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Growing customer demands for product variety, new and rapid technological  
developments, and the short life cycle of products characterise the current volatile
market. To maintain a competitive edge in the market, manufacturing companies 
need to accommodate flexibility in their assembly systems as essential parts of the
manufacturing systems with respect to cost, time, and creating product variety. 
Despite its significance to theory and practice, however, the characteristics of flex-
ibility in an assembly system and its links to product design are still ambiguous. 

The objective of this thesis is to expand the current knowledge of flexibility in 
assembly systems and using product design to support its achievement. Through 
its findings, this research defines flexibility in an assembly system, identifies 
its dimensions, and pinpoints its enablers. Additionally, three requirements of a
flexible assembly system for product design are identified: a common assembly 
sequence, similar assembly interfaces, and common parts. Moreover, the develop-
ment of a common assembly sequence and similar assembly interfaces, as the two
key requirements of a flexible assembly system for product design, is described.

Further, based upon developing understanding and knowledge about a flexible 
assembly system and its requirements for product design, a model and a frame-
work are proposed. The model addresses the role of product design in achieving 
flexibility in an assembly system. To support the alignment of product design 
with the key requirements of a flexible assembly system during the product 
design process, the assembly-oriented framework details the development of
these requirements. The proposed model and framework aim to assist assembly 
practitioners and product designers in establishing a flexible assembly system 
and aligning product design with its key requirements.
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Abstract
Growing customer demands for product variety, new and rapid technological developments, and the 
short life cycle of products characterise the current volatile market. To maintain a competitive edge in 
the market, manufacturing companies need to accommodate flexibility in their assembly systems that 
are essential parts of the manufacturing systems with respect to cost, time, and creating product variety. 
Given the importance of establishing flexible assembly systems, the complexity raised by increasing 
product variety and the value of appropriate product designs to assembly systems highlight the pivotal 
role of product design in a flexible assembly system. Despite its significance to theory and practice, 
however, the characteristics of flexibility in an assembly system and its links to product design are still 
ambiguous and unexplored.

The objective of this thesis is to expand the current knowledge of flexibility in assembly systems and 
using product design to support its achievement. To accomplish the objective and by adopting an 
interactive research approach, five case studies were conducted in the heavy machinery manufacturing 
industry. A literature review underpins all the case studies comprising one multiple and four single 
case studies.

Through its findings, this research defines flexibility in an assembly system, identifies its dimensions, 
and pinpoints its enablers. Additionally, three requirements of a flexible assembly system for product 
design are identified: a common assembly sequence, similar assembly interfaces, and common 
parts. These requirements, if fulfilled in product design across distinct product families, reduce the 
perceived complexity and support various flexibility dimensions in the assembly system. Moreover, 
the development of a common assembly sequence and similar assembly interfaces, as the two key 
requirements of a flexible assembly system for product design, is described.

Further, based upon developing understanding and knowledge about a flexible assembly system and its 
requirements for product design, a model and a framework are proposed. The model addresses the role 
of product design in achieving flexibility in an assembly system. To support the alignment of product 
design with the key requirements of a flexible assembly system during the product design process, the 
assembly-oriented framework details the development of these requirements. Through its outcomes, 
this thesis contributes to the research area of flexible assembly systems and sheds light on its interface 
with the engineering design field. Moreover, the proposed model and framework aim to assist assembly 
practitioners and product designers in establishing a flexible assembly system and aligning product 
design with its key requirements.
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Abstract 

Growing customer demands for product variety, new and rapid technological 
developments, and the short life cycle of products characterise the current volatile 

market. To maintain a competitive edge in the market, manufacturing companies 

need to accommodate flexibility in their assembly systems, which are essential 

parts of their manufacturing systems with respect to cost, time, and creating 

product variety. Given the importance of establishing flexible assembly systems, 

the complexity raised by increasing product variety and the value of appropriate 

product designs to assembly systems highlight the pivotal role of product design 

in a flexible assembly system. Despite its significance to theory and practice, 

however, the characteristics of flexibility in an assembly system and its links to 

product design remain ambiguous and unexplored.  

The objective of this thesis is to expand the current knowledge of flexibility in 

assembly systems and the use of product design to support its achievement. To 

accomplish the objective and by adopting an interactive research approach, five 

case studies were conducted in the heavy machinery manufacturing industry. A 

literature review underpins all the case studies, comprising one multiple- and four 
single-case studies. 

Through its findings, this research defines flexibility in an assembly system, 

identifies its dimensions, and pinpoints its enablers. Additionally, three 

requirements of a flexible assembly system for product design are identified: a 

common assembly sequence, similar assembly interfaces, and common parts. 

These requirements, if fulfilled in product design across distinct product families, 

reduce the perceived complexity and support various flexibility dimensions in the 

assembly system. Moreover, this research study describes the development of a 

common assembly sequence and similar assembly interfaces as the two key 

requirements of a flexible assembly system for product design. 

Further, based upon developing understanding and knowledge of a flexible 

assembly system and its requirements for product design, a model and a 

framework are proposed. The model addresses the role of product design in 

achieving flexibility in an assembly system. To support the alignment of product 
design with the key requirements of a flexible assembly system during the product 

design process, the assembly-oriented framework details the development of these 

requirements. This thesis contributes to the research area of flexible assembly 

systems and sheds light on its interface with the engineering design field. 

Moreover, the proposed model and framework aim to assist assembly 

practitioners and product designers in establishing a flexible assembly system and 

aligning product design with its key requirements. 

  



 

 

 

 

  



 

 

SAMMANFATTNING 

Växande kundkrav på produktutbud, nya och snabba teknologiska framsteg, samt 
produkternas korta livscykel kännetecknar dagens instabila marknad. För att 

upprätthålla konkurrensfördelar inom marknaden behöver tillverkningsföretag 

tillgodogöra sig flexibilitet i sina monteringssystem som är en nödvändig del i 

tillverkningssystemen gällande kostnader, tid, samt skapande av produktutbud. 

Med tanke på vikten av att etablera flexibla monteringssystem, medför den 

komplexitet som ett ökat produktutbud och värdet av lämplig produktdesign för 

monteringssystem att den centrala roll som produktdesign har i ett flexibelt 

monteringssystem framhävs. Trots dess betydelse för teori och praktik är dock det 

som kännetecknar flexibilitet i ett monteringssystem samt dess koppling till 

produktdesign fortfarande tvetydigt och outforskat.  

Syftet med denna avhandling är att utöka de nuvarande kunskaperna gällande 

flexibilitet i monteringssystem samt att använda produktdesign som medel för att 

uppnå detta. För att uppnå syftet och genom att anta en interaktiv 

forskningsmetod, genomfördes fem fallstudier inom den tunga 

maskintillverkningsindustrin. En litteraturanalys ligger till grund för samtliga 
fallstudier, vilka består av en multipel- och fyra enskilda fallstudier. 

Genom dessa forskningsresultat definieras flexibilitet i ett monteringssystem, 

identifieras dess dimensioner och preciseras möjliggörarna. Dessutom identifieras 

tre krav på ett flexibelt monteringssystem för produktdesign: ett gemensamt 

monteringsförlopp, liknande monteringsgränssnitt samt gemensamma delar. 

Dessa krav, om de uppfylls inom produktdesign genom tydliga produktfamiljer, 

minskar den uppfattade komplexiteten samt stödjer olika flexibilitetsdimensioner i 

monteringssystemet. Dessutom beskrivs utvecklingen av ett gemensamt 

monteringsförlopp och liknande monteringsgränssnitt som de två centrala kraven 

på ett flexibelt monteringssystem för produktdesign. 

Vidare, med utgångspunkt från att utöka förståelsen och kunskaperna kring ett 

flexibelt monteringssystem och dess krav på produktdesign, presenteras en modell 

och ett ramverk. Modellen behandlar den roll som produktdesign har i att uppnå 

flexibilitet i ett monteringssystem. För att stödja inriktningen av produktdesign 
med de centrala kraven på ett flexibelt monteringssystem under 

produktdesignprocessen preciserar det monteringsinriktade ramverket 

utvecklingen av dessa krav. Genom resultaten bidrar denna avhandling till 

forskningsområdet flexibla monteringssystem samt belyser dess gränssnitt med 

teknikdesignområdet. Dessutom avser den presenterade modellen och ramverket 

att bistå monteringspraktiker och produktdesigners i att etablera ett flexibelt  

monteringssystem samt att inrikta produktdesign mot dess krav. 
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Early definitions 

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 on 

which assembly operations occur.  

Design guideline: a prescriptive recommendation to a product designer for a 

course of action to address a design issue (Nowack, 1997) representing the "best 

practice" (Stephenson, 1996). Design guidelines describe the characteristics of the 

optimal product and highlight important trade-offs that the designer will have to 

optimise or resolve; they also aim to support the designer throughout the whole 

design process, particularly at its inception (Serafini et al., 2016). 

Design process: the output of a design process is a design, that is a description of 

a particular artefact (Baldwin and Clark, 2000). 

Framework: an organised structure of practices that serves as a guide for the 
implementation of an approach. In this respect, a framework can consist of a 

process as a set of consecutive steps for executing a specific task. This definition 

applies to the proposed framework in this thesis. 

Manufacturing operations: certain basic activities that must be performed in a 

factory to convert raw materials into finished products, including processing 

(fabrication) 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). 

Model: a descriptive tool that explains underlying elements of a phenomenon and 

represents their interrelations. This definition applies to the proposed model in 

this thesis.  

Needs: 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). 

Accordingly, this thesis distinguishes between needs and requirements. 

Product design: the detailing of the material, shapes, and tolerance of the 

individual parts of a product (Boothroyd et al., 2011).  

Product family: a family consists of a group of products based on a specific 

design concept or derived from a standard parent product; these products are 

similar in design and/or manufacturing methods (Elmaraghy et al., 2013). 

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: the range of products or product variants that a firm can 

produce within a particular time period in response to market demand (Ulrich and 

Eppinger, 2012). 

Product variant: an instance of a class that usually exhibits slight differences 

from the common type or norm (Elmaraghy et al., 2013).  

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 are employed 

in this thesis to refer to the characteristics of an assembly system or flexible 

assembly system that should be fulfilled through the product design. Additionally, 

the term key requirements is applied to emphasise those requirements of an 

assembly system that are of primary importance for such a system to be fulfilled 

through product design. 
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1 Introduction 

This chapter presents the research background, the problem statement, the 

research objective, the research questions, and the scope and limitations of the 

thesis. The thesis outline is provided in the final part of this chapter. 

 Background  1.1

Growing customer demands for product variety, new and rapid technological 

developments, and the short lifecycle of products have all contributed to the 

recent paradigm shift towards mass customisation in manufacturing companies. 
To gain a competitive edge in this highly volatile market and to introduce a wide 

range of products, manufacturing companies need to achieve flexibility. 

Flexibility, as a competitive priority, offers performance excellence to 

manufacturing companies (Zhang et al., 2003; Lloréns et al., 2005; Mishra et al., 

2014) and supports the other competitive criteria: quality, delivery, and price 

(Bolwijn and Kumpe, 1990; Olhager and West, 2002; Bellgran and Säfsten, 

2010). Flexibility is a complementary property to productivity, meaning that 

companies must be both productive and flexible (Bengtsson and Olhager, 2002). 

A shift in focus has occurred towards flexibility as one of the most sought-after 

properties in modern manufacturing systems (Jain et al., 2013). In recent years, 

European research and manufacturing initiatives such as Factory-in-a-Box (see, 

e.g., (Jackson et al., 2008)) and Industrie 4.0 (see, e.g., (Drath and Horch, 2014; 

Brettel et al., 2015)) as well as emerging strategies in many manufacturing 

companies have marked this noteworthy shift. 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 growing attention towards flexibility in manufacturing companies also 

highlights the significance of flexibility in assembly systems as an essential part 

of the manufacturing system in terms of cost and time. In the industrial activity of 

product manufacturing, the costs of assembly systems can represent 20-60% of 

the total costs of a manufacturing system depending on the product (Demoly et 

al., 2010). In the case of manufactured products, the assembly system accounts for 

more than 50% of production time, and a large portion of the workforce (one-third 

of a manufacturing company’s labour) is reported to be linked to assembly 

operations (Nof et al., 1997; Samy and Elmaraghy, 2012). The value of assembly 

systems is not limited to cost and time as assembly operations are also considered 

a crucial stage in creating product variety. Assembly operations are regarded as 
being among the most cost-effective approaches to creating high product variety 

(Hu et al., 2011). Given the competitive priorities of cost, time, and product 

variety in manufacturing companies, flexibility is essential to assembly systems. 

In today’s environment, assembly systems must be flexible to adapt quickly to the 

increasing amount of product variety, the changing demand volume accompanied 



2 

 

by shorter product lifecycles, and decreasing lot sizes while simultaneously 

achieving quality and productivity (Heilala and Voho, 2001; Elmaraghy and 

Elmaraghy, 2016). The increase in product variety is massive, particularly in 

certain manufacturing industries. The huge product variety growth in automotive 

manufacturing is a notable example of this increase. For instance, BMW claims 

that the number of possible combinations for the 7 Series alone could reach 10
17

 

variants (Hu, 2013). Similarly, the number of option combinations for Volvo 

trucks branded as Volvo can reach up to 10
70 

variants
1
. As handling this increased 

product variety is becoming a high priority in manufacturing systems (Elmaraghy 

and Elmaraghy, 2016), flexible assembly systems are gaining significant value 

due to their practical importance and theoretical challenges in creating product 

variety (Barutçuoğlu and Azizoğlu, 2011).  

Given the major investments in assembly systems, an appropriate product design 

supports handling product variety by effectively utilising the capabilities of 

assembly systems (Schmenner and Tatikonda, 2005; Elmaraghy and Abbas, 

2015). A superior product design saves time and costs for assembly systems with 

reduced components, easy assembly operations, and optimal part structures in an 

accessible working space of assembly tools (Kang and Peng, 2010). The growing 

product variety, on the one hand, and the capabilities of a flexible assembly 

system, on the other hand, highlight the pivotal role of product design in a flexible 

assembly system.  

Approximately 70% of a product’s manufacturing cost is determined by decisions 
made during the product design process (Yang et al., 2000; Bogue, 2012). 

Therefore, it is important to make a timely consideration of the requirements of an 

assembly system during the product design process (Sanders et al., 2009; Demoly 

et al., 2012). These concerns suggest the characteristics of a flexible assembly 

system that must be fulfilled through product design (flexible assembly system 

requirements for product design), and their development for use during the 

product design process as particularly noteworthy topics from theoretical and 

practical perspectives. 

Understanding the characteristics of a flexible assembly system, particularly its 

requirements for product design, is critical for manufacturing companies that 

accommodate flexibility in their assembly systems. Given the design of suitable 

products for a flexible assembly system, identifying key requirements of a flexible 

assembly system for product design and developing them to be addressed in a 

timely manner during the product design process is essential to ensure the cost, 

time, and ease of assembly operations in a flexible assembly system. 

 Problem statement  1.2

Flexibility in manufacturing systems has attracted considerable attention among 

researchers over the course of the last thirty years. Particularly in recent years, the 

number of publications on this topic demonstrates its emerging significance from 

                                                 
1
 This information was acquired during an interview with the director of assembly operations at Volvo Group Truck Operations in 

Sweden on 12 September 2013. 



3 

 

a theoretical standpoint. The number of published studies on manufacturing 

flexibility in various academic journals from 2008–2013 has surpassed the 

number of studies from 1987–1995 by nearly 3.5-fold (Mishra et al., 2014). 

However, given the focus of the existing studies, further research is needed in the 

field. Despite the extensive amount of research, recent reviews of manufacturing 

flexibility highlight the lack of complete understanding of the concept of 

flexibility and underline the need for future studies (Wilson and Platts, 2010; 

Mishra et al., 2016). The limited number of empirical studies reported in this field 
(Lau, 1999; Cousens et al., 2009) alone has been regarded as a factor that hinders 

the further development of the understanding of manufacturing flexibility (Lau, 

1999). Nevertheless, despite all the efforts in this field, the enablers of 

manufacturing flexibility are unclear in theory, and the specific management 

issues regarding their implementation in practice still need to be identified 

(Mishra et al., 2016). 

To date, flexibility in assembly systems, which are essential parts of 

manufacturing systems, has not been as extensively and exclusively discussed as 

flexibility in manufacturing systems. The majority of the research in this domain 

has primarily addressed either the design (e.g., (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 (e.g., (Sun et al., 2002; Sawik, 

2004; Zhang et al., 2005; Guo et al., 2008; Vincent et al., 2014)) issues of flexible 

assembly systems. In fact, some previous studies have merely briefly defined the 
flexible assembly system without detailing the characteristics of flexibility in 

assembly systems. In some cases, a flexible assembly system has been regarded as 

a system equipped with different automated machines or robots working in the 

line (e.g., (Bukchin and Tzur, 2000; Zhang et al., 2005; Barutçuoğlu and 

Azizoğlu, 2011)), whereas in other cases, manual operation has been considered a 

decisive factor in achieving high flexibility with a high number of variants in the 

assembly system (Rampersad, 1994; Heilala and Voho, 2001; Bellgran and 

Säfsten, 2010). Considering the insufficient and inconsistent research studies on 

flexible assembly systems and the ambiguity surrounding the concept of 

manufacturing flexibility in theory and practice, the definition of flexibility in 

assembly systems and its characteristics is scarce in the literature. 

