2000), four general areas—
strategy, environmental factors, organisational attributes, and technology—
comprise the dominant forces that influence manufacturing flexibility. By
identifying three broad sources of flexibility, Oke (2005) proposed a framework
for analysing manufacturing flexibility. These sources were fundamental enablers,
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indirect enablers and generic enablers, and flexibility avoidance strategies, which
are referred to as flexibility evaders. Cousens et al. (2009) proposed a conceptual
framework to establish manufacturing flexibility, which matches operational
capabilities with mixed and/or volume dimensions of flexibility.
3.2.2 Various dimensions of flexibility
Given the suggested connection between flexibility and addressing uncertainty,
each sort and level of uncertainty has been identified to suggest the need for a
certain dimension of flexibility to accommodate it (Beach et al., 2000a; Kara and
Kayis, 2004; Gerwin, 2005). Accordingly, various dimensions of manufacturing
flexibility have been presented (e.g., (Browne et al., 1984; Sethi and Sethi, 1990;
D'Souza and Williams, 2000; Vokurka and O'Leary-Kelly, 2000; Kara and Kayis,
2004; Slack, 2005). No consensus regarding the underlying dimensions of
flexibility (Cousens et al., 2009) has been achieved, considering that different
names have been employed to refer to the same dimension of flexibility (Oke,
2005). Browne et al. (1984) defined eight dimensions of flexibility and discussed
the measurement of each dimension. The classification of the dimensions of
manufacturing flexibility suggested by Sethi and Sethi (1990) added three new
dimensions of flexibility to the categorisation offered by Browne et al. (1984). In
a subsequent attempt to define manufacturing flexibility dimensions, Koste and
Malhotra (1999) identified ten dimensions of flexibility. A summary of these three
classifications, as the most cited references in the literature (Jain et al., 2013), is
provided in Table 8.
In the literature, the terms manufacturing flexibility dimensions or types are
interchangeable (Jain et al., 2013). However, the former term has been employed
in this thesis. Various dimensions of flexibility indicate the similarities among the
definitions of different dimensions of flexibility in the considered classifications,
as shown in Table 8. Subsequent authors enhanced the scope of the various
dimensions of manufacturing flexibility, which demonstrates the need to develop
a generalised manufacturing flexibility hierarchy (Jain et al., 2013).
Among the different dimensions of flexibility, mix flexibility has attracted
considerable attention because it is closely related to creating product variety and
competitiveness in manufacturing systems. According to Bengtsson and Olhager
(2002), mix flexibility is the ability of the manufacturing system to cope with
changes in the product mix and can indicate different things for different
companies. Bengtsson and Olhager (2002) regard mix flexibility, volume and new
product flexibility to be the major flexibility dimensions. Zhang et al. (2003) link
volume flexibility and mix flexibility to customer satisfaction because both
dimensions of flexibility are external elements of competition capabilities that
should generate increased customer satisfaction. Sethi and Sethi (1990) depicted a
linkage between different flexibility dimensions at different levels: the basic level,
system level and aggregate level. There are three flexibility dimensions at the
basic level: machine, material handling and operation flexibility. There are five
additional flexibility dimensions at the system level: process, routing, product,
volume and expansion; these dimensions are dependent on basic level flexibilities.
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Table 8. Various dimensions of flexibility and their definitions, adapted from Jain et al. (2013).
Flexibility
dimension
Machine flexibility

Source

Definition

(Browne et al., 1984)

Ease with which the changes required to produce a given set of part
types can be made.
Various types of operations that the machine can perform without
requiring prohibitive effort in switching from one operation to another
operation.
Number and variety of operations that a machine can execute without
incurring high transition penalties or large changes in performance
outcomes.
Ability to interchange the order of several operations for each part type.
Ability of a part to be produced in different ways.
Number of products that have alternate sequencing plans and the
heterogeneity of the plans that are employed without incurring high
transition penalties or large changes in performance outcomes.
Ability to handle breakdowns and continue producing the given set of
part types.
Ability to produce a part by alternative routes in the system.
Number of products that have alternate sequencing plans and the
heterogeneity of the plans without incurring high transition penalties or
large changes in performance outcomes.
Ability to profitably operate a FMS at different production volumes.
Ability of the manufacturing system to be profitably operated at
different levels of total output.
Extent of change and degree of fluctuations at the aggregate output
level, which the system can accommodate without incurring high
transition penalties or large changes in performance outcomes.
Capability of building a system easily and modularly and expanding it
as needed.
Ease with which manufacturing system capacity and capability can be
increased when needed.
Number and heterogeneity of expansion, which can be accommodated
without incurring high transition penalties or large changes in
performance outcomes.
Ability to produce a given set of part types; each possibly uses different
materials in several ways.
Set of part types that the system can produce without major set-ups.
Number and variety of products that can be produced without incurring
high transition penalties or large changes in performance outcomes.
Ability to changeover to economically and rapidly produce a new (set
of) product(s).
Ease with which new parts can be added or substituted for existing
parts.
A combination of new product flexibility and modification flexibility.
Universal part types that the FMS can produce.

(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Operation flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Routing flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Volume Flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Expansion flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Process flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Product Flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)
(Browne et al., 1984)

Production
flexibility

Material
flexibility

(Sethi and Sethi, 1990)

handling

(Koste and Malhotra, 1999)
(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Program flexibility
Market flexibility

Labour flexibility

(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)
(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)
(Browne et al., 1984)
(Sethi and Sethi, 1990)
(Koste and Malhotra, 1999)

Universal part types that the manufacturing system can produce without
adding major capital equipment.
Not included in the classification.
Not included in the classification.
Ability to efficiently move different part types for proper positioning
and processing through the manufacturing facility that it serves.
Number of existing paths between the processing centre and the
heterogeneity of the material that can be transported along these paths
without incurring high transition penalties or a large change in
performance outcomes.
Not included in the classification.
Ability of the system to run virtually unattended for extended periods.
Not included in the classification.
Not included in the classification.
Ease with which the manufacturing system can adapt to a changing
market environment.
Not included in the classification.
Not included in the classification.
Not included in the classification.
Number and variety of operations that a worker can execute without
incurring high transition penalties or large changes in performance
outcomes.
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Program, production and market flexibility exist at the aggregate level and are
influenced by system-level flexibilities. Flexibility dimensions at the basic level
contribute to the flexibility dimensions at the system level, which support the
aggregate flexibility dimensions. The role of manufacturing flexibility at the
system level in affecting strategic change in the organisation was highlighted by
Lloréns et al. (2005). Some of the identified dimensions of flexibility have also
been linked to the other elements of changeability. ElMaraghy (2005) suggested
that product flexibility contributes to agility and that expansion flexibility is
consistent with the current understanding of manufacturing system reconfigurability in the classification of the dimensions of flexibility proposed by
Sethi and Sethi (1990).
The classifications of the manufacturing flexibility dimensions proposed by Sethi
and Sethi (1990) has been recognised as the most comprehensive, most common
and most cited classification of flexibility dimensions that specify the entire
domain of manufacturing flexibility (ElMaraghy, 2005; Buzacott and
Mandelbaum, 2008; Chang, 2012; Jain et al., 2013). Although some of these
flexibility dimensions are inter-related, ElMaraghy (2005) argued that the
classification by Sethi and Sethi (1990) promotes a better understanding of
various types of flexibility.
Nevertheless, due to the multidimensional nature of flexibility it might not always
be practical to just follow the predefined dimensions of flexibility in the previous
research. Although prescribed taxonomies provide a method for dissecting general
flexibility issues, they do not consider important yet unanticipated local
dimensions of flexibility (Upton, 1994).
3.2.3 Flexibility in an assembly system
In the manufacturing flexibility literature, the different definitions of a flexible
assembly system primarily revolves around the level of automation in this type of
system or the ability of an assembly system to process different product mixes and
variants.
A flexible assembly system is defined as a series of versatile workstations that are
connected with an automated material system. Thus, automated material handling
has been emphasised as a critical part of flexible assembly systems (Lee and
Johnson, 1991; Sawik, 2000; Vincent et al., 2014). The ability to handle different
product variants in the same assembly system is considered to be important in
flexible assembly systems (Edmondson and Redford, 2002; Lee et al., 2006;
Semere et al., 2008; Heath et al., 2013; Rosati et al., 2013; Vincent et al., 2014).
Although some researchers have considered a flexible assembly system to be a
system that is equipped with different automated machines or robots working in
the line (Bukchin and Tzur, 2000; Zhang et al., 2005; Barutçuoğlu and Azizoğlu,
2011), several researchers have regarded the manual assembly operations as a
decisive factor in achieving high flexibility with a high number of variants in the
assembly system (Rampersad, 1994; Heilala and Voho, 2001), as shown in Figure
9. In the former flexible assembly systems, the assembly operations are automated
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and the dedicated assembly line is suitable for high-volume products in relatively
large lots. Flexible assembly systems that are highly automated are considered to
be a subset of FMSs (Lee et al., 2006; Papakostas et al., 2011), in which typically
machine metal cutting or metal forming operations are performed (Oke, 2005; Lee
et al., 2006).
As an example of a combination of human workforce and automation,
Edmondson and Redford (2002) considered a flexible assembly system to be a
hybrid of manual and special purpose assembly operations, in which the manual
assembly operations are automated using a flexible system that is capable of
coping with product variations, different products, design changes and small batch
production. Bellgran and Säfsten (2010) noted that assembly operations are
activities that consume manpower and cannot easily be completely automated.
The authors also noted that certain evidence of a future weakening trend exists
regarding the level of automation in future assembly systems. This trend is
primarily attributed to the need for flexibility (Bellgran and Säfsten, 2010).
Despite multiple attempts to design a flexible assembly system (e.g. (Bellgran and
Johansson, 1995; Edmondson and Redford, 2002)) due to the absence of a unified
and clear definition of flexibility in assembly systems, the recognition of
flexibility in assembly systems still remains elusive.
Large

Small

Fixed special
purpose
automation
Flexible
Automation

Flexibility

SemiAutomation

High

Manual

Low

Production Volume

Low

Large

Batch size

Number of variants
Few

Many

Figure 9. Manual assembly operations offer high flexibility and high product variety,
adapted from Rampersad (1994) and Heilala and Voho (2001).

Recent approaches in the literature reveal different viewpoints towards flexibility
in assembly systems. Semere et al. (2008) introduced the paradigm of an
evolvable assembly system as an opportunity to overcome uncertainties that are
related to the mix and volume of products for the manufacturing firms. The
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concept suggests that true agility or flexibility can only be achieved if the lowest
building blocks of a system are building blocks that exhibit the highest rate of
adaptability or evolvability. Rosati et al. (2013) introduced the concept of a
completely flexible assembly system, which consists of a fully flexible feeder
subsystem, one or more flexible assembly stations and one programmable
manipulator, in which only catchable parts can be used for assembly operations.
Battini et al. (2011) proposed a conceptual framework to assess the design and
optimisation of an assembly system by linking productivity with ergonomics
considerations. The procedure consists of three different sections: technological
variables, environmental variables and an integrated procedure. Furthermore,
Edmondson and Redford (2002) considered economics to be the driving factor in
the design and development of flexible assembly systems.
Offering product variety by mixed-product and mixed-model assembly lines has
converted these assembly lines into a means of satisfying product variety and
absorbing market fluctuations. Given this potential, mixed-model and mixedproduct assembly lines have been noted as flexible (Hu et al., 2008; Wang et al.,
2011; Lin and Chu, 2013) and have recently received significant attention from
various manufacturing industries (Haq et al., 2006; Hu et al., 2008; Lin and Chu,
2013).

3.3 Concluding highlights from the frame of reference
The highlights of the previous research presented in the theoretical framework are
summarised as follows:
 The existing research lacks an explicit focus on the requirements of an
assembly system as well as the requirements of a flexible assembly system
for product design in a product realisation process.
 Flexibility as a multidimensional concept in a manufacturing system has been
the topic of considerable research; as a result, different definitions for
flexibility, various dimensions and several taxonomies to achieve flexibility
have been developed over the years. As these various definitions indicate the
breadth of understanding of flexibility, they also denote the capability to
respond to change and accommodate uncertainty.
 Various developed dimensions of manufacturing flexibility with different
names have been employed to refer to the same dimension of flexibility.
Several of these dimensions (i.e., (Sethi and Sethi, 1990)) are perceived as
the most prevalent and comprehensive classifications.
 A flexible assembly system has frequently been viewed as a part of a highly
automated manufacturing system (FMS), whereas the identification of
constituents of a flexible assembly system with regard to flexibility in a
manufacturing system has been disregarded. This lack of attention has
created confusion and ambiguity regarding the definition and various
dimensions of flexibility in an assembly system, which is also apparent in
terms of the attempts towards the design of flexible assembly systems.
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 Mixed-model and mixed-product assembly lines are a means of realising
flexibility in an assembly system, as they are flexible in terms of product
variety and simultaneously absorb market fluctuations related to volume.
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4 Results
The main results of the studies that were conducted in this research are presented
in this chapter with regard to their relevance to the research scope, research
objective and research questions. For this purpose, the results from each of the
four studies (Studies I-IV) are separately presented. Detailed descriptions of each
study are provided in section 2.5 and the corresponding appended papers (Papers
I-IV).

4.1 Study I – Flexibility and its dimensions in an assembly
system
Study I was a multiple-case study in which assembly systems in five heavy
vehicle manufacturing plants of the same core company were investigated
according to the replication logic. The objective of the study was to define
flexibility in an assembly system, identify different dimensions of flexibility in an
assembly system, and determine the constituents of flexible assembly systems.
Although a given product family was only produced in one case plant, all five
case plants adhered to the core company’s production principles for their
assembly systems and the fundamental assembly principles among the case plants
were similar. The results of the study from the cross-case synthesis of all five
cases are presented based on the replication logic according to which the case
plants were selected.
4.1.1 Results from the cross-case synthesis
The results of the study based on the cross-case synthesis from all five cases are
presented according to the following three themes:
 Definition of flexibility in an assembly system.
 Constituents of a flexible assembly system.
 Dimensions of flexibility in an assembly system.
A detailed description of the study, case plants and results are presented in
section 2.5.1 and Paper I.
Definition of flexibility in an assembly system
The definition of flexibility in assembly systems is substantially linked to the
responsiveness and adaptation of the assembly system in reaction to market
fluctuations. Therefore, the ability to satisfy new and special customer orders in a
given time period is the essence of a flexible assembly system. Additionally, the
ability to produce different products on the same assembly line with minimal
productivity loss is a prominent feature of a flexible assembly system.
Mixed-model assembly lines are considered to be flexible; however, higher
flexibility is offered via a mixed-product assembly line, in which producing
different products on the same assembly line with minimal productivity loss is
enabled.
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Constituents of a flexible assembly system
The operational and empirical objectives for developing a flexible assembly
system that is capable of producing different products according to customer
needs can be traced to various organisational and strategic goals: short lead time,
improved quality and ergonomics, adjusted production volume, layout and space
saving, elimination of multiple approaches to material supply, high utilisation of
manpower, increased productivity and cost reduction.
Adaptable material supply, versatile workforce, increased commonality,
standardised work content, integrated product properties and strategic planning
were identified as the essential constituents of flexible assembly systems, as
shown in Figure 10. By establishing these constituents, the mixed-model assembly
line becomes capable of producing products from different product families and is
transformed into a mixed-product assembly line. A brief summary of each
constituent is provided in Figure 10.
Versatile workforce