The inadequate understanding of the concept of flexibility in manufacturing 

systems is not only limited to the manufacturing context but also extends to the 

relationship between manufacturing flexibility and product design. From a 

theoretical standpoint, a review of forty-two studies published in academic 
journals during 1987-2013 that directly focused on manufacturing flexibility and 

its relationship with other variables
2
 resulted in only one study (see, e.g., (Larso et 

al., 2009)) that addressed the relationship between manufacturing flexibility and 

product type
3
 (Mishra et al., 2014). Thus, the link between manufacturing 

flexibility and product design is regarded as an unexplored area of research and is 

                                                 
2
 These variables include environmental uncertainties, strategy, organisation attributes, product type, manufacturing technology, and 

innovation. 
3
 Product type refers to products that require incremental or radical change.  
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proposed as a suitable direction for future research (Mishra et al., 2016). The link 

between flexible assembly systems and product design has likewise remained 

unidentified despite its significance to theory and practice. The investigation of 

this link is particularly critical for flexible assembly systems since high product 

variety leads to increased complexity in assembly systems. Although product 

variety allows manufacturers to satisfy a wide range of customer requirements, it 

is regarded as a major contributing factor to increased complexity in assembly 

operations and assembly systems as a whole (Hu et al., 2008; Samy and 
Elmaraghy, 2012; Zeltzer et al., 2017). Direct impacts of product variety include 

high inventory, feeding complexity, complexity in positioning and insertion, 

excessive capital investment, change in the assembly sequence, and complexity in 

line balancing (Fujimoto et al., 2003). Determining the requirements of a flexible 

assembly system for product design and developing its key requirements can 

facilitate the appropriate product design for a flexible assembly system and can 

therefore support handling product variety in such systems. However, this 

approach appears to be impeded by the lack of understanding regarding the 

concept of flexibility in assembly systems and its link to product design. 

Furthermore, consideration of manufacturing flexibility during the product 

development process has generally received little attention. The relationship 

between manufacturing flexibility and product development process is not well 

developed or understood (Vokurka and O'leary-Kelly, 2000; Larso et al., 2009) 

and needs to be studied further (Larso et al., 2009). In particular, empirical studies 
with this focus have been reported to be generally scant in the previous research 

(see, e.g., (Vokurka and O'leary-Kelly, 2000)), and this shortage has continued in 

recent research.  

The major shift towards achieving flexibility in manufacturing companies, the 

significance of assembly systems for manufacturing companies, and the growing 

complexity resulting from high product variety have made flexible assembly 

systems and their requirements for product design a noteworthy research topic 

theoretically and practically. Nevertheless, based on existing knowledge, the 

characteristics of flexibility in assembly systems, the requirements of a flexible 

assembly system for product design, and the development of such a system’s key 

requirements for use during the product design process have remained 

unidentified. 

 Research objective and research questions 1.3

Considering the background and the problem statement, the objective of this 

thesis is to expand the current knowledge of flexibility in assembly systems and 

the use of product design to support its achievement.  

Given the objective of the thesis, an understanding of flexibility in assembly 

systems must first be developed. Subsequently, to illuminate the role of product 

design in achieving flexibility in assembly systems, the requirements of a flexible 

assembly system for product design must be identified. Additionally, to support 

the alignment of product design with the key requirements of flexible assembly 
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systems during the product design process, it is important to address the 

development of those requirements.  

Therefore, to achieve the objective of the thesis, the following three research 

questions have been formulated. The research questions have been designed such 

that they build upon each other to fulfil the research objective. 

RQ1. What characterises flexibility in an assembly system? 

The purpose of this research question is to define flexibility in an assembly 

system and identify its characteristics.  

RQ2. What are the requirements of a flexible assembly system for product 

design?  

The objective of this research question is to identify those characteristics of a 

flexible assembly system that concern product design and that must be fulfilled 

through product design. Answering RQ1 provides a base to answer RQ2.  

RQ3. How are “the key requirements of a flexible assembly system for product 

design” developed for use during the product design process? 

By focusing on the key requirements of a flexible assembly system for product 

design, this research question aims to investigate the development of these 

requirements so that they can be used during product design process. Answering 

RQ1 and RQ2 lays the foundation to answer RQ3.  

 Scope and delimitations  1.4

This thesis investigates the heavy machinery manufacturing industry. The heavy 

machinery industry is among the secondary industries whose principal activities 

comprise manufacturing operations and whose typical products include machine 

tools and construction equipment (Groover, 2014)
4
. Assembly systems in the 

heavy machinery industry are generally characterised by high assembly work 

content, long assembly cycle time, and highly complex products that mostly 

require manual assembly operations. These characteristics distinguish the 

assembly systems in the heavy machinery industry from those of the vehicle 

manufacturing industry. In the vehicle manufacturing industry, automotive 

manufacturing is characterised by a product structure that results in a shorter cycle 

time for assembly operations and leads to the utilisation of higher levels of 

automation in assembly systems. Ship building and aerospace manufacturing are 

on the other end of the spectrum, with lengthy assembly times and enormous 

products. Given the significance of this distinction for the research objective in 

this work, all the research studies presented in this thesis have been conducted in 
different manufacturing plants of a market-leading multinational company in the 

heavy machinery industry. 

This research study begins with a focus on assembly systems with mixed-model 

assembly lines. As the study advances, mixed-product assembly lines become its 

primary focus. As occurs in the course of conducting research, this shift was due 

                                                 
4
 Based on the International Standard Industrial Classification (ISIC) employed by the United Nations. 
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to the findings and outcomes of the research as it progressed over time. All the 

assembly lines considered in this work were categorised as semi-automatic 

assembly lines due to the use of different automated equipment for transportation 

of the product between the stations, testing, and material handling. Nevertheless, 

the majority of the assembly operations in the studied assembly systems were 

performed manually. In semi-automatic assembly lines, part of the assembly 

operations are automated; these operations often involve the most time-

consuming, quality-critical, and ergonomically poor work phases, such as material 
handling and testing (Heilala and Voho, 2001).  

Regarding the research area of concern, this thesis can be positioned within the 

wider research field of operations management. To accomplish the research 

objective, this study is conducted from the standpoint of assembly systems with a 

primary focus on assembly operations while also considering product design as it 

applies to the research scope. In this thesis, the term product design denotes the 

physical properties of the product rather than the product design process. As 

applied in RQ3, the product design process provides a context for indicating the 

applicability of the research outcome and is regarded as a part of the product 

development process led by product design function
5
. Thus, the fulfilment of the 

requirements of a flexible assembly system for product design during the design 

process and the product design process itself are not addressed in this thesis. In 

addition, as reflected in the studies, general knowledge about certain aspects 

specific to the research area of engineering design has served as useful support in 
conducting this work, answering the research questions, fulfilling the research 

objective, and increasing the relevance of the research outcomes for product 

designers. Nevertheless, this research domain and its technicalities are not 

considered central to the scope of this thesis. The early definitions offered prior to 

the introduction chapter of this thesis explain certain terms and the standpoint 

from which they are regarded in this research. Some of these terms are further 

developed in the following chapters. 

 Thesis outline 1.5

In Chapter 1, the background for the research area, the problem statement, the 

research objective, the research questions, and the scope and delimitations are 

introduced. In Chapter 2, the theoretical framework of the thesis is presented. 

Chapter 3 details the applied research methodology in this work and describes the 

research studies. In Chapter 4, a summary of the results from each research study 
is provided. Chapter 5 offers a discussion based on the synthesis of the results and 

with regard to the research questions. In Chapter 6, the proposed model and the 

proposed assembly-oriented framework are presented. The concluding remarks, 

contributions of this thesis, limitations of research quality and research results, 

and outlook for future research are indicated in Chapter 7. Finally, the six papers 

produced during the course of this research are appended.  

                                                 
5
 In order to refer to a specialised area in a firm, with regard to organisational structure, the term function is used in this thesis (e.g., 

product design function, manufacturing function, and assembly function).  
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2 Theoretical framework 

This chapter presents the theoretical propositions that constitute the theoretical 

framework of this research. The objective of this chapter is to explain the 

pertinent research that has been previously conducted. Accordingly, to position 

this research and to subsequently discuss its findings in relation to the relevant 

body of knowledge, the under-researched areas are highlighted. This chapter 

concludes with brief highlights from the described theoretical propositions.  

The immediate research area of interest in this thesis is flexible assembly systems 

and, more broadly, flexible manufacturing systems. Investigating the research 

area of flexible manufacturing systems has led to the identification of some 

enablers of manufacturing flexibility related to product design. Thus, as this 

chapter continues, these enablers in the field of engineering design have been 

reviewed with a focus on assembly operations. The inclusion of this research area 

in addition to the immediate research area of interest can be explained by two 

rationales:  

 To support the final contributions of this research within the field of flexible 

assembly systems with regard to its connection to the engineering design 

research field. 

 To secure the applicability and relevance of the research contributions, 

particularly for product designers, in addition to the assembly practitioners 

(e.g., assembly engineers and assembly managers). 

 Foundations of an assembly system 2.1

To describe the foundations of assembly systems as they are considered in this 

thesis, assembly operations and assembly lines are explained in the following 

sections.  

 Assembly operations 2.1.1

Assembly operations are one of the two basic types of manufacturing operations. 
In assembly operations, two or more separate parts are joined to form a new entity 

in which the components (parts) are either permanently or semi-permanently 

connected (Groover, 2014). An assembly operation is generally performed by 

completing three primitive actions (Edwards, 2002; De Lit and Delchambre, 

2003): 

 Retrieving: picking a part, orienting it, and positioning it prior to its final 

transfer to final assembly operations.  

 Handling: transferring a part to its final position with the desired orientation.  

 Inserting: mating a part with one or more other parts.  

Inserting can further be divided into joining operations (e.g., welding, brazing, 

soldering, and adhesive bonding) and mechanical fastening (e.g., clipping, 

threaded fastening, and permanent fastening). The other basic type of 

manufacturing operations is processing (fabrication) operations, in which a work 
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material is transformed from one state of completion to a more advanced state of 

completion to achieve the final desired part or product (Groover, 2014).  

 Assembly line 2.1.2

The assembly line is one of the various topologies employed in arranging an 

assembly workshop. The other topologies include cells (islands), a combination of 

several lines, or a pure job shop (isolated workstations) (De Lit and Delchambre, 

2003). 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. In an assembly line, the assembled product gradually takes 

shape as additional parts are attached at various workstations that the product 

visits (De Lit and Delchambre, 2003). The order of assembly operations to 

produce the final product is specified in the assembly sequence plan.  

Assembly lines can be generally categorised based on the level of automation in 
assembly operations and the capabilities of assembly lines in creating product 

variety. Given the significance of these two aspects in marking the boundaries and 

positioning the findings of the studies conducted in this thesis, they are reviewed 

here. 

Automation level in assembly lines 

The assembly line’s principles and strategies are influenced by the level of 

automation employed in assembly operations. Accordingly, assembly lines can be 

classified into five categories (Heilala and Voho, 2001): 

 Sequential manual assembly line or “progressive build”: assembly 

operations are deconstructed into smaller process steps, assembly operations 

are manually performed, and the skill level of operators is low. In this case, 
assembly operations have significant potential for automation. 

 Parallel manual assembly line or “complete build”: assembly operations are 

manually completed by one operator in one place. The operator requires a 

high level of skill. 

 Semi-automatic assembly lines: parts of the assembly operations that 

frequently involve the most time-consuming, quality-critical and 

ergonomically poor work phases (e.g., material handling and testing) are 

automated.  

 Flexible automatic assembly lines: 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 high-

production volume products and mass production. 

Product variety in assembly lines 

Product variety is often created to fulfil various needs and requirements of 

different stakeholders. 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. Multi-model, 

mixed-model, and mixed-product assembly lines are the terms typically used in 

the literature to refer to the product variety that can be created on an assembly 
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line. The computational complexity of assembly design and scheduling problems 

in the presence of high product variety have made these assembly lines interesting 

topics, particularly for academic research. The majority of the proposed solutions 

in this area have quantitative approaches; however, they can provide a basis for 

investigating how different assembly lines have been classified in the literature 

with regard to creating product variety. Based on the categorisation of Becker and 

Scholl (2006), only three versions of assembly line balancing problems have been 

recognised: single-model, mixed-model, and multi-model. 

Single-model assembly lines are designed to produce a high volume of 

standardised homogeneous products and are not suitable for customer demands of 

high product variety (Özcan and Toklu, 2009). A mixed-model assembly line 

often follows an assemble-to-order production policy (Battini et al., 2007) and is a 

more complex environment in which several variants of the product are 

simultaneously assembled on the line (Bukchin and Rabinowitch, 2006). The 

prevalent characteristics of mixed-model assembly lines, as described in the 

literature, are summarised in Table 1. In comparison with a mixed-model 

assembly line, a multi-model assembly line produces a sequence of batches (each 

containing units of only one variant or a group of similar variants) with 

intermediate set-up operations (Becker and Scholl, 2006). 

The mixed-product assembly line is a critical method for realising mass 

customisation and consists of different workstations at which various parts are 

assembled for distinct types of products (Cao et al., 2013). Despite the differences 
in the extent of product variety, the distinction between mixed-model and mixed-

product assembly lines appears to be blurred in the literature; the latter concept 

has often been used interchangeably with the former. In this thesis, the distinction 

made between these two assembly line concepts is based on sequencing problem 

considerations. There is only one product with multiple variants in each 

production line of mixed-model sequencing problems, and there are multiple 

products with only one variant in each production line for mixed-product 

sequencing problems (Lin and Chu, 2013). Thus, compared to the mixed-model 

assembly line’s characteristics described in Table 1, the mixed-product assembly 

line handles a different extent of product variety—product variants from distinct 

product families—with no inventory on the assembly line and insignificant set-up 

times. This definition is employed to distinguish between mixed-model assembly 

lines and mixed-product assembly lines in this thesis and the conducted studies. 

Table 1. Prevalent characteristics of mixed-model assembly lines, collected from the literature. 

Characteristics of a mixed-model assembly line  

 Different variants of a parent product with slightly different characteristics are assembled using the 
same assembly line (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 (Kim and Jeong, 2007; Rahimi-Vahed et al., 2007; Bautista and Cano, 2008).  

 The assembly operations of different product variants are similar and have short or insignificant 
set-up times (Boysen et al., 2007; Bautista and Cano, 2008; Ullah et al., 2014). 
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 Assembly system 2.1.3

In the system theory proposed by Hubka and Eder (1988), a system is defined as a 

finite set of elements that are collected to form a whole under certain rules , and 

the whole has a well-defined purpose. Additionally, certain definite relationships 

between the elements and their environment exist. In a similar approach, Bellgran 

and Säfsten (2010) referred to a system as a collection of different components, 

such as people and machines, that are interrelated in an organised way and work 

together towards a purposeful goal. Based on these definitions, the collection of 
products and assembly resources (e.g., assembler, equipment, tools, and material 

supply system) on the assembly line, by and on which assembly operations occur, 

is considered to be a system in this thesis. Based on the system theory of Hubka 

and Eder (1988), in this thesis, an assembly system is a transformation system in 

which preassembled parts/modules are gradually transformed into the final 

products through the final assembly operations performed by the operators; see 

Figure 1. In this case, the main operators of an assembly system generally consist 

of assemblers, tools and equipment, material supply, assembly work instructions 

and procedures, assembly plans, supporting technology, and management of 

assembly operations. The final assembly operations in this work refer to the last 

stage of putting product parts/modules together following the preassembly 

operations. Accordingly, in this research and as required, the terms “assembly 

line” and “assembly system” are used together to emphasise a particular 

configuration of the assembly line in the assembly system, such as an assembly 
system with a mixed-model assembly line.  

Systems are hierarchical, which indicates that every system can be regarded as an 

element (subsystem) within a larger system (Hubka and Eder, 1988). Considering 

the hierarchy in systems, an assembly system is viewed as a subsystem of a 

manufacturing system and is an open system that dynamically interacts with its 

surroundings. The assembly systems studied in this research were defined by the 

physical boundaries in which the assembly operations were conducted in each 

case.  

 

 

 

Transformation Process 

Human System 
Technical 

Systems 
Information 

System  
Management and 

Goal System  

Parts/Modules Final Product 

F
e
e
d

b
a
c
k
 

Environment 

Figure 1. Assembly system as the transformation system with final assembly operations in 

assembly line as the transformation process, adapted from Hubka and Eder (1988). 
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 Flexibility 2.2

Flexibility in the literature has largely been discussed from the standpoint of a 

manufacturing system. Considering the hierarchical viewpoint of the assembly 

system as a subsystem of the manufacturing system, flexibility within the context 

of both manufacturing systems and assembly systems is presented in this chapter. 

In this thesis, the term “manufacturing flexibility” refers to flexibility in a 
manufacturing system, and a manufacturing system with flexibility is referred to 

as a flexible manufacturing system. This concept should be distinguished from 

alternative Flexible Manufacturing System (often referred to as FMS), which 

denotes a highly automated manufacturing system. An FMS is a highly automated 

group technology machine cell that consists of a group of processing workstations 

(typically CNC machine tools) interconnected by an automated material handling 

and storage system and controlled by a distributed computer system (Groover, 

2014). Despite their significant difference, these two concepts have been 

repeatedly used interchangeably in the literature. 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; however, 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).  

 Manufacturing flexibility 2.2.1

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, research 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. Flexibility ensures that the manufacturing operation is 

cost efficient and effective and can produce customised products without 

sacrificing either objective (Gupta and Somers, 1992). Combining the 
characteristics of responding to change and being efficient, Upton (1994) defined 

flexibility as the ability to change or react with a minimal penalty in terms of 

time, effort, cost, or performance. In a similar approach, Koste and Malhotra 

(2000) noted that manufacturing flexibility is the ability of a manufacturing 

system to react to changes in its environment without significant sacrifices of firm 

performance. For the most part, flexibility is considered the ability to change and 

accommodate uncertainty (De Toni and Tonchia, 1998; D'souza and Williams, 

2000; Vokurka and O'leary-Kelly, 2000; Giachetti et al., 2003; Van Hop, 2004; 

Lloréns et al., 2005). These definitions indicate the breadth of understanding of 

flexibility and denote the capability to efficiently respond to change and 



12 

 

accommodate uncertainty. Internal uncertainties occur within an organisation 

(e.g., machine breakdowns, manpower changes, material shortages, departmental 

coordination, resource acquisition, and distribution member uncertainty), whereas 

external uncertainties are composed of external factors (e.g., competitors, 

consumers, technologies, economic policies, product market and demand, social, 

and political regulation uncertainty) (Chang, 2012).  