Adaptable material
supply

Increased commonality

 Sequenced material supply (e.g.,
AGV, Kitting and Kanban)

 Common parts
 Common assembly procedures

 Multi-skilled cross-trained
assemblers

 Common assembly interfaces
 Common tooling and equipment

 Staffing and workforce
management strategies (e.g.,
temporary workforce and job
rotation)

Flexible assembly system

Standardized work
content

Strategic planning

Integrated product
properties

 Workload levelling
 Step-by-step assembly work
instructions

 Integrated design, size and weight
 Modular design
 Design for assembly methods

 Included ergonomic and safety
needs

 Common product platforms
 Communication between product
design and assembly teams







Common assembly sequence
Production levelling
Zero buffer sizes
Seasonal planning
Layout and space utilization

Figure 10. Essential constituents of a flexible assembly system.

Adaptable material supply
Adaptable material supply enables feeding material to the assembly system at the
proper time, in the correct amount, and with the appropriate quality without
causing the assembly system to wait. In a flexible assembly system, an increase in
the number of parts and the variety of products that are being assembled on the
same assembly line and the limitations in material preparation resources and area
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require a sequenced material supply that is aligned with the sequence of assembly
operations.
Versatile workforce
The assembly of different products in the same flow requires multi-skilled and
cross-trained knowledgeable assemblers to secure the speed and quality of
assembly operations. To satisfy fluctuating market demands and support
assemblers with training, various staffing strategies, such as the employment of a
temporary work force and the rotation of assemblers in stations, must be applied.
Increased commonality
The use of common parts (similar components or modules that are utilised in
different products) and similar interfaces in the assembly operations enable
flexibility in the system and reduce the complexity of the system. Increased
commonality assists the assembly system in two major aspects: the ease of
material handling and the simplicity of performing assembly operations for
assemblers. The use of common tooling and equipment is also encouraged when
common parts and assembly methods are applied.
Standardised work content
The development and application of similar standardised assembly work content,
step-by-step assembly work instructions and workload levelling methods for
different products increase flexibility. By decreasing human errors, standardised
work content secures the requested quality measures and can also be employed as
a means to reflect ergonomic and safety needs.
Integrated product properties
A product’s physical properties and design, especially size and weight, can either
limit or increase flexibility in an assembly system; therefore, they should be
integrated in the design of a flexible assembly system. The coordination between
product design and assembly teams, the development of modular products and
parts, and the application of design for assembly (DFA) methods, as well as
common product platforms serve as the main elements in the integration of
product properties for developing a flexible assembly system.
Strategic planning
The use of a common assembly sequence plan, maintaining a zero buffer size at
the assembly line, proper utilisation of available space via the assembly system
layout, and seasonal planning are essential elements of strategic planning to
develop a flexible assembly system that responds to seasonal and fluctuating
market demands.
Dimensions of flexibility in an assembly system
The investigation of different dimensions of manufacturing flexibility, machine
flexibility, material handling flexibility, operation flexibility, process flexibility,
product flexibility, routing flexibility, volume flexibility, expansion flexibility,
control program flexibility, production flexibility and market flexibility (Sethi and
Sethi, 1990) in assembly systems indicated that material handling, product,
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volume, expansion, market and control program flexibilities are the six main
dimensions of flexibility in an assembly system with a semi-automatic mixedmodel assembly line. The assembly systems in Study I had semi-automatic
assembly lines in which the majority of the assembly operations were performed
by the assemblers and such tasks as material handling and testing were automated.
Thus, the ability of the assemblers to be multi-skilled and perform different types
of assembly operations, which is defined as labour flexibility by Koste and
Malhotra (1999), was also identified as a pivotal dimension of flexibility in semiautomatic mixed-model and mixed-product assembly lines.
4.1.2 Conclusions of Study I
The conclusions of Study I can be summarised as follows
 The definition of flexibility in assembly systems with mixed-model assembly
lines is based on the major dimensions of flexibility: volume, mix and new
product. This definition indicates the overall flexibility of an assembly
system. The operational and empirical objectives for establishing a flexible
assembly system that is capable of producing different products demonstrate
a link between a strategy of the firm and the flexibility of an assembly
system.
 The six identified constituents of a flexible assembly system, if realised,
enable the production of products from different product families, which
transforms a mixed-model assembly line into a mixed-product assembly line.
Both mixed-model and mixed-product assembly lines are considered to be
flexible; however, because a mixed-product assembly line enables an
assembly system with a high product variety and mix, it is considered to offer
more flexibility than the mixed-model assembly line.
 Among the identified constituents of a flexible assembly system, “integrated
product properties” indicates the role of product design in accommodating or
hindering the flexibility of an assembly system and highlights the
significance of considering product properties in the development of a
flexible assembly system.
 Flexibility in assembly systems with mixed-model assembly lines has various
dimensions. The dexterity of the assemblers who perform the assembly
operations serves a pivotal role in a semi-automatic mixed-model assembly
line, in which the performance of assembly operations is linked to the manual
labour.

4.2 Study II – Assembly system requirements for product
design
Study II was a single exploratory case study in a heavy vehicle component
manufacturing company that develops and produces components for heavy
vehicles. To understand and identify the assembly system requirements for
product design, Study II aimed to investigate all assembly system requirements
that were captured and incorporated during the early phases of the product
development process (planning and concept development phases).
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The results of the study, in connection with the research objective and scope of
this thesis, are presented in the following theme:
 Type and clustering of assembly system requirements.
A detailed description of the study and the results are presented in section 2 .5.2
and Paper II.
4.2.1 Type and clustering of assembly system requirements
With the exception of the general system engineering guidelines and requirement
practices, no other established or systematic procedure has been implemented in
the case company to manage the requirements, including the assembly system
requirements. The product platform development team was responsible for
managing the requirement-related practices. Each different participating
stakeholder (including the assembly team) and the product platform development
team was responsible for identifying their needs and requirements for the
realisation of the product. The assembly system requirements were primarily
generated by the assembly team. However, several requirements related to the
assembly system were raised by other stakeholders (e.g., after market) and
included in the collection of the assembly system requirements. According to the
case, the elicitation and analysis of the assembly system requirements should be
completed until the end of the concept development phase. The assembly system
requirements are ready to be used by the designers in the detailed development
phase. Figure 11 shows the collection of the assembly system requirements, which
are categorised according to the seven different strategic areas within the case
company. One of these requirement categories specifically indicates the assembly
system requirements for product design, which typically include requirements on
interfaces, product modularity, connection points on the product, product size,
part numbers, product weight, special assembly operations (joining material and
visible assembly operations), and shipment and tracking of the product.
Considering the assembly system requirements in Figure 11, whether flexibility
influenced the assembly system requirements is unclear, as neither of the strategic
categories of assembly system requirements nor the stated assembly system
requirements explicitly refers to the issue of flexibility.
4.2.2 Conclusions of Study II
The findings of Study II conclude that the assembly system requirements for the
product realisation process vary and are generated by different stakeholders,
appear at different levels of detail and can be linked to the different strategic areas
of a company. These requirements are a means of reflecting the needs within an
assembly system for the product realisation process. One of the identified
categories is product design, which explicitly describes the assembly system
requirements for product design. Neither the assembly system requirements nor
the strategic areas based on which the assembly system requirements were
categorised directly indicate the issue of flexibility. Therefore, whether flexibility
had any influence on generating any of the identified assembly system
requirements cannot be concluded.
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Figure 11. Clustering of the assembly system requirements for the component product in the case project.
Figure 11. Clustering of the assembly system requirements for the component product in the case project.

4.3 Study III – Flexible assembly system requirements for
product design
As a single-case study in the heavy vehicle manufacturing industry, Study III
aimed to identify the generic needs within a flexible assembly system and the
requirements that the assembly system imposes on product design. According to
Study III, the flexibility of an assembly system is realised by developing a mixedproduct assembly line. The results of the study are summarised in the following
four themes:
 Selection of products for a mixed-product assembly line.
 Generic needs within a flexible assembly system with a mixed-product
assembly line.
 Flexible assembly system requirements for product design.
 Needs, flexibility dimensions and requirements for product design in a
flexible assembly system with a mixed-product assembly line.
A detailed description of the study and the results are presented in section 2 .5.3
and Paper III.
4.3.1 Selection of products for a mixed-product assembly line
In this case, the development of a flexible assembly system is enabled through the
transition from mixed-model assembly lines to a mixed-product assembly line.
Four product models were selected from four distinct product families to be
assembled in the mixed-product assembly line. Four main principles were
identified in the selection of the products in the mixed-product assembly line:
 Similarity in the correlation among the assembly time, weight and size of the
products.
 Similarity among the main assembly operations for the products.
 Possibility of implementing a similar assembly sequence plan for all
products.
 Possibility of sharing critical (i.e., the most expensive and the heaviest items)
assembly tooling and equipment among the products.
4.3.2 Generic needs within a flexible assembly system with a
mixed-product assembly line
Several generic needs within a flexible assembly system with a mixed-product
assembly line must be satisfied to enable the creation of product variety:
 Need for a continuous change of product mix to ensure that the introduced
mix for all four products can be changed upon request. This change creates
the need to readily switch between different products in assembly zones.
Consequently, there is a major need to stabilise the recurring variation in
assembly-work content and the type of assembly operations.
 Need to introduce new products into the assembly system.
 Need to handle large volume changes to adapt to seasonal market demands.
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 Need for additional space utilisation because four products from distinct
product families are produced along a single assembly line.
 Need for the use of common equipment, tools and fixtures due to the
assembly of four products with dissimilar size, weight and design.
 Need to supply material in the correct sequence in different assembly zones.
To satisfy these generic needs, several technical solutions for assembly operations
have been proposed for utilisation in the mixed-product assembly line. These
technical solutions consist of a flat assembly base; the use of an automated guided
vehicle (AGV) to enable a continuously moving line; an assembly-line layout that
is divided into assembly zones to facilitate shared assembly operations among
skilled groups of assemblers to create standardised wok content and improved
balancing; and standardised reconfigurable equipment and tools and a sequenced
moving-material supply system on the line to deliver material to each assembly
zone.
4.3.3 Flexible assembly system requirements for product design
Based on the generic needs in a flexible assembly system with a mixed-product
assembly line, three main categories of requirements that need to be addressed by
product design were identified:
 Following a common assembly sequence for different products - fulfilling
this requirement enables the utilisation of common assembly equipment and
tools in different assembly zones and provides a suitable setting for better
balancing approaches based on similar operations that are common among all
products. Product designs should facilitate the deconstruction of different
products into similar main modules. Therefore, a common assembly
sequence plan is defined based on similar assembly operations on the similar
modules shared by different product families. In this case, when a product is
broken down into smaller building blocks, the highest levels of building
blocks, each of which also involves a certain functionality, are referred to as
product modules. A common assembly sequence plan serves an important
role in satisfying a flexible assembly system’s needs, especially regarding the
introduction of a new product, a changing product mix, an efficient material
supply and the need for different tools and equipment.
 Standardised assembly interfaces - highly critical assembly interfaces are
defined as the interfaces that involve the greatest cost, the most time, and the
most equipment during assembly operations. The design of similar
standardised product interfaces that require similar assembly operations,
grasping, and fixture methods also encourages the use of similar tools and
equipment. The design of similar standardised assembly interfaces and
similar tooling points across different product families is regarded to be a
major boost towards satisfying the needs within the flexible assembly system
and is expected to primarily fulfil the need to change the product mix,
additional space and different equipment and tools in the mixed-product
assembly line.
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 Reduced part numbers - considering this requirement in product design the
need for presenting different part numbers along the assembly line and the
need for additional space on the assembly line decreases. When the product
mix in the assembly zone is continuously changing, sharing common parts
(e.g., bolts and nuts) in the products supports the balancing of material
supply frequency and results in greater ease and precision in assemblers’
performance. Several needs within a flexible assembly system, such as the
need for efficient material supply, additional space, different tools and
equipment, and volume fluctuations, can be satisfied by the use of common
parts in products.
4.3.4 Needs, flexibility dimensions and requirements for product
design in a flexible assembly system with a mixed-product
assembly line
The six identified major needs within a flexible assembly system with a mixedproduct assembly line correspond to various dimensions of flexibility, which are
required for handling product variety in a mixed-product assembly line, namely,
product flexibility, volume flexibility, market flexibility, expansion flexibility,
production flexibility, material handling flexibility, and control program
flexibility. This finding also indicates the different dimensions of flexibility in a
flexible assembly system with a mixed-product assembly line. Consideration of
each of the three identified requirements for product design also fulfils certain
generic needs within the flexible assembly system with a mixed-product assembly
line. The links between the flexible assembly system’s needs, its requirements for
product design and the various dimensions of flexibility, according to Sethi and
Sethi (1990), is illustrated in Figure 12.
Requirements for
product design

Common assembly
sequence

Standardised
assembly interfaces

Reduced part
numbers

Needs in a flexible
assembly system
Introduction of new
product
Changing product mix

Flexibility
dimensions

Product FlexibilityMarket Flexibility

Efficient material
supply

Material Handling
Flexibility-Control
Programme Flexibility

Extra space

Expansion Flexibility

Different equipment
and tools

Production Flexibility

Volume fluctuations

Volume FlexibilityMarket Flexibility

Figure 12. Needs within a flexible assembly system with a mixed-product assembly line in relation to
dimensions of flexibility and its requirements for product design.
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4.3.5 Conclusions of Study III
The conclusions from Study III are as follows:
 A mixed-product assembly line enables a flexible assembly system in which
seven various dimensions of flexibility (product flexibility, volume
flexibility, market flexibility, expansion flexibility, production flexibility,
material handling flexibility, and control program flexibility) were identified.
The identified needs in a flexible assembly system with a mixed-product
assembly line implied that the creation of these various dimensions of
flexibility is required to handle product variety. Various dimensions of
flexibility in an assembly system support the major dimensions of flexibility:
volume, mix, and new product.
 The needs within a flexible assembly system with a mixed-product assembly
line can be satisfied via technical solutions that support the assembly
operations and by imposing few main requirements for product design. The
use of technical solutions, such as reconfigurable tools and equipment, and
reconfigurable material supply solutions not only fulfil the needs within a
flexible assembly system with a mixed-product assembly line, but also
specifically support increased efficiency and volume flexibility by altering
the capacity of the line.
 The main role of product design in supporting flexibility was reflected by the
selection criteria of the products for a mixed-product assembly line concept,
as discussed in section 4.3.1, and the identified flexible assembly system
requirements for product design, as discussed in section 4.3.3.
 The flexible assembly system requirements for product design, if satisfied,
support the flexibility of an assembly system. These requirements in product
design require a certain level of standardisation in product design and
assembly operations.
 The standardisation that results from satisfying the flexible assembly system
requirements for product design reduces the operation flexibility in each
assembly zone. By enabling the assembly of different products from different
product families, it secures major dimensions of flexibility in the assembly
system (e.g., new product, volume and mix flexibility) or the overall
flexibility of an assembly system. As a result of similar standardised
assembly operations and parts for different products, satisfying these
requirements in the design of products contributes to increased ease and
precision in performing assembly operations.