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 through which it will compete in the marketplace (Koste and 

Malhotra, 2000). Two additional concepts should also 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 by the National Science Foundation’s 

Engineering Research Center for Reconfigurable Manufacturing Systems as the 

ability to adjust the production capacity and functionality of a manufacturing 

system to new circumstances via rearrangement or change in the system’s 

components (Colombo and Harrison, 2008). Additionally, reconfigurability 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).  

Flexibility in an assembly system  

In the manufacturing flexibility literature, the different definitions of a flexible 

assembly system primarily involve either the level of automation in the type of 

system or the ability of an assembly system to produce product variety.  

A flexible assembly system is defined as a series of versatile workstations that are 

connected to 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 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 
several researchers have considered a flexible assembly system to be a system 

equipped with different automated machines or robots working in the line (see, 

e.g., (Bukchin and Tzur, 2000; Zhang et al., 2005; Barutçuoğlu and Azizoğlu, 

2011)), some researchers have associated manual assembly operations with the 

achievement of high flexibility and a high number of product variants in the 

assembly system (see, e.g., (Rampersad, 1994; Heilala and Voho, 2001)), as 

shown in Figure 2. In the former flexible assembly systems, assembly operations 

are automated, and the dedicated assembly line is suitable for high-volume 

products in relatively large lots. Flexible assembly systems that are highly 



13 

 

 

 

 

automated are considered a subset of FMSs (Lee et al., 2006; Papakostas et al., 

2011) in which machine metal cutting or metal forming operations are typically 

performed (Oke, 2005; Lee et al., 2006). By contrast, Bellgran and Säfsten (2010) 

noted that assembly operations are activities that consume manpower and cannot 

easily be completely automated. 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). As an 

instance 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.  

In addition to automation level, creating product variety is an aspect that has been 

linked to flexibility in an assembly system. Creating product variety in 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 mixed-product assembly lines have been noted as 

flexible (Battini et al., 2007; 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). 

Creating product variety leads to increased complexity in an assembly system. 

Zeltzer et al. (2013) defined complexity as the sum of all technical and ergonomic 

aspects and factors that make the set of tasks to be performed within a workstation 
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Figure 2. Manual assembly operations offer high flexibility and high product variety, 

adapted from Rampersad (1994) and Heilala and Voho (2001). 
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by an assembler mentally difficult and error-prone, that require thinking and 

vigilance, and that induce stress. According to this definition, the inherent 

complexity of tasks is largely determined by the assembler performing the 

assembly operations; therefore, it is referred to as perceived complexity. Zeltzer et 

al. (2013) identified eleven direct drivers of complexity: picking technology, 

bulk/sequence kit, number of packaging types, number of tools per workstation, 

number of machines per workstation, number of work methods, distance to parts, 

number of variants of the same product, number of variants in workstation, 
number of different parts in workstation, and number of assembly directions. 

These drivers of complexity impact perceived complexity.  

The vast majority of research studies focusing on mixed-model assembly lines 

have quantitative approaches and propose computational solutions through 

mathematical algorithms. The practical relevance and efficiency of the 

academically developed approaches to design, planning and scheduling of mixed-

model assembly lines quickly decline as the product and process complexity 

increases (Boysen et al., 2007; Khalil and Stockton, 2010). Thus, approaches that 

consider real-world applications in the case of mixed-model assembly lines are 

lacking (Boysen et al., 2009), particularly in low-volume manufacturing 

environments (Battini et al., 2007). Nevertheless, 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 remains elusive. 

Various dimensions of manufacturing flexibility 

The flexibility dimension is a situation in which flexibility is required (Beach et 

al., 2000a). Given the proposed link between flexibility and addressing 

uncertainty, each type and level of uncertainty has been identified to suggest a 

certain dimension of flexibility that is needed to accommodate it (Beach et al., 

2000a; Kara and Kayis, 2004; Gerwin, 2005). Accordingly, various dimensions of 

manufacturing flexibility have been presented in the literature (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)). Because different 

names have been employed to refer to the same dimension of flexibility (Oke, 

2005), no consensus regarding the underlying dimensions of flexibility has been 

achieved (Cousens et al., 2009). 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 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 2. The various dimensions of flexibility indicate the 

similarities among their definitions in the considered classifications, as shown in 

Table 2. 
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Table 2. Various dimensions of flexibility and their definitions, adapted from Jain et al. (2013). 

Flexibility dimension          Source Definition 

Machine flexibility (Browne et al., 1984) Ease with which the changes required to produce a given set of part types 

can be made. 

(Sethi and Sethi, 1990) Various types of operations the machine can perform without requiring 
prohibitive effort in switching from one operation to another operation. 

(Koste and Malhotra, 1999) Number and variety of operations that a machine can execute without 
incurring high transition penalties or large changes in performance 
outcomes.  

Operation flexibility (Browne et al., 1984) Ability to interchange the order of several operations for each part type. 

(Sethi and Sethi, 1990) Ability of a part to be produced in different ways. 
(Koste and Malhotra, 1999) 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.  

Routing flexibility (Browne et al., 1984) Ability to handle breakdowns and continue producing the given set of part 

types. 
(Sethi and Sethi, 1990) Ability to produce a part through alternative routes in the system. 

(Koste and Malhotra, 1999) 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. 

Volume flexibility  (Browne et al., 1984) Ability to profitably operate an FMS at different production volumes.  

(Sethi and Sethi, 1990) Ability of the manufacturing system to be profitably operated at different 
levels of total output. 

(Koste and Malhotra, 1999) Extent of change and degree of fluctuations at t he aggregate output level 
that the system can accommodate without incurring high transition 

penalties or large changes in performance outcomes. 

Expansion flexibility (Browne et al., 1984) Capability of building a system easily and modularly and expanding it  as 

needed. 
(Sethi and Sethi, 1990) Ease with which manufacturing system capacity and capability can be 

increased when needed. 
(Koste and Malhotra, 1999) Number and heterogeneity of expansion, which can be accommodated 

without incurring high transition penalties or large changes in 

performance outcomes. 

Process flexibility (Browne et al., 1984) Ability to produce a given set of part types; each possibly uses different 

materials in several ways. 

(Sethi and Sethi, 1990) Set of part types that the system can produce without major set -ups. 
(Koste and Malhotra, 1999) Number and variety of products that can be produced without incurring 

high transition penalties or large changes in performance outcomes.  

Product flexibility (Browne et al., 1984) Ability to change over to economically and rapidly produce a new (set of) 

product(s). 
(Sethi and Sethi, 1990) Ease with which new parts can be added or substituted for existing parts. 

(Koste and Malhotra, 1999) A combination of the number and variety of new products, as well as the 

number and heterogeneity of product modifications that  are introduced 
into manufacturing systems without incurring high transition penalties or 
large changes in performance outcomes. 

Production flexibility (Browne et al., 1984) Universal part types that the FMS can produce. 

(Sethi and Sethi, 1990) Universal part types that the manufacturing system can produce without 
adding major capital equipment. 

(Koste and Malhotra, 1999) Not included in the classification. 

Material handling 
flexibility 

(Browne et al., 1984) Not included in the classification. 

(Sethi and Sethi, 1990) Ability to efficiently move different part types for proper positioning and 
processing through the manufacturing facility that it  serves. 

(Koste and Malhotra, 1999) 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. 

Program flexibility (Browne et al., 1984) Not included in the classification. 

(Sethi and Sethi, 1990) Ability of the system to run virtually unattended for extended periods.  
(Koste and Malhotra, 1999) Not included in the classification. 

Market flexibility (Browne et al., 1984) Not included in the classification. 

(Sethi and Sethi, 1990) Ease with which the manufacturing system can adapt to a changing 

market environment. 
(Koste and Malhotra, 1999) Not included in the classification. 

Labour flexibility (Browne et al., 1984) Not included in the classification. 

(Sethi and Sethi, 1990) Not included in the classification. 

(Koste and Malhotra, 1999) 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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Among the different dimensions of flexibility, mix flexibility has attracted 

considerable attention since 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 it can indicate different things for different 

companies. Bengtsson and Olhager (2002) and Oke (2005) regarded mix 

flexibility, volume flexibility, and new product flexibility to be the major , 

fundamental flexibility dimensions that impact the competitive position of a firm 
and the dimensions that refer to overall flexibility. The rationale for considering 

only a few flexibility dimensions as the major dimensions lies in their significance 

in addressing external uncertainties and their perception by customers. It is the 

end result that concerns the customer, not the mechanism by which the 

manufacturing plant achieves the objective (Oke, 2005). Therefore, some 

flexibility dimensions are essential to achieving the overall flexibility of the 

manufacturing system; however, these dimensions do not have a direct impact on 

the competitive position of the firm. These lower-order flexibility dimensions 

address the internal uncertainties of the manufacturing system (Suarez et al., 

1996) and are referred to as internal flexibility dimensions in this thesis. Zhang et 

al. (2003) linked 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. Some of the 

identified dimensions of flexibility have also been linked to the other elements of 
changeability. Elmaraghy (2005) suggested that in the classification of the 

dimensions of flexibility proposed by Sethi and Sethi (1990), product flexibility 

contributes to agility, whereas expansion flexibility is consistent with the current 

understanding of manufacturing system reconfigurability. 

The classification 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 interrelated, the classification by Sethi and Sethi (1990) 

promotes a better understanding of various types of flexibility (Elmaraghy, 2005). 

Nevertheless, due to the multidimensional nature of flexibility, it might not 

always be practical to simply follow the predefined dimensions of flexibility in 

the previous research. Although the prescribed taxonomies provide a method for 

dissecting general flexibility issues, they do not consider important yet 
unanticipated local dimensions of flexibility (Upton, 1994). 

Enablers of manufacturing flexibility  

Manufacturing flexibility is not achieved through a single factor; rather, it is 

created through a combination of factors as sources of flexibility (Hallgren and 

Olhager, 2009). The factors or sources that contribute to achieving or creating 

flexibility in manufacturing or assembly systems are referred to as the enablers of 

flexibility in this thesis. Few taxonomies have been developed to identify the 

enablers of manufacturing flexibility. Beach et al. (2000a) regarded 
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manufacturing flexibility as a product of several important enablers: 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—constitute the dominant forces that influence manufacturing 

flexibility. However, the enablers of manufacturing flexibility appear to lack a 

clear definition in theory and remain unidentified in practice (Mishra et al., 2016). 

Based on this reasoning and considering the overall flexibility of manufacturing 
systems (i.e., mix, new product, and volume flexibility), Mishra et al. (2016) 

explored the literature to identify various enablers that influence manufacturing 

flexibility adoption. The identified categories include advanced manufacturing 

technologies, customer integration, human resource practices, marketing and 

manufacturing integration, operational improvement practices, product and 

process technology integration, supplier flexibility, and supplier integration.  

In the categories suggested by Mishra et al. (2016), the role of each category and 

its enablers in supporting a certain dimension of flexibility is not explicitly noted. 

However, some flexibility enablers have been identified in the literature to 

support the major dimensions of manufacturing flexibility. A set of flexibility 

enablers that support the major flexibility dimensions (i.e., mix, new product, and 

volume flexibility) has been collected from the manufacturing flexibility literature 

and is presented in Table 3.  

As illustrated in Table 3, some of the identified enablers of flexibility are common 
among mix, new product, and volume flexibility. Mix and new product flexibility 

are mutually reinforcing and tend to be supported by similar enablers (Suarez et 

al., 1996). Additionally, potential synergies exist between mix and volume 

flexibility in terms of the practices that support both flexibility dimension (Da 

Silveira, 2006; Salvador et al., 2007).  

 Enablers of manufacturing flexibility related to product 2.3
design 

Some of the suggested enablers of mix and new product flexibility offered in 

Table 3 concern product design and the activities conducted during the product 

design process. These enablers involve manufacturing/design integration (e.g., 

manufacturing approving design views for new products, personnel rotation 

between manufacturing and product design functions, manufacturing personnel 

involvement in committees, and use of Design for Manufacturing and Assembly 

(DFMA)/Design for Assembly (DFA)/Design for Manufacturing (DFM)), 

modular product design, part commonality, part standardisation, and part-process 

interface standardisation. The product and process technology integration 

category identified by Mishra et al. (2016) comprises similar enablers, such as 

applying DFMA, the use of manufacturing guidelines in designing products, job 

rotation between manufacturing and product design functions, formal design 

guidelines, and equal involvement of manufacturing functions in the development 

of new products. All of the enablers related to product and process 



18 

 

Table 3. Various flexibility enablers supporting major dimensions of manufacturing flexibility, 

collected from the literature.  

technology integration were categorised as either highly important or important in 

affecting manufacturing flexibility adoption. A higher level of 

manufacturing/design integration in the early stage of product development 

process is perceived to be a significant enabler of new product and mix flexibility 

(Chang et al., 2005). However, there should be a proper balance in 

manufacturing/design integration efforts to ensure that product innovation or other 

market-based initiatives will not be restricted (Swink et al., 2007). Nevertheless, 

the identified connection between product design and manufacturing flexibility 
and the role of each enabler in contributing to manufacturing flexibility in 

particular have been subject to less exploration. The link between manufacturing 

flexibility and product design is an unexplored area of research (Mishra et al., 

2016). 

These enablers of manufacturing flexibility related to product design are applied 

during the product design process as part of the product development process. To 

formulate a product development process, different systematic procedures have 

been proposed (e.g., (Pahl and Beitz, 1996; Ulrich and Eppinger, 2012)). These 

systematic procedures often constitute various consecutive phases, each focusing 

on conducting a set of activities. A product development process is the sequence 

Flexibility dimension Flexibility enablers 

Mix flexibility Manufacturing/design integration (e.g., manufacturing approving design views for 
new products, personnel rotation between manufacturing and product design 

functions, manufacturing personnel involvement in committees, and the use of 

DFMA/DFA/DFM) (Chang et al., 2005; Cousens et al., 2009; Hallgren and 

Olhager, 2009). 

Modular product design (Sanchez and Mahoney, 1996; Oke, 2005; Da Silveira, 

2006; Hallgren and Olhager, 2009). 

Manufacturing technology advancements (Chang et al., 2005; Cousens et al., 

2009). 

Multi-skilled workforce developments and labour involvement (Suarez et al., 

1996; Chang et al., 2005; Oke, 2005). 

Part commonality (Suarez et al., 1996; Salvador et al., 2007). 

Part standardisation (Salvador et al., 2007). 

Part-process interface standardisation (Salvador et al., 2007). 

New product flexibility Modular product design (Sanchez and Mahoney, 1996; Olhager and West, 2002; 

Oke, 2005). 

Part commonality (Suarez et al., 1996; Olhager and West, 2002). 

Multi-skilled workforce developments and labour involvement (Suarez et al., 

1996; Chang et al., 2005; Oke, 2005). 

Manufacturing/design integration (e.g., manufacturing approving design views for 

new products, personnel rotation between manufacturing and design functions, 

manufacturing personnel involvement in committees, and the use of 
DFMA/DFA/DFM) (Chang et al., 2005; Swink et al., 2007).  

Manufacturing involvement (Chang et al., 2005). 

Volume flexibility Multi-skilled workforce developments (Oke, 2005; Cousens et al., 2009; Hallgren 

and Olhager, 2009). 

Manufacturing involvement (Chang et al., 2005). 

Manufacturing technology advancements (Chang et al., 2005). 

Manufacturing/marketing collaboration (Chang et al., 2005). 
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of steps or activities that an enterprise employs to conceive, design, and 

commercialise a product (Ulrich and Eppinger, 2012). Various activities 

conducted in different phases of the product development process involve design, 

marketing, manufacturing, and other aspects. The parallel activities of 

manufacturing and product design functions according to Ulrich and Eppinger 

(2012) are illustrated in Figure 3. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Given the significance of assembly operations for the scope of this thesis, the 

application of DFA methods and modular product design as more comprehensive 
categories of manufacturing flexibility enablers related to product design are 

detailed in this chapter.  

 Applications of DFA methods 2.3.1

DFA methods have been extensively used for more than three decades by durable 

goods manufacturers (Bogue, 2012) for cost-effective product design, resulting in 

product simplification and the standardisation of materials, manufacturing 

operations and product design (Emmatty and Sarmah, 2012). Given the focus of 

DFA on considering the requirements of assembly operations in product design 

and its recognised role in enabling manufacturing flexibility, the applicability of 

DFA methods is examined in the present section.  

DFA methods affect product development lead time, product development cost, 

and product quality (Ulrich and Eppinger, 2012), and they produce more reliable 

products (Demoly et al., 2013). DFA analyses product designs to improve their 

ease of assembly and to reduce their assembly time (Stone et al., 2004). By 

considering assembly issues during the product design process, DFA methods 
help to avoid assembly issues in the downstream stages of product development 
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(Emmatty and Sarmah, 2012). The implementation of DFA methods yields 

significant reductions in the time and costs associated with a product’s assembly 

(Stone et al., 2004; Bogue, 2012).  