4.4 Study IV – Drivers of complexity in a flexible assembly
system
Study IV was a single-case study during the “pilot implementation” of a mixedproduct assembly line concept in a heavy vehicle manufacturing company. To
focus on the issue of complexity in connection with the product design in a
flexible assembly system, the objective of the study was to investigate the drivers
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of complexity in a flexible assembly system. The following theme presents a
summary of the results achieved from Study IV:
 Product variety, uncertainty and complexity in a flexible assembly system.
 Drivers of complexity in a flexible assembly system.
A detailed description of the study and the results are presented in section 2 .5.4
and Paper IV.
4.4.1 Product variety, uncertainty and complexity in a flexible
assembly system
The creation of product variety produces uncertainty; as a result, complexity
increases in the presence of high product variety in an assembly system. In a
flexible assembly system, high product variety must be offered in the presence of
low complexity and low uncertainty. Product variety, complexity and flexibility
have been linked to the issue of uncertainty (De Toni and Tonchia, 1998; Vokurka
and O'Leary-Kelly, 2000; Efthymiou et al., 2012; Iwaarden and Wiele, 2012;
Zhang, 2012). Given this connection, flexibility and complexity can be regarded
as the results of product variety, whereas achieving the former requires a
reduction of the latter.
4.4.2 Drivers of complexity in a flexible assembly system

Ranking average

According to the results from questionnaires, the assembly operations in three
assembly zones were categorised as complex by the assemblers. The joining of
product C, the cabin installation for product D, and trimming for product B were
classified as complex assembly operations. In these three cases, assemblers had
limited assembly experience and knowledge about the design of the specific
product. In Figure 13, the drivers of complexity in the operations that are
categorised as complex are presented with regard to their rating average. In the
calculation of the average for each item, the complexity drivers that are indicated
as not applicable have not been included.
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Figure 13. Rating average of complexity drivers in a flexible assembly system.
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Based on the data presented in Figure 13, following a common assembly sequence
is regarded as the most critical driver of complexity in a flexible assembly system.
Dissimilarities in overall product design, different assembly work content,
dissimilarities in hydraulic interfaces, different connection points to fixtures for
different products, and the use of different equipment for different products were
rated as the second and third highest influencing drivers of complexity.
Based on the results from the questionnaires, the assembly operations, product
design, and information and communication technology (ICT) were regarded as
generic areas that contribute to increased complexity in the practical development
of a flexible assembly system. Changes in these areas were identified to reduce
complexity and simplify the assembly operations for the assemblers in the flexible
assembly system. These three areas, including the drivers of complexity in each
area, are described in the following section and presented in Figure 14.
Complexity drivers in a flexible assembly system

ICT

Assembly operations

-General and nonstandardised assembly
work instructions

-Different assembly equipment and tools
-Limitations linked to product’s physical
dimensions

-Hard-copy assembly work instructions

-Ergonomic & safety concerns

Product design

Assembly sequence

Assembly interface

-Different work content

-High assembly workload

-Ergonomic & safety concerns

-Dissimilar common interfaces (e.g.,
hydraulic and electrical interfaces)
-Dissimilar connection points (e.g.,
product fixtures)

Number of parts
-Different tools for parts with
similar functionalities
-Additional space
-Complicated material supply

Figure 14. Drivers of complexity in a flexible assembly system.

Product design
The complexities in assembly system concerning the product design were
identified to be concerned with the assembly sequence, assembly interfaces, and
number of parts.
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Assembly sequence. Although a common assembly sequence plan is regarded as
an essential principle in the development of a flexible assembly system, the
product design does not support all assembly operations according to the common
assembly sequence plan. This finding involves complexity in terms of different
and increased assembly work content and raises ergonomic and safety concerns
for the assemblers.
Assembly interfaces. Nonstandardised assembly interfaces in product design
influence the quality and speed of the assembly operations with regard to
grasping, positioning and attaching. Dissimilar connection points to fixtures
complicate grasping and positioning different product modules; therefore, the
design of different products should provide similar connection points to fixtures.
Attaching various but repeating assembly interfaces increases the complexity and
should be resolved by considering common assembly interfaces in product design.
The increased assembly workload is the outcome of nonstandardised assembly
interfaces, which increases the complexity.
Number of parts. The complexity of grasping, positioning and attaching for the
assemblers is increased by the use of various parts (e.g., nuts and bolts). The use
of different assembly tools for parts with similar functionalities, the need for
additional storage space, and complicated material supply are the immediate
complexity drivers that are associated with the increased number of parts.
Assembly operations
Complexities concerning the assembly operations in a flexible assembly system
are primarily connected to the use of a continuously moving assembly line and the
utilisation of different assembly equipment and tools for different products.
Limitations linked to a product’s physical dimensions and ergonomic and safety
concerns were regarded as the complexity drivers that are associated with a
continuously moving assembly line and were considered to be principle factors of
the flexible assembly system concept and development. A continuously moving
assembly line requires the assemblers to move according to the assembly line’s
speed while performing the assembly operations. This requirement becomes
particularly complex when assembly operation occurs in a confined area or the
assemblers need to walk back and forth to access different assembly tools or
materials in a fixed position. The continuously moving line was described as a
stressful experience by the assemblers.
Information and communication technology (ICT)
The content and form of the assembly operation-related information presented to
the assemblers was identified as a complexity driver by the assemblers.
Considering the flexible assembly system concept, similar assembly work
instructions with a similar level of detail must be developed for different products.
Three-dimensional illustrations of parts and products are preferable, as such
illustrations enable assemblers to simultaneously observe and trace the changes in
the product design. The use of portable digital assembly work instructions (e.g.,
Google glasses or tablet computers) instead of hard-copy (i.e., paper sheets)
assembly work instructions was determined to be more suitable for assemblers, as
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it enables the storage of all necessary information of all products. A portable
digital screen can be easily carried to the exact assembly points and accessed there
and can be easily maintained compared with paper sheets.
4.4.3 Conclusions of Study IV
The conclusions from Study IV are highlighted as follows:
Flexibility and complexity can be regarded as the results of providing product
variety, whereas achieving the former requires a reduction in the latter. The
drivers of complexity during the practical development and pilot implementation
of a flexible assembly system concept were the focus of Study IV. In addition to
the assembly operations and ICT, product design is one of the main areas that
contributes to the complexity of a flexible assembly system. The results indicated
that changes should be made in these three main areas to reduce complexity in a
flexible assembly system. The complexities associated with the product design are
connected to the assembly sequence, assembly interfaces and number of parts and
contribute to the created complexity caused by increased product variety in a
flexible assembly system. This finding also highlights the pivotal role that the
standardised and modular product design serves in securing the total flexibility of
assembly system in terms of efficiently delivering various mixes of products and
by satisfying requirements of flexible assembly system for assembly sequence,
assembly interfaces, and number of parts. The assembly operations of (product
A), with which the assemblers were experienced, were not identified as complex
assembly operations, indicating the significance of the assemblers’ skills and
knowledge in influencing the perceived complexity in a flexible assembly system.
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5 Supporting flexibility in an assembly system
through product design
In this chapter, the results from the different studies in this research are
synthesised and the research questions are answered accordingly. Thereafter, a
framework is presented to enhance the understanding of the concept of flexibility
in an assembly system and its requirements for product design.

5.1 Flexible assembly system
The first research question addresses the description of a flexible assembly
system. The suggested definition of flexibility in an assembly system in this thesis
is based on the results from Study I, which revolves around the extent of the
responsiveness and adaptation of the assembly system towards market
fluctuations while producing different products. Therefore, flexibility in an
assembly system is based on volume, mix and new product, which have been
referred to as the major dimensions of flexibility (Bengtsson and Olhager, 2002)
and have been linked to customer satisfaction by Zhang et al. (2003).
Flexibility in an assembly system, as described, is consistent with the idea that the
essence of manufacturing flexibility is the ability of the manufacturing system to
change and accommodate uncertainty (De Toni and Tonchia, 1998; D'Souza and
Williams, 2000; Giachetti et al., 2003; Van Hop, 2004; Lloréns et al., 2005). The
operational and empirical objectives for developing a flexible assembly system
that is capable of producing different products were traced to various
organisational and strategic goals. This link highlights the connection of a flexible
assembly system’s capabilities to the strategy of a firm. The connection between
manufacturing flexibility and the strategy of a firm has been highlighted in
previous research (Beach et al., 2000b; Koste and Malhotra, 2000; Zhang et al.,
2003; Lloréns et al., 2005; Wadhwa et al., 2009; Esturilho and Estorilio, 2010).
To describe a flexible assembly system, six essential constituents of a flexible
assembly system have been identified in Study I as the most influential enablers
for flexibility within assembly systems with semi-automatic mixed-model
assembly lines. The suggested constituents of a flexible assembly system are as
follows: adaptable material supply, versatile workforce, increased commonality,
standardised work content, integrated product properties and strategic planning, as
illustrated in Figure 10 of section 4.1. By the development of these constituents,
the mixed-model assembly line becomes capable of producing different products
from different product families and is transformed into a mixed-product assembly
line.
Based on the results from Study I in section 4.1.1, flexibility in an assembly
system can be realised by mixed-model and mixed-product assembly lines. This is
consistent with previous research that regard mixed-model and mixed-product
assembly lines as flexible because they offer product variety and absorb volume
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fluctuations (Haq et al., 2006; Hu et al., 2008; Lin and Chu, 2013). Compared
with a mixed-model assembly line, a mixed-product assembly line offers a higher
flexibility according to the results from Study I. A mixed-product assembly line
handles a greater variety in terms of product mix because it facilitates the
assembly of products from distinct product families in the same assembly system.
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Considering the multidimensional nature of flexibility (Sethi and Sethi, 1990;
Upton, 1994; Beach et al., 2000a; Vokurka and O'Leary-Kelly, 2000; Buzacott
and Mandelbaum, 2008; Jain et al., 2013), various dimensions of flexibility in
assembly systems with mixed-model and mixed-product assembly lines were
pinpointed in Studies I and III in section 4.1 and section 4.3. These flexibility
dimensions were identified according to the classification offered by Sethi and
Sethi (1990), as shown in Figure 15.

Control Program
Flexibility

Figure 15. Various dimensions of flexibility in an assembly system with a mixed-model assembly line
(left), and in an assembly system with a mixed-product assembly line (right).

According to the results of Studies I and III, various dimensions of flexibility in
an assembly system are created to secure the total flexibility of an assembly
system by supporting the major dimensions of flexibility in an assembly system:
volume, mix and new product. The existence of the two dimensions of
flexibility—product flexibility and expansion flexibility—in the flexible assembly
system with mixed-model and mixed-product assembly lines, indicates that a
flexible assembly system can be both reconfigurable and agile. These two
dimensions of flexibility were respectively associated with the agility and reconfigurability of a system by ElMaraghy (2005), as explained in section 3.2.2.
The various identified dimensions of flexibility in an assembly system are linked
and positioned on three different levels: basic, system and aggregate flexibilities
(Sethi and Sethi, 1990).
In the semi-automatic mixed-model and mixed-product assembly lines the
majority of the assembly operations are performed by assemblers and some
material handling and testing tasks are automated. Therefore, the ability of
assemblers to be multi-skilled and to perform different types of assembly
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operations—labour flexibility (Koste and Malhotra, 1999)—is also pivotal in the
semi-automatic mixed-model and mixed-product assembly lines, as highlighted in
Studies I and III. The prominent role of the workforce in the flexible assembly
system implies that flexibility in an assembly system is consistent with the
theories that recognised manual assembly operations as the optimal approach for
attaining a high level of flexibility and high product variety (Rampersad, 1994;
Heilala and Voho, 2001; Bellgran and Säfsten, 2010). This outcome challenges
the theories that described flexible assembly system as a highly automated system
(Bukchin and Tzur, 2000; Zhang et al., 2005; Barutçuoğlu and Azizoğlu, 2011)
and disregarded the cases in which the complexity of assembly operations can
only be addressed by the versatility of a human workforce.

5.2 Product design aligned with a flexible assembly system
The second research question is concerned with how product design can support
flexibility in an assembly system and aims to identify the requirements of a
flexible assembly system for product design. In this thesis, the requirements of a
flexible assembly system denote the flexible assembly system’s characteristics
that should be fulfilled in the product design.
An extensive variety of assembly system requirements are considered during the
product realisation process, as indicated in Study II in section 4.2. A certain
category of the identified assembly system requirements addressed product
design. The assembly system requirements for product design typically include
requirements for interfaces, product modularity, connection points on the product,
product size, part numbers, product weight, special assembly operations (joining
material and visible assembly operations), and shipment and tracking of products.
The integrated product properties were identified as a constituent of a flexible
assembly system, as discussed in Study I in section 4.1, and refers to the
significance of synchronising product design with a flexible assembly system.
The requirements of each stakeholder in the product realisation process are based
on the needs of these stakeholders (Nuseibeh and Easterbrook, 2000; Nilsson and
Fagerström, 2006). To focus on the requirements of flexible assembly systems, as
described in Study I, the needs behind the requirements of a flexible assembly
system with mixed-product assembly line were identified, as presented in Study
III in section 4.3.2. The investigation identified six generic needs within a flexible
assembly system: the introduction of a new product, a changing product mix, an
efficient material supply, additional space, different equipment and tools, and
volume fluctuations. Fulfilling these needs enables the handling of increased
product variety in a flexible assembly system with a mixed-product assembly line.
Each of the identified needs within a flexible assembly system with a mixedproduct assembly line corresponds to certain dimension(s) of flexibility, which
should be created in such assembly system, as shown in Figure 12 of section 4.3.
The needs within a flexible assembly system can be fulfilled with technical
solutions that support the assembly operations and through flexible assembly
system requirements for product design.
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Three requirements of a flexible assembly system for product design were
identified. If embedded in product design, each requirement can fulfil certain
needs within a flexible assembly system and can support various dimensions of
flexibility in an assembly system, as presented in Study III in Section 4.3.3. The
three flexible assembly system requirements for product design are as follows:
common assembly sequence, standardised assembly interfaces, and reduced part
numbers. Incorporating the requirements of a flexible assembly system in product
design not only supports various dimensions of flexibility in an assembly system
but also requires a certain level of standardisation in the product design and
assembly operations. Fulfilling the common assembly sequence requirement
limits the operation flexibility. The requirements of a flexible assembly system
foster the use of standardised assembly operations and standardised parts for
different products. Therefore, satisfying these requirements via product design
also contributes to an increased ease and precision in performing assembly
operations. The standardisation caused by flexible assembly system requirements
for product design eventually supports the major dimensions of flexibility of an
assembly system: new product, volume and mix flexibility (Bengtsson and
Olhager, 2002).
The creation of product variety produces uncertainty and increases the complexity
in the assembly system, as presented in Study IV in section 4.4.1. In a flexible
assembly system, high product variety is offered in the presence of low
complexity and low uncertainty. Given that product variety, complexity and
flexibility have been linked to uncertainty (De Toni and Tonchia, 1998; Vokurka
and O'Leary-Kelly, 2000; Efthymiou et al., 2012; Iwaarden and Wiele, 2012;
Zhang, 2012), flexibility and complexity can be regarded as the result of product
variety, whereas achieving the former requires a reduction in the latter.The key
drivers of the perceived complexity produced by the increased product variety in a
flexible assembly system revolve around three main areas: the assembly
operations, product design, and ICT, as discussed in Study IV in section 4.4.2.
The drivers of complexity that are specific to product design concern the assembly
sequence, assembly interfaces and number of parts. This finding indicates that the
complexity from product variety in a flexible assembly system can be reduced by
focusing on the requirements of a flexible assembly system for product design,
namely, by fulfilling a common assembly sequence, standardised assembly
interfaces, and a reduced number of parts. The identified areas also highlight the
pivotal role of standardised and modular product design in securing total
flexibility of an assembly system in terms of efficiently delivering various mixes
of products. The flexible assembly system requirements for product design are
derived from the needs and the complexity of a flexible assembly system.