Over the course of thirty years, various DFM and DFA methods have been 

developed. The DFA methods are classified into three basic types with regard to 

their analysis method: non-quantitative DFA using general design rules and 

guidelines, DFA using quantitative evaluation procedures, and DFA using 

computer software (Edwards, 2002; Stone et al., 2004; Bogue, 2012).  

As the most popular and accepted DFA method (Emmatty and Sarmah, 2012), the 

method suggested by Boothroyd et al. (2011) specifically elaborates on product 

design for manual assembly, electrical connections and wire harness assembly, 

high-speed automatic and robot assembly, and printed circuit board assembly. 

DFA addresses assembly quality largely through product structure simplification 

and reducing the total number of parts in a product (Stone et al., 2004). In the 

DFA methods, part count is considered a major influencing factor in assembly 

efficiency (Appleton and Garside, 2000). Accordingly, the following rules 

determine whether parts can be combined into a single part:  

 Parts must be made from different materials. 

 Parts must move relative to each other. 

 Parts must be disassembled for manufacture or for maintenance. 

Reducing the number of parts raises concerns regarding other lifecycle aspects 

such as the manufacturing of parts and the maintenance of the product. Although 

reducing the part count in the product makes it easier to assemble, doing so also 

leads to increased complexity of the manufacturing attributes (Lai and 

Gershenson, 2008). In addition, most DFA methods have mainly been developed 

for single products (Emmatty and Sarmah, 2012) and do not consider product 

variety (Elmaraghy et al., 2013). The application of DFM/DFA methods begins 

during the concept development or the system-level design in the product 

development process (Ulrich and Eppinger, 2012).  

Despite the popularity that well-established DFAs have experienced since their 

development, some limitations regarding the application of these methods have 

been addressed in the literature. These limitations are categorised into issues that 

concern the designer, management, and software-supported DFAs, as presented in 
Table 4.  

 Modular product design 2.3.2

Product modularity and commonality are among the different approaches to 

efficiently achieving product variety (Elmaraghy et al., 2013). Modularity is a 

powerful strategy that has proven useful in a large number of fields dealing with 

complex systems (Baldwin and Clark, 2000). It is also employed for different 

functional purposes such as product design, manufacturing, and use (Fredriksson, 

2006b).  

As a broad concept, modularity has been reviewed from different perspectives,
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Table 4. Limitations regarding the application of DFA methods, collected from the literature. 

but the majority of the existing research concerns product modularity. Modular 

product design is the activity of designing a product that is made up of modules 

(Bonvoisin et al., 2016). Based on this definition, modular product design can be 

broken down into three different and potentially complementary activities: design 

with modules (designing a product out of existing modules), identifying modules 

(clustering existing carriers into modules) and design of modules (design groups 

of functional carriers and define interfaces) (Bonvoisin et al., 2016). Accordingly, 

product modularisation addresses the latter two concepts. However, in the 

engineering design community, the terms modular product development, modular 
product design, modularisation, and modularity are sometimes used 

interchangeably (Kong et al., 2009). According to Kong et al. (2009), the various 

definitions of modularity all indicate the common characteristics  of combinability, 

changeability and substitutability as well as the standardisation of modules with 

which variants can be fabricated in a firm to meet individual needs. In this thesis, 

modular product design and product modularity are used to denote the same 

concept.  

Modules contain a large number of components that have minimal dependencies

Designer 

 

 

 

 

 

 

 

 Little awareness of the impact of design decisions on the wider manufacturing system 
(Moultrie and Maier, 2014). 

 Lack of detailed knowledge of all the different manufacturing and assembly technologies 

and materials (Bogue, 2012).  

 Tendency to create designs based on manufacturing and assembly technologies and 
materials with which they are familiar (Bogue, 2012) and a greater focus on the 

functionality of product rather than DFA (Demoly et al., 2012). This leads to designs that 

are rarely optimised and poses problems when the manufacturing operation, assembly 

method, or materials are altered (Bogue, 2012). 

 Difficulty in knowing how consistently and effectively general DFA methods have been 
applied by a designer, sharing their experience and gaining input from assembly (Appleton 

and Garside, 2000). 

 Difficult and expensive maintenance and upgrading of products due to a smaller number of 

complex components/parts (Edwards, 2002). 

Management  Gaps in the management of various technical entities and control of 
information/decision/rationale flow through the product lifecycle (Demoly et al., 2013). 

 Insufficiency of both general DFA methods and software-supported DFA in the supporting 

teamwork (Appleton and Garside, 2000) despite its important role for applying DFA 
methods (Edwards, 2002). 

 Treating assembly almost in isolation from how it actually occurs on the shop floor and 

failing to explore the influence of product simplifications on the actual production of units 

(Moultrie and Maier, 2014). 

 Requiring almost finished products for analysis (Stadzisz and Henrioud, 1998). 
Additionally, neglecting the ability to apply DFA analysis at the conceptual design stage, 

which leads to repetitive iterations of the design, and the consumption of time, material, 

and financial resources (Stone et al., 2004). 

Software-

supported 

DFA 

 Tendency to inhibit the creative process; distracting the designer through the details of the 

analysis rather than focusing on customer-oriented design objectives (Appleton and 
Garside, 2000). 

 Tendency to inhibit the involvement of a wider set of stakeholders, such as production 

engineering staff, who might provide important insights (Moultrie and Maier, 2014).  

 Complexity of assessing the difficulty of assembly operations (Appleton and Garside, 

2000). 
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upon and minimal similarities to other components not in the module during their 

lifecycle (Lai and Gershenson, 2008). Interdependence within and independence 

across modules means that a module is a unit whose structural elements are 

powerfully connected among themselves and relatively weakly connected to 

elements in other units (Baldwin and Clark, 2000). Independence of modules from 

each other indicates that the design changes in the components of one module do 

not necessarily affect the design of components in other modules (Huang, 2000; 

Lai and Gershenson, 2008). However, the concepts of commonality and 
modularity must be distinguished from one another. Commonality entails the 

difference of the architecture of product families from that of a single product 

(Jiao et al., 2007). Accordingly, the following three types of commonality are 

concerned with product families: 

 Functional commonality, in which the interaction is exhibited by the 

relevance of functional requirements across different customer groups. 

 Technical commonality, which involves the technological feasibility of 

design solutions. 

 Physical commonality, the major concerns of which are the physical 

interactions derived from manufacturability in the structural view. 

Various modularisation processes have been developed in the literature. However, 

there is neither a widely adopted measure of a product’s modularity nor a widely 

adopted systematic methodology that helps designers increase the modularity of a 

product (Gershenson et al., 2003). Thus, as suggested by Bonvoisin et al. (2016), 
academically developed modularity measures and approaches are reported to be 

narrowly practised in industry, mainly due to their lack of general definition and 

standardisation. Despite being an interesting academic problem, the measure of 

modularity is not often used in practice and is asserted based on experts’ 

experience and beliefs (Kong et al., 2009). Considering the modularisation 

processes offered in the literature, product modularity arises from the earl ier 

stages of the product design process, concept development and the system-level 

design phase of the product development process (Huang, 2000; Kong et al., 

2009; Ulrich and Eppinger, 2012).  

In the engineering design literature, modular product design has been suggested to 

support manufacturing flexibility (see, e.g., (Ulrich, 1995; Huang, 2000; Salvador 

et al., 2002; Gershenson et al., 2003; Fixson, 2007; Shamsuzzoha, 2011; Dekkers 

et al., 2013)) without specifying a certain dimension of flexibility. In few 

instances, manufacturing flexibility has been regarded as an initial result of the 

product architecture rather than the technology within manufacturing plants (see, 
e.g., (Ulrich, 1995; Yassine and Wissmann, 2007)). Much of a manufacturing 

system's ability to create variety resides not with the flexibility of the equipment 

in the factory but with the architecture of the product (Ulrich, 1995). Based on 

this argument, the flexibility of the factory’s manufacturing equipment and the 

product architecture interact to contribute to the ability to economically create 

product variety. Thus, with modular product architecture, achieving product 

variety is independent of having flexible component manufacturing equipment, 

whereas in the case of integral product architecture, the component manufacturing 
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equipment must be flexible to economically produce a greater variety (Ulrich, 

1995).  

Modular product design for assembly systems 

Product modularity is regarded as a key enabler for easy operations and the 

implementation of postponement strategies in manufacturing and assembly 
systems. Product modularity simplifies assembly (Marinin and Davis, 2002) and 

disassembly (Gershenson et al., 2003) operations. By forming modules that can be 

assembled using the same tools and fixtures, modular product design reduces a 

product’s cost (Lai and Gershenson, 2008). Modular product design leads to 

modular assembly, meaning that the preassembly of components leads to product 

modules (Islamoglu et al., 2014). Modularity in assembly system implies a 

dispersed assembly system in which some activities are preassembly operations 

(components into modules) and other activities are final assembly operations 

(components and modules into end-products) (Fredriksson, 2006a). The 

preassembled modules are obtained from suppliers rather than being assembled by 

the manufacturer. Moreover, modular assembly refers to the configuration of 

assembly resources (assembly lines, stock, equipment, and processes) to improve 

manufacturing operation efficiency (Piran et al., 2016).  

Product modularity in manufacturing and assembly systems further impacts 

manufacturing and assembly operations by supporting process (operation) 
modularity. Product modularity directly and positively affects process modularity 

(Jacobs et al., 2011). Process modularity makes it possible to deconstruct the 

process into standard sub-processes and customisation sub-processes (Bask et al., 

2010). These can be re-sequenced easily, or new modules can be added quickly in 

response to changing product requirements (Gualandris and Kalchschmidt, 2013). 

Moreover, process modularity corresponds to “modularity-in-production” 

(Vickery et al., 2015) and is an enabler of manufacturing postponement 

(Gualandris and Kalchschmidt, 2013). In addition to contributing to process 

modularity, modular product design facilitates similarity in assembly operations. 

Assembly operation similarity is defined as the similarity between two 

components in terms of the tools or labour used in their assembly; it can save 

assembly costs by grouping components with similar assembly operations (Lai 

and Gershenson, 2008). Accordingly, grasping tools, fixturing direction, insertion 

tools, and the type of fixtures have been referred to as similarity elements in 
assembly operations. By investigating the effects of product modularity on the 

design, configuration, and operation of assembly systems, Paralikas et al. (2011) 

compared assembly systems that produce modular products with those that 

produce integral products. Based on this study, assembly systems that produce 

modular products present high product flexibility, but this flexibility comes at the 

expense of product delay and low responsiveness to market fluctuations. 

However, assembly systems that produce integral products can absorb 

fluctuations more easily but are significantly less cost efficient and are prone to 

underutilisation depending on the demand profile that they must meet. 

Nevertheless, studies that focus exclusively on the modularity and commonality 

of processes are scarce (Fixson, 2007), and a clear lack of integration effort in 
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addressing product modularity and assembly systems has been identified (Xu and 

Liang, 2006). 

Product modularity: a product architecture characteristic  

Since it pertains to the building blocks of a system or product, modular product 

design is inherently tied to product architecture (Gershenson et al., 2003) and is 
regarded as an important characteristic of product architecture (Huang, 2000). 

Modularity refers to the product architecture in which alternate product variants 

are created by different module combinations (Algeddawy and Elmaraghy, 2013).  

An architecture is a way of technically describing or defining the design of any 

system, such as a product, a process, an organisation, or any other entity that is 

intended to perform one or more functions (Sanchez, 2013). The purpose of 

product architecture is to define the basic physical building blocks of the product 

in terms of their function and to specify their interfaces with the rest of the device 

(Fixson, 2007; Ulrich and Eppinger, 2012; Sanchez, 2013). Therefore, product 

architecture addresses the following three aspects (Bruun and Mortensen, 2012): 

 Decomposition: the decomposition of a product into subsystems (modules). 

 Arrangement: the description of the relative arrangement of these 

subsystems (modules). 

 Interfaces: the description of the relations (interfaces) between these 

subsystems (modules) and with the surrounding environment. 

Product architecture can be described as modular or integral (non-modular). The 

most modular product architecture is one in which each functional element of the 

product is implemented by exactly one physical piece and in which there are a 

few well-defined interactions between pieces (Ulrich and Eppinger, 2012). In an 

integral product architecture, the introduction of a new component variation 

requires redesigning the architecture by, for example, creating new interfaces 

(Sanchez, 2013). However, modularity is known to be a relative property of a 

product architecture in which products are rarely strictly modular or integral; 

instead, they are more or less modular compared to other products (Ulrich and 

Eppinger, 2012). Considering the relative nature of modularity, DFA methods 

result in a more integral product architecture since they concern part count 

reduction (Elmaraghy et al., 2013). Although the application of DFA methods 

results in more integral product architecture, modular product architecture 

supports the use of DFA methods. Modular product design early in the product 
design process enables a significantly more efficient DFA later in the process (Lai 

and Gershenson, 2008). 

The architecture of the product and the decisions related to it have a substantial 

impact on several areas of importance to the enterprise: marketing strategy 

(product range, product variety, component standardisation, and product 

performance), manufacturing capabilities, and product development management 

(Gershenson et al., 2003; Ulrich and Eppinger, 2012; Bonvoisin et al., 2016). The 

effects through which product architecture characteristics, such as modularity and 

commonality, can reduce costs are typically reductions in operation complexity, 

increases in economies of scale, and risk pooling (Fixson, 2007). According to 
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Fixson (2007), these effects can vary across and within different activities such as 

design, manufacturing, inventory, and use. The development of product 

architecture models also affects inter-organisational communication. The 

approach of developing complex products or entire product families can be 

supported by using product architecture models in which high-level descriptions 

improve multidisciplinary communication and cooperation (Bruun and 

Mortensen, 2012). Large-scale products are complex systems comprising many 

interacting subsystems, and components and are referred to as complex products 

(Ulrich and Eppinger, 2012). 

Various approaches are used to model product architecture. Some of these well-

known approaches include the following: 

 Design structure matrix (DSM): a square matrix with identical row and 
column labels used for the decomposition of a product into subsystems and 

a presentation of their relationships. DSM is mainly used for 

decomposition and integration (Browning, 2001).  

 Bill of material (BOM): a list of individual components in the product 
(Ulrich and Eppinger, 2012). 

 Product family master plan (PFMP): a visual object-oriented model that 
gathers a large amount of information regarding commonality and variety 

in a product family (Harlou, 2006). 

 Function structures: a description of the flow of material, data, and energy 
through sub-functions of the product by using a set of rules (Bruun et al., 

2014). 

 Decision tree: a product configuration model representing all the valid 
combinations of the components that can be used to obtain the desired 

functions for the customer (Bruun and Mortensen, 2012). 

 Modular functional deployment (MFD): a mapping of the physical 
structure of the products within a family to the functional structure of those 

products corresponding to customer demands (Bruun and Mortensen, 

2012). 

However, these approaches demonstrate some shortcomings in presenting product 

architecture according to Bruun et al. (2014). For instance, PFMP and BOM have 

no direct link to the manufacturing and supply chain, DSM cannot be used as a 

fully visual tool, and decision trees are considered to be product configuration 
methods rather than actual architecture descriptions. To overcome the limitations 

of these architecture modelling tools, Bruun et al. (2014) introduced the interface 

diagram (IFD) as a design tool developed for practitioners and to support 

modularity in diverse and complex product systems. Accordingly, Bruun et al. 

(2014) explained that no single product architecture method or model addresses 

all phenomena handled in IFD. The IFD method is recognised as providing less 

support when evaluating assembly variations, although the interfaces indicating 

assembly operations are reflected in it. In the following section, the definition of 

an interface and various types of interfaces presented in product architecture are 

reviewed.  
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Interfaces in product architecture 

An interface defines a functional or physical relation between two mating system 

elements across which interaction may occur (Parslov and Mortensen, 2015). 

Interface standardisation together with functional mapping (compartmentalisation 

of the designed functions of a system) and decomposability (easily separating a 
system into its various components) are identified as the three core aspects of 

product modularity (Vickery et al., 2015). According to Vickery et al. (2015), 

interface standardisation refers to the common, agreed-upon mechanisms for 

interaction among the product or process components of a system. Various types 

of interfaces can be defined in a product architecture/system design for an 

assembled product; see Table 5. 

Table 5. Types of interfaces described and defined in an architecture, adapted from Sanchez (2013). 

Type of interface  What the interface specification defines 

Attachment interface Defines how one component will physically attach to another component . 

Spatial interface Defines the physical space a component will occupy in a system design. 

Transfer interface Defines the input(s) that a component will transform into some kind of 

output(s). 

Control and communication 

interface 

Defines how one component will communicate with and/or control 

another component. 

User interface (1) Defines the intended ways in which a user will interact directly with 

the components in a system design. 

(2) Defines how a component will interact with the user’s “macrosystem” 

context. 

Environmental interface (1) Defines how a component is expected to interact with the ambient 

environment of the system design. 

(2) Defines how the functioning of each component may affect the 

functioning of other components in the system design. 

Only some of these interfaces may deserve greater attention in the product 

architecture. Parslov and Mortensen (2015) suggested that inter-modular 

interfaces, which lie in the tension field between different engineering disciplines, 

are of critical importance to manage since they can be considered objects between 

different areas of ownership and different conceptual viewpoints.  

Several methods, such as BOMs, liaison graphs, adjacency matrices and 

precedence graphs, are employed to represent the relationship among component 

parts in assembly operations (Hu et al., 2011). A BOM includes information 

regarding all parts, preassemblies, and materials as well as their quantities, costs 

and manufacturing methods. In liaison graphs, parts and their connections are 

consecutively represented by nodes and their connecting lines. Adjacency 

matrices and precedence graphs are used to represent the constraints on the orders 

of assembly operations. This representation can be quite useful during a system’s 
conceptual design and assembly sequence planning (Hu et al., 2011). These 

approaches have also been used as the basis for assembly representations for 

product variety. However, these methods mainly emphasise the sequence of 

assembly operations and the connections between parts. The other aspects through 

which the assembly operations impact product design or the requirements of an 
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assembly system for product design are not comprehensively addressed in these 

methods, particularly with regard to use by product designers during the product 

design process.  

 Concluding highlights from the theoretical framework  2.4

The highlights of the previous research presented in this chapter are summarised 

as follows. 

The considerable number of studies on the concept of flexibility in manufacturing 

systems has led to the development of various definitions and dimensions in the 

field. However, this situation has not reduced the ambiguity around the concept of 

flexibility. As the various definitions indicate the breadth of understanding of 

flexibility, the common denominator in the majority of these definitions is the 

capability to respond to change and to efficiently accommodate uncertainty. 

Despite all previous efforts, the enablers of manufacturing flexibility, particularly 

those related to product design, are still under explored from both theoretical and 

practical aspects. However, a few enablers of manufacturing flexibility related to 

product design, such as modular product design and the application of DFA 

methods, have been outlined in the literature. Nevertheless, the issue of how 

manufacturing flexibility can be achieved through these enablers has remained 

under-researched in both the manufacturing flexibility and the engineering design 

literature. 

As a subsystem of the manufacturing system, the same ambiguity applies to 

flexibility in an assembly system. Despite their significance, assembly systems 

have rarely been reviewed independently. In the instance of mixed-model and 

mixed-product assembly lines, which have been referred to as flexible, the 

majority of the research has focused on computational solutions for sequencing 

and balancing problems without further specifications of these assembly line 

concepts. In addition, the literature offers no particular enablers of flexibility that 

are specific to the assembly system. Therefore, the characteristics of flexibility in 

an assembly system that must be fulfilled through product design, the 

requirements of a flexible assembly system for product design, also remain 

unidentified. 

The existing research also lacks an explicit focus on approaches to developing and 

presenting the requirements of an assembly system to be used during the product 

design process. This gap in the literature also applies to the particular case of 

flexible assembly systems. Additionally, the review of the aforementioned 
enablers of manufacturing flexibility related to product design in the field of 

engineering design illustrates the scarcity of studies that jointly address assembly 

operations and product design.  
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3 Research methodology  

This chapter describes the research methodology adopted to conduct this study by 

detailing the research philosophy, the research design, and the research method 

applied in this thesis. The chapter continues by presenting the conducted studies 

and concludes with discussions about the data analysis and research quality. 

 Research philosophy 3.1

A research philosophy is concerned with adopting an approach to a study that will 

provide insight into the phenomenon or process of interest (Karlsson, 2009). 

Explicating the research philosophy in this thesis is important since it illuminates 

the researcher’s position in making assumptions and choosing methods to conduct 

this research. The spectrum of assumptions about the manner in which a 

researcher views the world include four major positions: positivism, realism 

(direct and critical realism), constructivism (or interpretivism), and pragmatism 
(Saunders et al., 2012). Each of these positions can be used to describe the 

researcher’s dominant views and assumptions regarding ontology (the nature of 

reality) and epistemology (what is considered as acceptable knowledge). 

Although it might be difficult to place one’s research strictly within one of these 

positions, the research conducted in this thesis is considered to hold a place 

between critical realism and constructivism that is closer to the latter. Based on 

the adoption of a critical realism stance in this research, knowledge of reality is 

regarded as a result of social conditioning, and understanding reality is dependent 

on the social actors involved in the knowledge derivation process. In addition, the 

constructivism stance in this work acknowledges the necessity of understanding 

the differences between the social actors. Constructivism is more concerned with 

research that attempts to make sense and provide an interpretation of the research 

phenomenon (Karlsson, 2009).  

Qualitative research is associated with constructivism (Karlsson, 2009; Saunders 
et al., 2012), is characterised by inductive research, and results in a highly 

descriptive product (Merriam, 2009). The research studies presented in this thesis, 

as further described in detail in Section 3.2, can be considered either purely 

qualitative research or qualitative-dominant mixed methods research due to the 

use of various data collection techniques. In mixed methods research, elements of 

qualitative and quantitative research (e.g., the use of qualitative and quantitative 

viewpoints, data collection, analysis, and inference techniques) are combined for 

the broad purposes of breadth and depth of understanding and corroboration 

(Johnson et al., 2007).  

 Research design  3.2

A research design is a logical plan for getting from an initial set of questions to a 

set of conclusions (answers) regarding these questions (Yin, 2014) and may 

combine elements of quantitative and qualitative research in different ways 
(Saunders et al., 2012). In this thesis, five studies (Study I, Study II, Study III, 
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Study IV, and Study V) were conducted. Study I and Study II are purely 

qualitative research. Study III, Study IV, and Study V are qualitative-dominant 

mixed methods research; they utilised data collection techniques common to 

quantitative research in addition to using qualitative research data collection 

techniques. Qualitative-dominant mixed methods research is a type of mixed 

methods research in which one relies on a qualitative view of the research while 

concurrently recognising the likely benefits of the addition of quantitative data 

and/or approaches for the research project (Johnson et al., 2007). Details 
regarding the data collection techniques applied in each study are further 

described in Section 3.3.2 and Section 3.4. The research design process of each 

individual study conducted in this thesis did not follow a rigid, predetermined 

strategy. Rather, during the course of each study, it was redesigned a few times, 

although these redesigns often involved only minor changes. The initial 

qualitative research design decisions nearly always lead to a redesign (Miles et al., 

2014). The iterative design of the studies was mainly due to the dynamic relations 

between different components of qualitative research (i.e., the research objective, 

the theoretical framework, the research method, validity, and research questions), 

as suggested by Maxwell (2013). A schematic overview of all five studies in this 

thesis according to the doctoral study time plan is presented in Figure 4.  

 

 

As illustrated in Figure 4, the design of the studies was not only influenced by the 

interactions between different components of the qualitative research but also, to a 

certain extent, by the practical context in which the studies were conducted. The 

industry’s interest in the research objective and the results of this thesis, as well as 

access to a certain practical context, also collectively influenced the research 

design and encouraged the adoption of an interactive research approach. In Nordic 
countries, there is growing interest in collaboration between academia and 

industry through a particular form of collaborative research: the interactive 

research approach (Svensson et al., 2007). Interactive research is characterised by 

continuous joint learning between the participants and the researcher throughout 
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Figure 4. Overview of the research studies considering various components influencing the 

research design, inspired by Maxwell (2013). 
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the entire research process (Ellström, 2007; Svensson et al., 2007). In the process 

of interactive research, the researcher and the industry participants have distinct 

roles and interests, and each seeks different outcomes of the research process. 

However, joint learning, the problem definition, the selection of methods, the 

analysis, and the presentation and dissemination of the results are exposed to the 

influence of both the researcher and the industry participants; see Figure 5. 

Although the growing gap between academic research findings and the 

applicability of those findings to practical problems can be regarded as a 
knowledge production problem (Van De Ven and Johnson, 2006), interactive 

research revolves around the concept of knowledge creation through cooperation 

between researchers and practitioners (Ellström, 2007). The aim of the interactive 

research approach is to conduct a theoretically related analysis that can contribute 

to long-term theoretical development that is also practically relevant to the 

participants (Svensson et al., 2007). 

 

 

Given the interactive research approach, particularly in Study I, Study III, Study 

IV, and Study V, different roles and varying interests influenced the research 

design of these studies. The role of the researcher in each study is briefly noted in 

Section 3.3 and is further described in detail in Section 3.6.5. 

 Case research method 3.3

The term “research method” refers to the technique of data collection and analysis 

rather than the interpretation of empirical findings (Karlsson, 2009). Qualitative 

research can be linked to a variety of research methods, including the case study. 

A case study is an in-depth description and analysis of a bounded system 

(Merriam, 2009) and is a preferred research method for closely investigating and 

understanding a specific phenomenon within its natural context (Eisenhardt, 1989; 
Yin, 2014). The case study was chosen as the primary research method in all of 

the studies conducted in this thesis for the following three reasons:  

 Areas where there is a little understanding of how and why processes or 
phenomena occur, where the experiences of individuals and the contexts of 
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Presentation and 

dissemination of results 
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New theories, concepts, and 
models 

New methods 

New courses 

At the organization 

At indiv idual lev el 
New insights 

New contacts 
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Figure 5. The process of interactive research, adapted from Svensson et al. (2007). 
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actions are critical, or where theory and research are in their early 

formative stages can be usefully addressed using case study research 

(Williamson, 2002). Despite its high theoretical and practical relevance, the 

research area of flexibility in assembly systems and its link to product 

design, as considered in this thesis, needs to be further explored. Choosing 

the case study as the main research method for the investigation of this 

topic within the applicable practical contexts offers opportunities to gain 

deeper insights into the issue. 

 Case studies are pertinent when research addresses what, why, and how 

questions by providing a relatively full understanding of the nature and 

complexity of a complete phenomenon (Voss et al., 2002; Saunders et al., 
2012). The objective of this thesis is to expand the current knowledge of 

flexibility in assembly systems and the use of product design to support its 

achievement. To reach this objective, full understanding must be gained by 

answering the three research questions, formulated as what and how 

questions in the present thesis. This makes the case study a suitable choice 

for addressing the research questions and achieving the research objective.  

 Case study research can lead to new and creative insights and the 
development of new theory and has high validity with practitioners—the 

ultimate users of research (Karlsson, 2009). Theory generation or theory 

building is one of the main purposes of case study research (Voss et al., 

2002; Ketokivi and Choi, 2014). Hence, given the role of theory and 

practice in this work as well as the significance of the applicability of its 

results to academia and industry, case study research was chosen as the 

main research method in this thesis.  

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). In 

this thesis, four single-case studies (Study II, Study III, Study IV, and Study V) 

and a multiple-case study (Study I) were conducted. Multiple- and single-case 

studies can be holistic or have embedded subcases within an overall holistic case 
(Yin, 2012). The case corresponds to the unit of analysis (Yin, 2012; Miles et al., 

2014). In the studies presented in this thesis, either one unit of analysis (holistic 

case) or a collection of few units of analysis (embedded case) serve as the case. 

Study I and Study II have a holistic case design, whereas Study III, Study IV, and 

Study V have an embedded case design, each with two units of analysis. All the 

case studies in this thesis are real-time case studies except for Study II, which is a 

retrospective case study. A case study can also be categorised as exploratory, 

descriptive, explanatory, or a combination of these types in terms of its objective 

and research questions (Saunders et al., 2012). According to this categorisation, 

exploratory studies aim to investigate what is happening and gain insight on the 

topic, whereas the purpose of descriptive studies is to gain an accurate profile of 

events, persons, or situations. Explanatory studies attempt to establish causal 

relationships between variables.  
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To support the case studies, a literature review was performed during the course 

of this research and in connection with the objective of each study. In this thesis 

and each individual case study, the literature has been applied according to the 

following three main purposes suggested by Creswell (2012): 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. The literature search and review conducted in 

this research involved identifying, locating, analysing and synthesising research 
reports, articles, conference papers, books, theses, and other materials related to 

the research topic, as suggested by Williamson (2002). The sources for the 

literature review were accessed via the Mälardalen University Library and online 

academic databases. Databases such as Scopus, Google Scholar, Science Direct, 

and Discovery were mainly utilised to serve this purpose. The outcome of the 

literature review is presented in Chapter 2 of this thesis as well as in all the 

appended papers. 

A case study can also be conducted with various purposes with regard to theory: 

theory generation, theory testing and theory extension (theory elaboration) 

(Ketokivi and Choi, 2014). This thesis and the conducted case studies primarily 

aim for theory generation. Nevertheless, Study I and Study III include some 

elements of theory extension in their design and purpose. A major reason for the 

popularity and relevance of theory building from case studies is that it is one of 

the best (if not the best) bridges from rich qualitative evidence to mainstream 
deductive research (Eisenhardt and Graebner, 2007). An overview of the 

application of the aforementioned elements of case design with respect to each 

research study of this thesis is presented in Table 6. 

 Case selection 3.3.1

In this section, the rationales for selecting the cases in this thesis with regard to 

the case company and case plants, number of cases, and duration of case studies 

are presented. 

Case company and case plants 

In the research studies presented in this thesis, the case studies and the collected 

data inclusively represent a large, market-leading, heavy machinery 

manufacturing company and ten of this company’s manufacturing plants. The 

case company develops, manufactures, and markets eight comprehensive and 
distinct product families of construction equipment in its sixteen manufacturing 

plants located in Europe, the Americas, and Asia. In addition to several 

manufacturing plants, the case company has twelve research and development 

(R&D) centres around the world. Each product family within the product portfolio 

of the case company has several product variants with various sizes and functions. 

Table 7 provides an overview of the case company and its case plants included in 

this work. 

To distinguish between the case studies that considered the whole case company 

with a global perspective (Study III, Study IV, and Study V) and the rest of the
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Table 7. Overview of the case company and the case plants in the studies. 

 Case plants Location 
Size 

(No. of employees) Business activity 

Study I A 

B 

C 

D 

E 

Europe 

 

 

Asia 

Americas 

>800 

>800 

>200 

>1500 

>1400 

Production 

Production 

Production, R&D 

Production, R&D 

Production, R&D 

Study II F Europe >1900 Production, R&D 

Study III Core Global >14,000 Production, R&D 

Study IV Core Global >14,000 Production, R&D 

Study V Core Global
7
 >14,000 Production, R&D 

studies, the case plant is referred to as the core plant in the former studies. In each 

of the case plants, certain variants of the eight distinct construction equipment 

product families are produced, except for case F, which produces components for 

construction equipment. Prior to the beginning of this research, the case company 

took a global and highly strategic initiative to increase flexibility in the assembly 

systems of all its manufacturing plants. This transition would eventually enable all 

the plants to produce various products from distinct product families closer to 

their customer. Consequently, short delivery lead times to the customer, lower 

transportation costs and less tied-up capital were expected across the company. 

When this research was conducted, all the case plants followed some general 

manufacturing and assembly principles according to the company’s specific 

production system guidelines (XPS) and shared some similarities. For instance, 
most of the assembly operations in each plant were performed manually. Different 

automated equipment was utilised for the transportation of the product between 

the stations, testing, and material handling. Therefore, all the studied assembly 

lines were regarded as semi-automatic assembly lines. However, the assembly 

system in each plant was developed independently of the others and according to 

each specific market/product needs. Thus, each assembly system was influenced 

by its particular cultural background and geographical location. These differences 

led to some unique challenges and thus some locally developed solutions in the 

assembly systems of each case plant, which made the case plants distinct from 

one another.  

The cases in Study I, Study III, Study IV, and Study V were selected mainly due 

to the strong connection to the aforementioned initiative in the case company. 

Given the research objective of this thesis, the cases in Study III and Study IV 

were also specifically selected due to their cross-functional nature, which 
involved both assembly function and product design function in the case 

company. The cases in this work were selected based on the assumption that 

similar results were predicted from each case to demonstrate the literal 

replications according to Yin (2014) and Saunders et al. (2012). Thus, in the 

selection of all the cases from the same company in this thesis, literal replication 

                                                 
7
 In this case, data collection involved eight plants, four of which (plants A, B, D, and E) were also studied in Study I.  
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was sought. In addition, the role of researcher in the same company provided easy 

and full access to different facilities and employees of this large international 

organisation. In turn, this situation facilitated collective and in-depth insights into 

the selected cases over the course of this research. Complementary details 

regarding the rationales for the selection of the cases in different studies, 

including Study II, and the role of the researcher are presented in Sections 3.4 

and 3.6.5, respectively. 

Number of cases 

Performing either of these two forms of case studies (single-case and multiple-

case) offers certain opportunities and poses certain limitations. For a given set of 

available resources, single-case studies allow researchers to investigate 

phenomena deeply to provide a rich description and understanding (Williamson, 

2002; Karlsson, 2009). However, single-case studies may limit the 

generalisability of the conclusions drawn and impose biases such as misjudging 

the representativeness of a single event and exaggerating easily available data 

(Karlsson, 2009). Although the multiple-case design helps guard against observer 

bias and augments external validity, it leads to less depth per case (Voss et al., 

2002). In addition, the implementation of a multiple-case design is typically more 

difficult than the implementation of a single-case design (Yin, 2012) as the former 

requires more resources (Voss et al., 2002). Given these trade-offs between 
performing multiple- or single-case studies, both case designs were used in the 

studies of this thesis, and considerations were made to reduce the drawbacks of 

each choice.  

In Study I, the selection of the five case plants followed replication logic. The 

multiple-case study was applied in Study I due to its capacity to demonstrate 

literal replication. The rationale for using multiple cases focuses on whether the 

findings can be replicated across the cases. A single-case study design is chosen 

because of the nature of the case; that is, because it is a critical case, a typical 

case, or a unique case that provides the opportunity to observe and analyse a 

phenomenon that few have considered before (Saunders et al., 2012). Conducting 

single-case studies was of great significance in this work due to the value of in-

depth observations focusing on the rather novel and under-researched area of 

bridging flexible assembly systems and product design, particularly in Study III, 

Study IV, and Study V. The same reasoning applies to the single-case design in 
Study II, in which the approach towards handling assembly systems requirements 

in a new product development project was investigated. The risks encountered in 

single-case studies exist in all case research but are somewhat mitigated when 

events and data are compared across cases (Karlsson, 2009).  

Duration of the case studies 

Case studies are often performed as retrospective, longitudinal, or real-time with 

respect to their time aspect. Retrospective cases allow the collection of data on 

historical events, but it may be difficult to determine cause and effect since 

participants may not recall important events (Karlsson, 2009). Given this 

drawback of retrospective studies, only Study II adopted this approach; the rest of 
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the studies in this thesis were performed as real-time case studies. Study I, Study 

III, Study IV, and Study V belonged to the same highly strategic initiative in the 

case company that continued over the course of four years. This situation allowed 

the researcher to observe and follow the sequential occurrence of events over the 

course of a few years in these four cases and thus to present this element of 

longitudinal studies in this work. Even with time constraints, a longitudinal 

element can be introduced into research (Saunders et al., 2012). 