5.3 A framework to support flexibility in an assembly system
through product design
This section presents a framework to enhance the understanding of the concept of
flexibility in an assembly system and its requirements for product design. As
illustrated in Figure 16, the framework depicts how flexibility in an assembly
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system can be supported via requirements created by a flexible assembly system
and imposed on the product design. This framework is based on the content
presented in this thesis and serves as a summary of the major steps taken in the
studies performed in this thesis. The framework comprises four consecutive
stages; each stage consists of different activities that are suggested to be
performed during a particular stage. Different stages of the framework revolve
around comprehending either the concept of a flexible assembly system or the
development of the flexible assembly system. This division in the framework has
been implemented to help clarify the nature of the activities and the considerations
for each stage.
Stage

Activities

Identify

q Organisational and strategic goals
q Constituents of the flexible assembly system
q Dimensions of flexibility in the assembly
system

Concept

Identify:

Analyse:

Analyse

q Needs in the flexible assembly system
q Complexity drivers in the flexible assembly
system

Other
solutions

Select

q Assembly operations
q Product design
q Information and communication technology
(ICT)

Development

Select “how” to address the needs and
manage the complexity in the flexible
assembly system via :

Product
design

Design

Design product aligned with the flexible
assembly system by identifying:
q The flexible assembly system requirements
for product design

Figure 16. The framework presents an illustrative summary on how to support flexibility in an
assembly system using product design and is based on the studies performed in this thesis.
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The four stages of the framework and their respective activities, which are based
on the studies conducted in this research, are described as follows:
First stage - Identify. This step addresses the comprehension of the concept of
flexibility in an assembly system. For this purpose, three main sets of activities
that are based on the results from Studies I and III are performed. To define
flexibility in an assembly system, the organisational and strategic goals of the firm
and assembly system must be identified and considered. This identification
facilitates investigating the characteristics or the constituents of a flexible
assembly system. With regard to the identified organisational and strategic goals
and the constituents of a flexible assembly system, the various dimensions of the
flexibility required in the flexible assembly system are highlighted and the major
flexibility dimensions are identified. This detail helps to determine the capabilities
that must be developed for the assembly system to become flexible.
Second stage - Analyse. The practical needs for the development of a flexible
assembly system are analysed in this stage based on the flexible assembly system
concept that was defined in the first stage. To complement the different needs
within a flexible assembly system and due to the link between the increased
product variety and the increased complexity in a flexible assembly system, an
evaluation of the drivers of complexity in a flexible assembly system is required.
The areas in which complexity must be reduced to facilitate flexibility are
highlighted in this evaluation. Due to the identification of the practical needs and
the evaluation of the complexity in a flexible assembly system, this stage
addresses the development of a flexible assembly system. In this thesis, the needs
within a flexible assembly system as defined in Study I, were investigated in
Study III; the drivers of complexity in a flexible assembly system were identified
in Study IV.
Third stage - Select. In the third step, a decision is made regarding how flexibility
can be supported in an assembly system. To address product variety in a flexible
assembly system, Study III indicated that the needs within a flexible assembly
system must be fulfilled and Study IV demonstrated that the complexity within a
flexible assembly system must be managed.
To obtain a decision in this stage, the needs within a flexible assembly system and
the different areas that contribute to the complexity within a flexible assembly
system, as defined in the second stage, should be considered. The areas that
contribute to complexity in a flexible assembly system comprise the assembly
operations, product design and ICT. The selection of a product design as a
solution to address the needs within a flexible assembly system and manage the
complexity in a flexible assembly system leads to the fourth step in the
framework.
Fourth stage - Design. In the fourth step, the requirements of flexible assembly
system for product design, which are based on the needs within a flexible
assembly system and manage the complexity within a flexible assembly system,
are identified based on the results and approach employed in Studies III and IV. In
accordance with the previous stages in the framework, satisfying these
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requirements fulfils the needs within a flexible assembly system, reduces the
complexity, and supports the flexibility in the assembly system. Therefore,
identifying and satisfying flexible assembly system requirements for product
design result in a product design that is closely aligned with a flexible assembly
system. Nevertheless, the scope of activities in this stage as presented in Figure
16, is restricted to the flexible assembly system and does not reflect activities that
are carried out by a product design team in a product realisation process.
Based on the research conducted in this thesis, the four proposed conceptual and
generic stages of this framework focus on understanding the concept of flexibility
in an assembly system and highlight the role of product design in supporting
flexibility in an assembly system, as illustrated in Figure 16.
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6 Conclusions
This chapter presents the conclusions of this research by fulfilling the research
objective and discussing how each research question has been answered. In
addition, the contributions of this research to both scientific and industrial
communities, concluding remarks on the quality of the conducted research, and
the implications for future research are presented.