 Data collection techniques 3.3.2

The interactive research approach, as also adopted in this work, does not represent 

a particular method; rather, it is an approach that can comprise several data 

collection techniques (Ellström, 2007). The most commonly used data collection 

techniques in case studies are documentation, archival records, interviews, 

observations, and physical artefacts (Yin, 2014). Data collection was conducted in 

different studies of this research using the following techniques: 

 Observation: the observations made during different studies in this research
were developed 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)) were generated from

participant observations in this research by note taking and recording diaries

during Studies I, III, IV and V.

 Interview: semi-structured and in-depth (unstructured) interviews were the two
main types of interviews conducted in the research studies. An interview guide

was designed for the semi-structured interviews in each study. In-depth

interviews were conducted to gain a comprehensive knowledge of the areas of

interest.

 Questionnaire: questionnaires are frequently used in collecting data within and

across cases (Karlsson, 2009). Self-completed questionnaires, either in the
format of “delivered to and collected from each respondent” or as “web-based

questionnaires”, were employed in Study III, Study IV, and Study V in

addition to other data collection techniques. In these cases, the questionnaires

complemented the data collected through the other data collection techniques.

Although questionnaires may be employed as the only data collection

technique, linking them with other techniques may be optimal (Saunders et al.,

2012). Combining questionnaires with other data collection techniques

facilitated the data collection process in all three case studies that had an
embedded case design and thus resulted in rich data collection. Conducting

mixed methods research enables the researcher to address complex research

questions and to collect a richer and stronger array of evidence compared with

any single method (Yin, 2014). The questionnaires in Study III, Study IV and

Study V are exploratory; they aim to gain preliminary insight during the early

stages of research on a phenomenon (Karlsson, 2009).
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 Documentation: different types of documents were utilised during all the 
studies in this research. In the studies, documents were accessed either via the 

Intranet and the databases of the case company or upon the request of the 

researcher to the main employees who participated in the study.  

All case studies in this research also benefited from a case study protocol and case 

study database, which were used as a general guide to conduct each study and as a 

record of data collection evidence, respectively. Detailed descriptions of the 

applied data collection techniques and the sources in each individual case study 

are presented in the following section. 

 Research studies 3.4

In this section, the studies conducted for this research with regard to the adopted 

research method are described. Since the case studies were defined within the 

boundaries of certain projects in the case company, they are explained 

accordingly. Each project represents the practical context in which the unit(s) of 

analysis were studied in each case.  

 Case Study I – Flexibility in an assembly system 3.4.1

The objective of the study was to define flexibility in an assembly system and 

identify its characteristics. All five selected plants in this case study participated 

in a new joint project— the Flexible Assembly System (FAS) — initiated globally 

in the company. According to the FAS project, all participating plants should 

jointly develop a flexible assembly system concept to enable the production of all 

ranges of different products in each plant depending on their local market demand 

volume.  

Within-case status 

In each plant, each assembly line was dedicated to the assembly of different 

product variants from one certain product family (T, U, V, W, X, Y, and Z) as a 

mixed-model assembly line. Different product variants that existed within each 

product family frequently shared similar product platforms, components , and 

assembly procedures. Some of the assembly lines for each product family were 

dedicated to the assembly of products that were primarily based on 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 over time. For 

instance, when needed, overtime hours or new work shifts were added to regular 

working hours to balance the workloads of the assemblers.  

A summary of the status of the assembly systems is shown in Table 8. 
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Table 8. Status of the assembly systems in the case plants in Study I. 

Case 
plant 

No. of 

assembly 

lines 

Assembly 
line 

Product 
family 

No. of 
variants 

No. of 
assemblers 

Throughput 

per shift  

(final product) 

No. of 
shifts 

A 2 Medium T 10 58 8 2 

  Large T 5 48 4 2 

B 1 General U 7 51 8 2 

C 1 General V 2 68 6 1 

D 4 Small W 6 43 26 1 

  Medium W 19 99 34 1 

  Large W 11 83 24 1 

  Extra large W 2 68 14 1 

E 4 Small X 13 10 3 1 

  Large X 29 23 3 1 

  General.1 Y 11 15 3 1 

  General.2 Z 5 8 0.5 1 

 

Data collection in Study I  

Observations, interviews, and inspection of the FAS project’s documents 

constituted the main data collection techniques in a five-month study period 

during which all five manufacturing case plants were investigated.  

The researcher actively participated in all meetings and workshops of the FAS 

project, during which observations were made with regard to all five cases. 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 their future 

needs in terms of the flexibility of the assembly system in each case plant.  

In addition, the semi-structured interviews conducted in Study I are considered to 

be elite interviews, as suggested by Yin (2012), since key participants (the 

assembly managers and principal assembly engineers) were interviewed. In some 

case studies, the participants’ construction of reality provides important insights 

into the case. The insights gain even further value if the participants are critical 

persons in the organisations because, by definition, only one or several persons 

will assume these roles (Yin, 2012). The recordings of the semi-structured 

interviews in Study I were initially transcribed into text. The design of the 

interview guide considered the theoretical propositions to maintain the solidity of 
the collected data in relation to the theoretical framework. Accordingly, for theory 

extension purposes, an investigation of the 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). 

A detailed summary of the main data collection techniques employed in this study 

is provided in Table 9. 
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Table 9. Data collection techniques in Study I. 

Technique Source No. Participant(s) 
Duration 

(minutes) 

Respective case 

plant 

A B C D E 

Observations 
(FAS Project) 

Project meetings 20  60-300 ● ● ● ● ● 
Workshops 4  90-480 ● ● ● ● ● 
Informal 

discussions 
Daily  5 Months  ● ● ● ● ● 

Interviews In-depth 

interviews 

37 Assembly engineers, 

assemblers, assembly 

managers 
5-60 ● ● ● ● ● 

Semi-structured 

interviews 

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     ● 

Documents Project reports, 

presentations, E-

mails, meeting 

notes, pictures, 

and company’s 

procedures  

  Full access 

● ● ● ● ● 

 

 Case Study II – Assembly system requirements in the early 3.4.2

phases of the product development process 

To understand and identify the requirements of an assembly system for product 

design, Study II investigated the approach towards capturing and incorporating all 

assembly system requirements during the early phases of the product development 

process (the planning and concept development phases according to Ulrich and 

Eppinger (2012)’s product development process). The new product development 
project (New Component Platform Development (NCPD)) being studied 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 project 

during the time period between the project’s initiation and the end of the concept 

development phase. The NCPD project was selected for this case study for two 

main reasons. First, the NCPD project was a platform development project in 

which one component platform was developed for three different types of 

construction equipment. The NCPD project 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 (the development of one 



 

41 

 

component platform for three different types of products) in the NCPD project, 

the resulting product was expected to have new content that produced complexity 

in the assembly operations. When this research was conducted, the NCPD project 

was referred to as a master project in terms of its collection of the requirements 

(including assembly system requirements) for the product development process. 

The two early phases of the NCPD project were selected for analysis due to the 

significance of this period. All assembly system requirements were identified 

during these two phases. At the end of this period in the project, the requirements 
were fixed and ready for use in the next phase, the detailed development phase. 

During a four-month period, interviews (both semi-structured and in-depth) 

composed the primary technique of data collection. All interviews were recorded, 

and eight semi-structured interviews were transcribed in full. The recordings of 

non-transcribed interviews were complemented by detailed notes taken during the 

interviews. Two separate interview guides for the participants from assembly 

function and product design function 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, presentations, guidelines, and util ised 

software from the NCPD project were discussed by the researcher and participants 

during these interview sessions. On several occasions, the researcher gained 

access to project documents (e.g., the database of the requirements and project 

presentations) by request. Involvement of a co-researcher in Study II who was a 
former team member in the NCPD project provided insight into the case and 

facilitated access to some documents of the project.  

A detailed summary of the main data collection techniques employed in this study 

is provided in Table 10.  

Table 10. Data collection techniques in Study II. 

 

 

Technique Source  No. Participant(s) 
Duration 
(minutes) 

Interviews  
(NCPD Project) 

In-depth interviews 1 Product platform development manager 75 

1 Coordinator-product architecture 46 

1 Consultant-system engineering 50 

3 Project manager-production  47-75 

Semi-structured 

interviews  
1 Production engineer, project leader  71 

2 Project manager-production 50-54 

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 development-assembly 

and fabrication requirements  

97 
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 Case Study III – Flexible assembly system requirements for 3.4.3

product design 

Study III aimed to provide insight into the requirements of a flexible assembly 

system for product design from the assembly system standpoint and with respect 

to the perceived complexity of assembly operations. This case study focused on 

the FLEX project of the case company and was conducted during a 17-month 

period. The FLEX project had two phases. First, the concept of a flexible 

assembly system was defined during the “concept definition” phase, and this 
concept was then practically developed during the “pilot implementation” phase. 

In the defined concept of a flexible assembly system, four pieces of construction 

equipment (product variants Tα, Uβ, Vγ, and Yδ) from four distinct product 

families were assembled in a mixed-product assembly line. Although these four 

products belonged to distinct product families within the case company’s product 

portfolio, they shared similarities with respect to the weight and size of the 

products, the assembly tools and equipment, the main assembly operations and the 

assembly time. At the time of this study, each of these four product families was 

produced in four different manufacturing plants of the case company using the 

existing semi-automatic mixed-model assembly lines. The development and 

implementation activities were led by a cross-functional global project team from 

the case company’s product design (product technology platform), logistics, and 

assembly functions. The primary focus on the issue of flexibility in assembly 

systems and its requirements for product design, as well as the complexity raised 
by product variety during the practical development of a mixed-product assembly 

line, were the main motivations for selecting the case and conducting this research 

study.  

Observations, interviews, questionnaires, and documents served as the key data 

collection techniques in Study III. Three semi-structured interviews and three in-

depth 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 

were reapplied as a part of the data sources in Study III. During the in-depth 

interviews, notes were taken and were completed after replaying the recordings. 

Observations were made during the meetings, workshops, and informal 

discussions of the FLEX project in which the researcher actively participated. The 

meetings and workshops of the FLEX project used in this study concentrated on 

the concept of a flexible assembly system, the development of a flexible assembly 

system, the assessment of the needs and requirements of a flexible assembly 
system, discussions of the complexity of the developed flexible assembly system, 

and the ongoing activities, progress, practical challenges  and practical solutions 

for the implementation of the concept. 

The primary focus of the questionnaire was on the identification and rating of the 

drivers of complexity as perceived by the assemblers and in relation to the main 

assembly operation in each assembly zone during the pilot implementation. With 

respect to the interactive research approach in this study, to initially identify these 

drivers of perceived complexity in a mixed-product assembly line, the direct 
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drivers of complexity in a mixed-model assembly line suggested by Zeltzer et al. 

(2013) were discussed with the participants (assembly engineers and assembly 

managers) of the case company during several workshops. Consequently, given 

the higher product variety in a mixed-product assembly line compared to the 

mixed-model assembly line, eleven generic key drivers of perceived complexity 

for a mixed-product assembly line were developed and were included in the 

questionnaire. Considering the significance of perceived complexity by 

assemblers in this study, measuring complexity in a mixed-product assembly line 
by applying quantitative approaches was not the aim in designing this study. In 

addition, the questionnaire was pilot-tested by eight assemblers in plant A of the 

case company prior to its use in this study. A detailed summary of the main data 

collection techniques employed in this study is presented in Table 11. 

Table 11. Data collection techniques in Study III. 

Technique  Source No. 
Participant(s)/ 

Respondent(s) 
Duration 
(minutes) 

Observations  
(FLEX Project) 

Project meetings 70 Cross-functional project team 30-60 

Workshops 22 Cross-functional project team 60-480 

Informal discussions Daily Case company employees  17 months 

Interviews In-depth interviews 5 FLEX project manager 60-90 

 1 Technology platform manager 60 

 1 Consultant-system engineering 50 

 1 Coordinator-product architecture 46 

 
1 Product platform development 

manager 
75 

Semi-structured interviews 1 Director of process development- 

assembly and fabrication 

requirements 

97 

 1 Engineer-product architecture 169 

 
1 Senior system/requirements 

engineer 
90 

 
2 FLEX project pilot implementation 

manager 
15 

 1 Assemblers (4 participants) 60 

Questionnaires Delivered to/collected from 

questionnaires 

14 Assemblers  

Documents Project reports, 

presentations, E-mails, 

meeting notes, pictures, 

and company’s procedures  

  Full access 

 

 Case Study IV – Presenting and developing flexible assembly 3.4.4

system requirements for product design 

The purpose of Study IV was to explore the presentation and development of 
flexible assembly system requirements for product design. This study focused on 

the ALPHA project in the case company over an 8-month study period from the 

beginning to the end of the project. The ALPHA project focused on creating a 

common understanding of standardised assembly operations between assembly 
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function and product design function. This focus was the main reason the ALPHA 

project was chosen as the context of this case study. 

The data collection in this case study was made possible through direct 

observations, in-depth interviews with a key participant, questionnaires, and 

studying the ALPHA project’s documents. To produce the observations, the 

researcher actively participated in all project meetings and workshops during an 

8-month study period, kept a diary of the discussions, and recorded and 

transcribed some of the key meetings. The meetings and workshops of the 
ALPHA project mainly involved creating mutual understanding of the 

significance of the mixed-product assembly line requirements between assembly 

function and product design function. The interviews were recorded, and notes 

were taken when the interviews were conducted. 

The questionnaire in this study focused on collaboration between assembly 

function and product design function with respect to the current status of 

presenting requirements of the mixed-model assembly line for product design as 

well as presenting and developing the requirements of a mixed-product assembly 

line for product design. The web-based questionnaire had thirteen (open-ended 

and closed) questions and used a five-point rating scale (1 indicating the lowest 

and 5 indicating the highest rate). All members of the cross-functional project 

team in the ALPHA project participated in the study as the respondents of the 

questionnaire. The cross-functional project team in the ALPHA project included a 

manufacturing research manager, assembly managers, production engineers, a 
technology platform and modular product design support manager, a product 

platform manager, a manufacturing consultant and a product architecture global 

manager. In total, six respondents (67% of the respondents) belonged to the 

assembly function, whereas the rest of the respondents belonged to the product 

design function in the case company. The questionnaire was pilot-tested with an 

assembly manager prior to its use for data collection in this study. The data 

collection techniques employed in this study are presented in Table 12. 

Table 12. Data collection techniques in Study IV. 

Technique Source No. 
Participants/ 

Respondents 
Duration 
(minutes) 

Observations 
(ALPHA Project) 

Project meetings 13 Cross-functional project team 30-150 

Workshops 4 Cross-functional project team 240-300 

Informal discussions Daily Cross-functional project team 8 months 

Interviews In-depth interview 5 ALPHA project manager 20-45 

Questionnaires Web-based questionnaire 9 All cross-functional project 

team members 
 

Documents Project reports, 

presentations, E-mails, 

meeting notes, pictures, 

and company’s procedures  

  

Full access 
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 Case Study V – Implications of realising mix flexibility in an 3.4.5

assembly system for product modularity 

Study V investigated the implications of realising mix flexibility in assembly 

systems with mixed-product assembly lines for product modularity, by exploring 

the challenges of these assembly systems. The case company was planning for the 

transition from mixed-model assembly lines to mixed-product assembly lines 

through the BETA project; therefore, this project was selected as the context for 

this case study due to its focus. During the fifteen months that this case study was 
performed, observations, interviews, questionnaires, and the case company’s 

documents were used as data collection techniques. Notes were taken during the 

interviews, and diaries were kept from meetings and workshops in this study. The 

in-depth interviews included open questions and were conducted with the two key 

participants of the case company. The data collection in this study was conducted 

in two phases. The first phase focused on the challenges of mixed-product 

assembly lines mainly by employing questionnaires. In the second phase, the data 

collection addressed product modularity for assembly operations in a mixed-

product assembly line and was largely performed by means of the case company’s 

documents. The data collected from observations and interviews were utilised 

equally during both phases of the data collection and supported both phases. The 

researcher was an active participant in the meetings and workshops held during 

the BETA project case study. The meetings and workshops included in this study 

mainly focused on the enablers and the challenges in mixed-product assembly 
lines, the evaluation and comparison of assembly operation complexity for 

assemblers in mixed-product assembly lines, assembly system efficiency, and 

decisions regarding assembly module contents for a mixed-product assembly line.  

The web-based questionnaire was sent to twenty-six selected respondents from 

eight different plants (plants A, B, D, E, G, H, I, and J) of the case company 

located in the Americas (plants E, and G), in Europe (plants A, B, H, I, and J), and 

in Asia (plant D). The respondents to the questionnaire were selected as 

representatives from different plants based on their extensive knowledge and 

expertise in assembly systems. Plant G was the only plant in this case study that 

had four mixed-product assembly lines, including one mixed-product assembly 

line for the assembly of two final products (construction equipment) from distinct 

product families, and three mixed-product assembly lines each for the assembly of 

three components (cabins, axles, and engines) from distinct product families. All 

the other plants owned one or a few mixed-model assembly lines. In some of 

these plants, several mixed-model assembly lines were utilised for the assembly 
of products from the same product family as a result of differences in product 

size. All the plants produced final products with the exception of one plant that 

produced components for construction equipment. Further details regarding the 

mixed-model and mixed-product assembly lines and the respective respondents 

from each plant are presented in Table 13. Mixed-model assembly line and 

mixed-product assembly line are abbreviated to as MMAL and MPAL, 

respectively, in Table 13. 
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Table 13. Overview of the assembly lines and the respective respondents in each plant in Study V.  

Plant 

Respondents Assembly lines 
No. of 

product 

families  
No. of 

assembler(s) 

No. of 

manufacturing/assembly 

engineer(s) 

No. of 

assembly 

manager(s) 

Average 

experience 

(years) 

No. of 

MMAL 

No. of 

MPAL 

G  1 2 11.4 3 4 4 

E  3  6 5 --- 3 

H 1 1 1 14.7 2 --- 2 

A  1 2 16.7 3 --- 1 

B  2  6.5 1 --- 1 

I  1 1 11 3 --- 2 

J  1 1 7.5 3 --- 4 

D  2  29.5 4 --- 1 

In the questionnaire, both open-ended and closed questions were included. Using 

a five-point rating scale, the respondents were asked to rate sixteen challenges in a 

mixed-product assembly line from 1 to 5 based on their importance: not 

important, slightly important, moderately important, important, and highly 

important. With an interactive research approach, the challenges were developed 
jointly with the key participants of the case company based on the outcomes of 

Study I, which were presented in Paper I. Further details regarding the challenges 

included in the questionnaire are presented in Paper V. In total, twenty-three 

questionnaires were returned. Twenty of those were completely answered and 

were utilised in the study. The questionnaire was pilot-tested with six assembly 

engineers and assembly managers prior to the data collection. A detailed summary 

of the main data collection techniques employed in this study is presented in 

Table 14. 

Table 14. Data collection techniques in Study V. 

Technique Source No. 
Participant(s)/ 

Respondent(s) 
Duration 
(minutes) 

Observations 
(BETA project) 

Project meetings 59 Assembly project team 30-60 

Workshops 6 Assembly project team 300-480 

Informal discussions  Daily Assembly project team  15 months 

Interviews In-depth interviews 3 Assembly project leader 20-30 

 3 Project manager 40-75 

Questionnaires Web-based questionnaire 20 Assembler (1), 

Manufacturing/assembly 

engineers (12), Assembly 

managers (7) 

 

Documents Project reports, 

presentations, E-mails, 

minutes of meetings, 

pictures, and company’s 

procedures 

 

 Full access 
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 Data analysis 3.5

The data analysis process for each research study in this thesis began while the 

data collection process was ongoing and continued after the data collection 

process was completed. Data analysis must be performed in conjunction with data 

collection (Merriam, 2009). The data analysis in this research study follows the 

three concurrent activity flows for qualitative data analysis suggested by Miles et 
al. (2014): data condensation, data display, and drawing/verifying conclusions. 

From this perspective, and as applied to this research, the qualitative data analysis 

is a continuous iterative enterprise.  

Data condensation refers to the process of selecting, focusing, simplifying, 

abstracting, and/or transforming the data that appear in the full body of written-up 

field notes, interview transcripts, documents, and other empirical materials  (Miles 

et al., 2014). To condense the data, categories and codes were developed, and 

recurring patterns were used as a guide to reducing the data. Categories can be 

driven from empirical data or existing theory (Saunders et al., 2012). Most 

categories and codes in the case studies were developed based on the empirical 

data, although some categories, such as the dimensions of manufacturing 

flexibility in Study I, were driven by theory. In each case study, the search for 

promising patterns, insights, or concepts (Yin, 2014) across data from multiple 

sources started prior to the data collection and continued during and after its 
completion. In the studies with mixed methods designs, Study III, Study IV and 

Study V, the ratings, categories, codes, and patterns obtained from the initial 

analysis of the questionnaires guided further qualitative data collection and 

supported the following collective qualitative data analysis. During the data 

analysis process, quantitative data can facilitate the assessment of the 

generalisability of the qualitative data and can shed new light on qualitative 

findings (Johnson et al., 2007). The analytic techniques specific to case studies are 

pattern matching, explanation building, time-series analysis, logic models, and 

cross-case synthesis (Yin, 2014). Pattern matching supported the refinement and 

reduction of categories in all the studies, particularly Study III and Study V, in 

which the research design purpose was more explanatory. In addition, during the 

course of those two studies, explanatory propositions in the form of narratives 

were developed and revised iteratively for explanation-building purposes. The 

research objective, the research questions, and the theoretical propositions were 

used as guides in selecting and simplifying the results of the five studies 
collectively for the purpose of this thesis. 

The data display is an organised, compressed assembly of information that allows 

conclusions to be drawn and actions to be taken (Miles et al., 2014). In this thesis, 

the results of the studies are presented in the appended papers and are summarised 

in Chapter 4. The data displayed in each study comprise the organised data 

presented in each respective paper as both text and visual models. The visual 

models presented in each paper were partly based upon the logic models 

developed during each respective case study. The logic model stipulates and 

operationalises a complex chain of occurrences or events over an extended period 

of time (Yin, 2014). Based on the condensed empirical data from each case and 
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the theoretical propositions in all the individual studies, logic models were 

developed to describe the sequence of critical events and their interrelations in 

each case. The consecutive process steps, developed in Study IV, are an example 

of developing logic models based upon a chain of occurrences, as presented in 

Figure 12. In the multiple-case study, Study I, the selection of the five case plants 

followed replication logic, which indicated that each case served as a distinct 

experiment representing an analytic unit (Eisenhardt and Graebner, 2007). A 

multiple-case study includes two stages of analysis: the within-case analysis and 
the cross-case synthesis (Merriam, 2009). In Study I, a within-case analysis was 

first performed for each single-case, and then, the cross-case synthesis was 

conducted. To fulfil the research objective in the thesis, a cross-case synthesis of 

all the case studies was performed based on the three research questions and the 

theoretical propositions; this synthesis is presented in Chapter 5.  

To draw and verify conclusions, from the beginning of the data collection, the 

qualitative analyst interprets what things mean by noting patterns, explanations, 

causal flows, and propositions (Miles et al., 2014). The process of 

drawing/verifying conclusions from different studies was a continuous process 

during this research that also affected the order in which the case studies were 

conducted. In this thesis, based on the conclusions drawn from each individual 

study and as a result of the cross-case synthesis presented in Chapter 5, a model 

and a framework are developed and presented in Chapter 6. 

 Research quality  3.6

Regardless of the type of research, validity and reliability are concerns that can be 

approached with 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). Construct validity, internal validity, 

external validity, and reliability are the four extensively applied tests or criteria 

for assessing the quality of research in case studies (Yin, 2012). These four 

research quality aspects, as they relate to this research, are presented in the 

following section.  

 Construct validity 3.6.1

Construct validity is concerned with the extent to which the research measures 

actually evaluate what they are intended to assess (Saunders et al., 2012). 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 ensure the construct 
validity of a case study (Yin, 2012). The first two tactics occur during the data 

collection phase, whereas the third tactic occurs during the composition phase of 

the research. As presented in Section 3.4, the sources of evidence employed in all 

the studies included a variety of techniques (i.e., interviews, observations, 

questionnaires, and documents). In-depth and/or semi-structured interviews were 

used as data collection sources in all the studies. In Study I, Study III, Study IV, 

and Study V, real-time studies of the cases enabled direct and continuous 

observations over several months. In the studies with a mixed methods research 
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design, Study III, Study IV, and Study V, questionnaires were also employed in 

conjunction with interviews and observations. Therefore, these studies benefited 

from between-methods triangulations (the use of both quantitative and qualitative 

approaches) in addition to within-methods triangulation (the use of either multiple 

quantitative or multiple qualitative approaches). Within-methods triangulation has 

limited value since, regardless of research design, it inherits the weaknesses of 

one particular approach (Johnson et al., 2007). Triangulation of the data in Study 

I, Study III, Study IV, and Study V was further supported by adopting an 
interactive research approach and proximity to the practical context. In the 

retrospective study, Study II, due to the elapsed time between the real event and 

the case study, the sources of evidence and thus the triangulation were limited to 

interviews and documents. To maintain the chain of evidence in each study, 

distinct links between the data collected by different techniques (e.g., 

observations, interviews, and questionnaires) and the research questions were 

sought in the studies and reflected in the papers. For instance, in Study III, links 

between the data collected from the questionnaires (perceived complexity drivers) 

and the data collected from the interviews and the observations (the requirements 

of a flexible assembly system) were sought with regard to the research question; 

see Paper III. To ensure the rigorousness of the data collected and the conclusions 

drawn, the outcome of each case study, whether in the form of the initial case 

study report or as written draft papers, was reviewed by the main informants on 

several occasions. Moreover, the results of the research studies were continuously 
presented at the case company. This opportunity was highly encouraged, 

particularly through the interactive research approach in the real-time studies, 

Study I, Study III, Study IV, and Study V.  

 Internal validity 3.6.2

Internal validity is established when research demonstrates a causal relationship 

between different variables (Saunders et al., 2012); therefore, it is primarily 

regarded as a concern for explanatory case studies (Yin, 2012). The tactics 

adopted to increase internal validity in this work included a wide range of 

measures, such as linking data to prior or emerging theory (Miles et al., 2014), 

pattern matching, explanation building, and logic models (Yin, 2014). Based on 

the focus of each study, the existing theoretical propositions were critically 

reviewed to position the data and draw conclusions. In addition to pattern 

matching, explanation building in the form of narratives was used during the data 

analysis of the explanatory studies, Study III and Study V. In all the studies, 

organisation-level logic models were developed to map and trace the events that 
occurred in each case and with regard to the theoretical propositions. Although the 

concern about internal validity for case study research extends to the broader 

problem of making inferences, the specific tactics for achieving internal validity 

are difficult to identify (Yin, 2012).  

 External validity  3.6.3

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 
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al., 2012). The use of theory in a single-case study, the use of replication logic in 

multiple-case studies (Yin, 2012), thick descriptions of findings, and full 

descriptions of the original sample of persons, settings, and processes (Miles et 

al., 2014) are tactics for increasing external validity in qualitative research. 

Regarding the use of theory, in this thesis and all the case studies conducted in 

this work (four single-case studies and a multiple-case study), the relevant 

existing theories were considered during the design, data collection, and data 

analysis phases of the research. In the multiple-case study, Study I, literal 
replication logic was used in the selection of the five cases. The use of replication 

logic in this work was not only limited to Study I; at a higher level and with 

respect to the thesis, it was adopted as an overall strategy in selecting all the cases 

for this research. The case selection within one large organisation, as noted in 

Section 3.3.1, provided in-depth insights into the objects of study. Participation in 

a considerable number of meetings and workshops and the involvement of 

participants with different roles in the research process, particularly during the 

real-time case studies, contributed to gaining a deep understanding of the cases. 

Accordingly, a detailed account of the findings and a full description of the 

original sample of persons, settings, and processes involved in each study are 

provided in this thesis and in the appended papers for each case study.  

 Reliability 3.6.4

Traditionally, reliability is the extent to which research findings can be replicated 

(Merriam, 2009). Reliability refers to whether the data collection techniques and 

analytic procedures would produce consistent findings if they were repeated on 

another occasion or if they were replicated by another researcher (Saunders et al., 

2012). Regarding reliability for case study research, 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 the reliability of case study research (Yin, 
2012). During the course of this research, a study protocol was developed for each 

case study to guide the researcher throughout the research process. To enhance the 

traceability of the research process, the steps taken by the researcher from the 

initial research questions to the conclusions in each study were also recorded in a 

case study database created for each case study. The case study material, 

including relevant documents, records and transcription of the interviews (when 

applicable), and the analysis of the data were stored in each case study database. 

Accordingly, to maintain the consistency and reliability of this research, the 

methods by which the data were collected and analysed in each study are 

described in this thesis as well as in the respective papers. Additionally, to support 

the reliability of the research, the researcher’s role and status within the site must 

be explicitly described (Miles et al., 2014). Thus, in the following section, the 

researcher’s role is described in further detail. The role of the researcher has also 

been briefly mentioned in Section 3.3.1 and Section 3.4 of this thesis as well as in 

the appended papers. A summary of all the tactics used to fulfil the different 
research quality criteria in each individual study of this thesis is presented in 

Table 15.  
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Table 15. Adopted tactics to increase research quality in each study*. 

Quality criteria Research study tactic 
Study 

I II III IV V 

Construct validity Using multiple sources of evidence 

Establishing a chain of evidence 

Having key informants review draft of case study report 

Within-methods triangulation 

Between-methods triangulation 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

Internal validity Doing pattern matching 

Doing explanation building 

Linking data to prior or emerging theory 

Using logic models 

○ 

○ 

● 

● 

○ 

○ 

● 

● 

● 

● 

● 

● 

○ 

○ 

● 

● 

● 

● 

● 

● 

External validity Using theory in single-case study 

Using replication logic in multiple-case study 

Thick description of findings  

Full description of the original sample  

 

● 

● 
● 

● 

 

● 

● 

● 

 

● 

● 

● 

 

● 

● 

● 

 

● 

● 

Reliability Using case study protocol 

Developing a case study database 

Describing the role of researcher 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

● 

 Role of the researcher 3.6.5

Depending on personal preferences, skills, experience and aspirations, the method 

for conducting any research project relies quite heavily on the preferences of the 

key researcher (Karlsson, 2009). The author of this thesis is an industrial doctoral 

candidate who was briefly informed about the case company and its activities 

prior to beginning this research. The doctoral position at the case company 

facilitated the researcher’s participation as an interactive researcher in several 

industrial projects, including the real-time studies. The role of the author of this 

thesis as an interactive researcher can be described by few key characteristics:  

 Unlimited access to various sources of data within the case plants with 

regard to the research objective.  

 Active participation in a considerable number of meetings, workshops, and 

discussions concerning the presented cases. In this setting, the researcher 

was expected to contribute to the case company with the research results. 

 The development of strong collaborative relationships with the industrial 

participants, which led to knowledge creation with regard to both the 

academic results and usefulness for the case company. 

 Creating an excellent learning opportunity for the researcher, which is also 

the prime objective of the interactive research approach (Ellström, 2007).  

Therefore, this role provided an opportunity for the author to develop a 

comprehensive understanding of the activities/events in the case company and 

with respect to the research objective throughout this study. In addition, over the 

course of the doctoral study, the author had the opportunity to visit more than 

twenty-five other manufacturing companies active in various sectors in Europe, 

the Americas, and Asia. This experience ensured the relevance of the research 
objective for a diverse range of manufacturing companies and identified 

considerable industrial interest in the research results. 

* In the table, “○” and “●”indicate low and high use of the tactics in each st udy, respectively. 
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4 Summary of results  

In this chapter, a brief summary of the results of the five case studies is presented. 

More detailed descriptions of each research study and its results are presented in 

Section 3.4 and the corresponding paper(s), respectively. 

 Study I – Flexibility in an assembly system 4.1

Study I was a multiple-case study in which assembly systems in five construction 

equipment manufacturing plants were investigated. Each case plant produced a 

certain product family in its assembly systems with semi-automatic mixed-model 

assembly lines. The purpose of the study was to define flexibility in an assembly 

system and identify its characteristics. A summary of the results from the cross-

case synthesis of all five cases is presented according to the aforementioned three 

themes of the study objective. More detailed descriptions of the study, the case 

plants, and the results are presented in Section  3.4.1 and Paper I.  

Definition of flexibility in an assembly system 

Flexibility in an assembly system is linked to the extent of responsiveness and 

adaptation of the assembly system towards market fluctuations in terms of volume 

and product variety. Therefore, meeting new and special customer orders 

efficiently in a given time period is the core of a flexible assembly system. A 

flexible assembly system is efficient, meaning that it allows the production of 
different products on the same assembly line with minimal productivity loss. 

Accordingly, mixed-model assembly lines are regarded as flexible. Compared 

with a mixed-model assembly line, a mixed-product assembly line that enables 

the efficient production of a higher product variety also offers a higher mix 

flexibility. 

Dimensions of flexibility in an assembly system 

The investigation of different manufacturing flexibility dimensions, introduced by 
Sethi and Sethi (1990), indicated that material handling flexibility, product 

flexibility, volume flexibility, expansion flexibility, market flexibility and 

program flexibility are the main flexibility dimensions in an assembly system with 

a semi-automatic mixed-model assembly line. Multi-skilled assemblers who can 

perform different types of assembly operations, defined as labour flexibility by 

Koste and Malhotra (2000), serve a pivotal role in semi-automatic mixed-model 

and mixed-product assembly lines.  

Constituents of a flexible assembly system 

The operational objectives for developing a flexible assembly system 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, the elimination 

of multiple approaches to material supply, the high utilisation of manpower, 

increased productivity, and cost reduction. Adaptable material supply, a versatile 

workforce, increased commonality, standardised work content, integrated product 
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properties, and strategic planning were identified as the essential constituents of 

flexible assembly systems, as shown in Figure 6. The identified constituents of 

flexible assembly systems represent the enablers
8
 of flexibility in assembly 

systems. Developing capabilities related to these constituents of flexible assembly 

systems facilitates the production of products from distinct product families and 

supports transforming a mixed-model assembly line into a mixed-product 

assembly line.  

 

 Study II – Assembly system requirements in the early 4.2
phases of the product development process  

To understand and identify the assembly system requirements for product design, 

Study II aimed to investigate the approach towards capturing and incorporating all 
assembly system requirements during the early phases of the product development 

process (the planning and concept development phases according to Ulrich and 

Eppinger (2012)). The summary of the results of the study is presented under two 

main themes: an approach towards handling assembly system requirements, and 

the type and clustering of assembly system requirements. A more detailed 

description of the study and the results are presented in Section 3.4.2 and Paper II. 