6.1 Fulfilling the research objective
As the need for industries to gain a competitive edge and cope with ever-changing
market demands, flexibility in assembly system has been the main focus of this
research. The main objective of this research has been to provide a framework
that contributes to the understanding of the concept of flexibility in an assembly
system and its requirements for product design.
To accomplish this objective, a theoretical framework and four empirical studies
have been conducted in this research. The presented theoretical framework
focused on manufacturing flexibility and assembly system and provided a basis for
the empirical studies and the research. The empirical study concentrated on the
approach adopted in the manufacturing industry towards developing flexible
assembly systems and their requirements for product design.
The theoretical framework reviewed general aspects of assembly systems and
highlighted their competitive capability of offering product variety and the
significance of assembly system requirements for product design. An overview of
the concept of flexibility in a manufacturing and assembly system was provided to
establish the basis of this research and also indicate the various facets of
flexibility. The theoretical framework highlighted the lack of knowledge and the
existing ambiguity regarding the definition and various dimensions of flexibility
in an assembly system.
Study I was a multiple-case study that investigated the definition and dimensions
of flexibility in assembly systems with mixed-model assembly line. In addition to
offering mix and volume as the major dimensions of flexibility in an assembly
system, the study concluded with six essential constituents of flexible assembly
systems. Study II was a case study that explored the requirements of an assembly
system from various aspects and presented different categories of assembly
system requirements. The main category of the identified requirements revolved
around the product design. In Study III, the needs within a flexible assembly
system were investigated and its requirements for product design were
highlighted. The study concluded that the requirements of a flexible assembly
system for product design can increase the standardisation of the system and
support the overall flexibility of an assembly system in terms of the major
flexibility dimensions: mix, volume, and new product. Different dimensions of
flexibility in a flexible assembly system with a mixed-product assembly line were
also identified. In Study IV, the connection between complexity, product variety,
flexibility and uncertainty was discussed. In addition, the drivers of complexity in
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a flexible assembly system were identified, among which a category was
specifically related to the product design. The identified drivers of complexity
related to product design were consistent with the requirements of a flexible
assembly system for product design. Satisfaction of the identified flexible
assembly system requirements for product design contributes to a reduction in
complexity and supports flexibility in an assembly system.
To fulfil the research objective, the following two research questions have been
answered by performing different studies, which have been described in this
thesis.
RQ1. How is a flexible assembly system described?
The theoretical framework in Chapter 3 provided a basis for answering the first
research question by reviewing the manufacturing flexibility concept via its
definition and various dimensions. In Chapter 3, the concept of flexibility in an
assembly system was reviewed and the gaps and the ambiguities regarding the
concept in previous research were identified. In Study I, the definition of
flexibility in an assembly system was offered and the constituents of flexible
assembly system were noted, as discussed in section 4.1. Various dimensions of
flexibility in an assembly system were identified in Studies I and III, as discussed
in sections 4.1 and 4.3 respectively. Answering the first research question paved
the way for answering the second question. A detailed answer to this research
question has been provided in section 5.1.
RQ2. How can product design support flexibility in an assembly system?
To answer the second research question, the significance of assembly system
requirements for product design was presented in the theoretical statements
presented in Chapter 3. Study II explored the general requirements of an assembly
system and proposed a category of assembly system requirements for product
design, as discussed in section 4.2. In addition, the requirements of a flexible
assembly system for product design were pinpointed in Study III, as discussed in
section 4.3. The outcomes of Study III were also reinforced by the understanding
achieved via Study I, as discussed in section 4.1. These requirements were
indicated to support flexibility and reduce complexity based on the identified
drivers of complexity in a flexible assembly system according to Study IV, as
discussed in section 4.4. A detailed answer to this research question has been
provided in section 5.2.
Based on the synthesis of the answers to both research questions, the framework
to support flexibility in an assembly system through product design has been
proposed in section 5.3. The framework suggests four stages, which enhance the
understanding of the concept of flexibility in an assembly system and its
requirements for product design.

6.2 Research contribution
The motivation for performing this research stems from a scientific and industrial
basis and is aimed at contributing to both domains. Thus, the findings from the
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studies performed at the heart of the manufacturing industry and reinforced by an
extensive review of previous research not only expands the scientific aspect but
also provides answers to similar practical challenges regarding a flexible assembly
system and its requirements for product design in the industry.
From a theoretical standpoint, a lack of knowledge exists in the existing research
regarding flexibility in an assembly system. The issue of flexibility in an assembly
system suffers from an ambiguity around the concept and its dimensions. To
address the lack of knowledge and the existing gap in the theoretical foundation,
this research provides a distinct definition of flexibility in an assembly system and
practical insights from industry. The identified constituents of a flexible assembly
system and the various dimensions of flexibility from this research formulate the
characteristics that must be developed to establish flexibility in an assembly
system. By the identification of the requirements of a flexible assembly system for
product design, this research shed light on the interface between a flexible
assembly system and product design as a noteworthy emerging research area.
Using the proposed framework in section 5.3, this research contributes to the
understanding of the concept of flexibility in an assembly system and its
development while clarifying the role of product design in supporting flexibility
in an assembly system. Therefore, this research contributes to the research area of
a flexible assembly system as an overlap between the two research areas of
manufacturing flexibility and assembly system.
With regard to the industrial contributions of this research, this research has been
prompted by the needs of a manufacturing company. Despite the high interest in
the flexibility and significance of assembly system within the manufacturing
industry, the concept of a flexible assembly system, how it can be developed, and
its influence on product design remain unclear. The findings of this research and
the proposed framework address the steps towards the development of a flexible
assembly system as well as alignment of a product design and a flexible assembly
system. The framework is expected to be well received by the practitioners from
assembly system, who serve as the connecting link between the assembly system
and product design teams in a product realisation process.

6.3 Quality of research
Although efforts have been made to consider the suggested measures for securing
high quality in different stages of this research, as explained in section 2.7, the
possible limitations concerning the quality of research are addressed and
discussed here.
The researcher is regarded as the primary instrument in this research. However,
the human instrument has shortcomings and biases that may impact the study
(Merriam, 2009). As a general limitation of the qualitative research, the role of
participant observer in the majority of the studies (Studies I, III, and IV) exposes
this research to potential bias by the researcher. Familiarity with the organisation
(Saunders et al., 2012) is another issue that concerns the internal researcher in
terms of its effect on the consumptions and preconceptions of the researcher.
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However, the research process and the role of the researcher as a new employee at
the company coincided in this research, which prevented the researcher from
developing consumptions and preconceptions about the company prior to the start
of this research. This situation encouraged the researcher to raise basic questions
to learn about what occurs in the organisation as a new employee. To enhance the
reliability of the research results, the steps for conducting the research have been
described and are supported by the structure of this thesis.
Based on a collection of case studies, the internal validity of this research may be
limited because the specific tactics for achieving internal validity are difficult to
identify in the case study (Yin, 2014). Measures such as interviews and discussion
with different roles have been taken during the data collection and analysis stages
to prevent inferences with regard to the internal validity. The construct validity
was enhanced via the use of multiple sources of evidence, establishing a chain of
evidence and enabling the key informants to review the results and findings, as
explained in section 2.7.1.
Considering that the case study has been the main research approach, the other
concern regarding the quality of this research is the external validity or
generalisability of the results. In the case studies of this research, however,
analytic generalisation in terms of generalising a particular set of results to some
broader theory (Yin, 2014) was an objective. As a result, the replication logic in
the multiple-case study has been applied, and the theoretical propositions in all
case studies have been employed to enhance the external validity of this research.

6.4 Future research
The conducted research and respective findings represent the initial part of the
researcher’s doctoral education and create an interesting opportunity to develop
the outcome of this research. The conducted research, which has been initiated in
an assembly context, has taken its stance in an assembly system. This position
creates a platform to navigate future research in the research area of product
realisation to complement the research results.
The proposed framework must be validated and evaluated in practice to
investigate the applicability of the suggested stages in the development of a
flexible assembly system concept and the requirements of a flexible assembly
system for product design. This framework can be utilised and validated during
the product realisation process to be further developed.
The identified requirements of a flexible assembly system, which have been
described on a generic and conceptual level in this research, should be
individually investigated. This investigation is required to determine the level on
which each of these requirements can be practically fulfilled via the product
design and with regards to other aspects involved in the product realisation
process. It particularly helps in further development of the fourth stage of the
proposed framework, as suggested in section 5.3.
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