Approach towards handling assembly system requirements  

With the exception of the general system engineering guidelines and requirement 

practices, no other systematic procedure or technical supporting tool was 

employed in the case company to manage the requirements, including the 

assembly system requirements, during the product development process. The 

product platform development team was mainly responsible for managing the 

requirements and led a team of stakeholders (e.g., the aftermarket, assembly and 

                                                 
8
 Accordingly, when the system view of a flexible assembly system needs to be emphasised, the term constituents of a flexible 

assembly system  is used rather than enablers of flexibility in an assembly system . 

Figure 6. The essential constituents of a flexible assembly system. 

Flexible Assembly System 

  

Standardised work content 

Workload levelling 

Step-by-step assembly instructions 

 Included ergonomic and safety 

needs 

  

Strategic planning 

Common assembly sequence 

Production levelling 

Zero buffer sizes 

Seasonal planning 

 Layout and space utilisation 

  

Integrated product properties 

 Integrated design, size and w eight  

Modular design 

Design for assembly methods  

Common product platforms 

Communication betw een product 

design and assembly teams  

Increased commonality 

Common parts 

Common assembly procedures 

Common assembly interfaces 

Common tooling and equipment 

Versatile workforce 

Multi-skilled cross-trained 

assemblers 
Staff ing and w orkforce 

management strategies (e.g., 
temporary w orkforce and job 

rotation) 

Adaptable material supply 
Sequenced material supply (e.g., 

AGV, Kitting and Kanban)  
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fabrication, verification and validation, product planning, and platform 

technologies). The participating stakeholders (including the assembly function) 

and the product platform development team collectively identified their needs and 

requirements for the product development process. The activities regarding the 

identification and analysis of the requirements began during the feasibility study 

phase and prior to the planning phase. These activities were completed by the end 

of the concept development phase so that the requirements could be utilised by the 

designers in the detailed development phase. To support the upcoming product 
development projects by facilitating the identification of the requirements, many 

of the requirements were actually carried over from one product development 

project to the other. The assembly system requirements were primarily generated 

by the assembly function. However, some requirements related to the assembly 

system were also raised by other stakeholders (e.g., the aftermarket) and were 

included in the collection of assembly system requirements. Some challenges 

were identified regarding handling assembly requirements in early phases of the 

product development process. These challenges concerned the procedure of 

requirement practices (the identification and recording of requirements, the 

prioritisation of requirements, and the fulfilment of requirements) and socio-

organisational factors (communication, involvement in requirement practices, and 

general knowledge of requirement practices); see Figure 7. 

 

 

The type and clustering of assembly system requirements 

A collection of assembly system requirements, categorised according to the seven 

different strategic areas within the case company, is shown in Figure 8. One of the 

requirement categories specifically indicates the assembly system requirements 

for product design, which typically include requirements regarding interfaces, 

product modularity, connection points on the product, product size, part numbers, 

product weight, special assembly operations (joining material and visible 

assembly operations), and the shipment and tracking of the product. Considering 

the assembly system requirements in Figure 8, it is unclear whether the 
identification of these requirements was influenced by flexibility issues in 

assembly systems, since neither the strategic categories of assembly system 

requirements nor the stated assembly system requirements explicitly referred to 

the issue of flexibility. 

Socio-organisational factors 

Communication 
Involvement in requirement practices 

General knowledge of requirement practices  

Procedural factors 
Identification and recording of requirements  

Prioritisation of requirements  
Fulfilment of requirements  

Challenges for handling assembly system’s requirements  

Figure 7. Challenges for handling assembly system requirements in early phases of product 

development process. 
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 Study III – Flexible assembly system requirements for 4.3
product design  

The objective of Study III was to provide insight into the requirements of a 

flexible assembly system for product design from the assembly system standpoint 

and with regard to the perceived complexity of assembly operations. The 

summary of the study results is presented according to two main themes: the 

perceived complexity of assembly operations in a flexible assembly system with a 

mixed-product assembly line and the flexibility dimensions, needs, and 

requirements for product design in such an assembly system. A more detailed 

description of the study and its results is presented in Section 3.4.3 and Paper III. 

Perceived complexity of assembly operations in a flexible assembly 
system  

In exploring the drivers of perceived complexity in a mixed-product assembly 
line, the categorisation of complexity drivers by Zeltzer et al. (2013) was used. 

The identified eleven drivers of perceived complexity are presented in Figure 9. 

 

 
 

Flexibility dimensions, needs, and requirements for product design in a 
flexible assembly system 

To satisfy the generic needs within a mixed-product assembly line and to reduce 

the perceived complexity in performing assembly operations, three main 

categories of mixed-product assembly line requirements were identified that must 

be addressed through product design: 

 Following a common assembly sequence for the assembly of different 

products: product design across distinct product families should support the 

deconstruction of different products into similar building blocks with a 

similar assembly sequence in the assembly line.  

 Similar assembly interfaces: an assembly interface is a set of assembly 

operations performed by the assembler and is defined based on three steps: 

retrieving, handling, and inserting the part/module. Product design across 

3,00 

3,30 

4,00 

4,30 

4,30 

4,50 

4,50 

4,50 

4,70 

4,70 
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Use of different tools for different products

Dissimilari ties of electrical inter faces

Limitations linked to product d imensions

Small space for assembly of product

High assembly workload for assembler

Dissimilari ties of hydraulic interfaces

Different connection points on product to  fixtures

Use of different equipment for different products

Dissimilari ties in overall product design

Different assembly work content
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distinct product families should support similar assembly operations by 

satisfying similar assembly interfaces for different products. 

 Common parts across distinct product families: the use of common parts in 

product design across distinct product families facilitates assembly and 

material supply operations in the assembly system. 

These requirements, if fulfilled through the product design, reduce the perceived 

complexity in performing assembly operations and facilitate flexibility in a 

mixed-product assembly line. A mixed-product assembly line enables a flexible 
assembly system in which seven dimensions of flexibility have been identified 

according to the categorisation suggested by Sethi and Sethi (1990). Various 

dimensions of flexibility in an assembly system support the major dimensions of 

flexibility: volume, mix, and new product. Each of the identified requirements of 

a flexible assembly system for product design supports various dimensions of 

flexibility in a mixed-product assembly line. The link between needs and the 

various dimensions of flexibility within a mixed-product assembly line indicates 

that these dimensions of flexibility must be created in such an assembly system to 

facilitate handling product variety. The links between flexible assembly system 

needs, flexible assembly system requirements for product design, and the various 

dimensions of flexibility are illustrated in Figure 10. 

 

 

 

The needs within a flexible assembly system with a mixed-product assembly line 

can be satisfied via technical assembly solutions that support assembly operations 

and by imposing a few main requirements for product design. Variation and 
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perceived complexity in assembly operations can be either managed through 

technical assembly solutions for assembly operations or reduced by satisfying the 

flexible assembly system requirements for product design. An assembly-oriented 

model for understanding the requirements of a flexible assembly system for 

product design is illustrated in Figure 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Study IV – Presenting and developing flexible assembly 4.4
system requirements for product design 

Study IV explored the presentation and development of flexible assembly system 

requirements for product design. Based on the focus of Paper IVi and Paper IVii, a 

summary of the results of Study IV is offered in two main themes: presenting 

flexible assembly system requirements for product design and developing similar 

assembly interfaces in a flexible assembly system. More detailed descriptions of 

the study and its results are presented in Section 3.4.4, Paper IVi, and Paper IVii. 

Presenting flexible assembly system requirements for product design 

This section provides a summary of the results of Study IV with regard to 

presenting flexible assembly system requirements for product design. For detailed 

descriptions of Study IV’s results in connection with this section, see Paper IVi. 

To present the requirements of a flexible assembly system with a mixed-model 

assembly line for product design, a combination of various approaches is often 

used. These approaches, presented based on the highest frequency of application, 

are the following: product development project meetings, design guidelines, 

product architecture requirements, and DFA methods. Product design function 

refers only to “product development project meetings”, whereas the assembly 

Figure 11. Illustrative model for understanding flexible assembly system requirements for 

product design. 
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function selects a combination of all the aforementioned approaches for the 

presentation of mixed-model assembly line requirements to be used during the 

product design process. These approaches are adopted through various stages of 

the product development process.  

Developing the requirements of a flexible assembly system with a mixed-product 

assembly line provides a number of opportunities and poses a number of 

challenges to various functions in the company. Similar assembly interfaces have 

been identified as the most important requirements of a flexible assembly system 
with a mixed-product assembly line that need to be fulfilled through product 

design (with a rating average of 4.38 on a scale of 5 according to the respondents). 

Additionally, developing a common assembly sequence across distinct product 

families is the essential prerequisite for developing similar assembly interfaces 

(with a rating average of 4.17 on a scale of 5 according to the respondents). The 

other requirement of a flexible assembly system for product design, common parts 

across distinct product families, obtained a rating average of 3.63 on a scale of 5 

according to the respondents. Developing similar assembly interfaces across 

distinct product families was found to offer some opportunities and pose some 

challenges to both assembly function and product design function. 

It was noted that the most appropriate stage in which to include similar assembly 

interfaces, as the most important requirement of a flexible assembly system for 

product design, is during the feasibility study and prior to the planning phase in 

the product development process. As identified, the most suitable means of 
presenting similar assembly interface requirements for use during the product 

design process were, in order of preference, product architecture requirements, 

design guidelines, DFA, and product development project meetings. 

Developing similar assembly interfaces in a flexible assembly system 

This section provides a summary of the results of Study IV with regard to the 

development of similar assembly interfaces in a flexible assembly system with a 

mixed-product assembly line. For detailed descriptions of Study IV’s results in 
connection with this section, see Paper IVii. 

In product architecture, mechanical interfaces that describe mechanical joining 

(e.g., nuts and bolts) are quite important to understand as they characterise some 

aspects related to assembly operations. The mechanical interfaces in product 

architecture are defined on the module level in the final assembly operations. 

Therefore, to utilise mechanical interfaces as a means of reflecting assembly 

operations requirements, the decomposition of products from an assembly 

operations standpoint must be aligned with the product architecture. An assembly 

interface is defined for the final assembly operations between an assembled 

module and a receiving module(s) where the assembled module is the owner of 

the interface. Therefore, assembly interfaces are linked to mechanical interfaces. 

The common assembly sequence contains only those modules/assembly units that 

are common among the products to be assembled on a mixed-product assembly 

line. To secure similar assembly interfaces across distinct product families, an 
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assembly interface for each specific assembled module is mapped according to 

different steps in the common assembly sequence. In this mapping, information 

regarding the tool/equipment type, the number of fasteners, the dimension of the 

fasteners, the type of attachment, the total number of interfaces, the position of the 

interface, the assembly direction, the assembly connection, and the tool direction 

used in each step of the assembly interface—retrieving, handling, and inserting— 

is identified. Each step of the assembly interface—retrieving, handling, and 

inserting—must then be evaluated and scored by expert assembly practitioners 
with regard to criteria such as ergonomics, safety, efficiency (assembly time), and 

perceived complexity. Thereafter, the assembly interfaces for a certain module 

must be compared with one another across distinct product families and according 

to the common assembly sequence. As a result of this comparison, the highest 

scored assembly interface can be proposed as the most appropriate to be 

considered in the product design and in cross-product families. Process steps for 

developing and presenting similar assembly interfaces are illustrated in Figure 12. 

In all the proposed steps, the assembly function is the main function responsible 

for performing the activities. However, in steps 1, 2, 3 and 6, collaboration 

between the assembly function and the product design function is encouraged. 

 

 

 

 

 

 

 

 

 Study V – Implications of realising mix flexibility in an 4.5
assembly system for product modularity 

By exploring the challenges of assembly systems with mixed-product assembly 

lines, Study V investigated the implications of realising mix flexibility in these 

assembly systems for product modularity. A summary of the results of Study V is 

presented under the following two main themes: the challenges of assembly 

systems with mixed-product assembly lines and product modularity for assembly 

operations in assembly systems with mixed-product assembly lines. More detailed 

descriptions of Study V and its results are presented in Section 3.4.5 and Paper V. 

Challenges of assembly systems with mixed-product assembly lines 

Sixteen challenges of an assembly system with a mixed-product assembly line 

were identified based on the outcomes of Study I. The sixteen challenges of a 

mixed-product assembly line were rated by the respondents on a scale of 1 to 5 

regarding each challenge’s level of importance. According to the case plant with 
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currently operating mixed-product assembly lines, a low level of modularity 

among all the product families was indicated as one of the two highest-rated 

challenges (highly important) in flexible assembly systems with mixed-product 

assembly lines.  

This challenge was rated differently and as a moderately important challenge (a 

rating average of 3.5 on a scale of 5) according to the case plants with currently 

operating mixed-model assembly lines. This difference indicates the significance 

of product modularity in realising mix flexibility in assembly systems with mixed-
product assembly lines where a higher extent of product variety from distinct 

product families exists. Additionally, both product designers and assembly 

engineers were identified as the main stakeholders in addressing this challenge. 

The rating average of the challenges in assembly systems with mixed-product 

assembly lines, according to the case plants with operating mixed-product 

assembly lines, is presented in Figure 13. 

 

Product modularity for assembly operations in assembly systems with 
mixed-product assembly lines  

To realise mix flexibility in an assembly system with a mixed-product assembly 

line, product modules from all distinct product families must follow a common 

assembly sequence in the final assembly operations. Securing product modularity 

for assembly operations in a mixed-product assembly line is dependent on 

following a module-based common assembly sequence. A common assembly 

sequence is developed based on a cross-view approach that considers all the 

distinct product families and the existing main modules in those families. 

Accordingly, large variations in the assembly operations of the modules are 

handled in the preassemblies and prior to the final assembly operations. To 

compare the common assembly sequence and the current assembly sequence 

across all the distinct product families, the current assembly sequence within each 

product family is mapped. Accordingly, deviations from the suggested common 

assembly sequence are identified within each product family. To realise the mix 

flexibility in an assembly system, the module contents must be standardised 
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across distinct product families and according to the common assembly sequence; 

see Figure 14. 

  

By reducing variations in the final assembly operations of a flexible assembly 
system with a mixed-product assembly line, standardised module contents support 

standardised assembly work content; see Figure 15. To facilitate assembly 

operations in a mixed-product assembly line, technical assembly solutions are also 

utilised. However, as noted, realising mix flexibility in an assembly system is not 

only limited to the technical solutions within the boundaries of the assembly 

system; it also involves modular product design as an important means of 

achieving standardised modules across distinct product families. The standardised 

module contents reduce or eliminate the need to employ technical assembly 

solutions. 
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5 Discussion 

In this chapter, the results from the different studies in this thesis are synthesised. 

The three research questions, RQ1, RQ2 and RQ3, are used as guides for the 

cross-case synthesis, and the theoretical propositions, when applied, provide a 

basis for the discussion. Accordingly, the synthesis is offered in three main 

sections: Section 5.1, Section 5.2, and Section 5.3, where the answers to RQ1, 

RQ2, and RQ3, respectively, are addressed and discussed. In the discussion, 

references are made to the studies conducted in this thesis, which are also 

presented in the appended paper(s).  

 Characterising flexibility in an assembly system 5.1

In this section, the answer to RQ1 is synthesised and discussed with regard to 

defining flexibility in an assembly system, its dimensions, and its enablers. 

 Defining flexibility in an assembly system 5.1.1

As indicated in Study I, flexibility in an assembly system involves the extent of 

the responsiveness and the adaptation of the assembly system towards market 

fluctuations while efficiently producing different products. Therefore, to address 

the external uncertainties, as described by Chang (2012), the overall flexibility of 

an assembly system is based on volume, mix, and new product flexibility, which 

directly impact the competitive position of the firm. In the manufacturing 

flexibility context, these three flexibility dimensions are referred to as the major 

dimensions of flexibility (Bengtsson and Olhager, 2002; Oke, 2005) and are 

linked to customer satisfaction (Zhang et al., 2003). The suggested definition of 

flexibility in an assembly system, which is a subsystem of a manufacturing 

system, is also consistent with the core definition of manufacturing flexibility: 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) without sacrificing its performance, cost, and 
time (Gupta and Somers, 1992; Upton, 1994; Koste and Malhotra, 2000). 

In Study I, the operational objectives of developing a flexible assembly system 

capable of producing different products were traced to various organisational and 

strategic goals. This link highlights the impact of the strategy of a firm on 

determining the capabilities of a flexible assembly system in connection to its 

overall flexibility and external uncertainties. The link between the strategy of a 

firm and manufacturing flexibility has been highlighted in existing research (see, 

e.g., (Beach et al., 2000b; Koste and Malhotra, 2000; Zhang et al., 2003; Lloréns 

et al., 2005; Wadhwa et al., 2009; Esturilho and Estorilio, 2010)), where the 

strategic goals determine the manufacturing system capabilities by which the firm 

competes in the marketplace (Koste and Malhotra, 2000). As described, flexibility 

in an assembly system can be realised by mixed-model and mixed-product 

assembly lines. This is consistent with previous research that regards mixed-

model and mixed-product assembly lines as flexible since they offer product 
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variety and absorb volume fluctuations (Battini et al., 2007; Hu et al., 2008; Wang 

et al., 2011; Lin and Chu, 2013). In addition, a distinction was drawn between a 

mixed-product assembly line and a mixed-model assembly line based on mix 

flexibility (Study I, Study III, Study IV, and Study V). The former offers a higher 

mix flexibility compared to the latter since the former facilitates the assembly of 

products from distinct product families in the same assembly line. 

 Dimensions of flexibility in an assembly system 5.1.2

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 

identified based on the classification of Sethi and Sethi (1990) (Study I and Study 

III). In addition to the major dimensions of flexibility, program, material handling, 

and expansion flexibility were identified in a flexible assembly system with a 

mixed-model assembly line (Study I). These flexibility dimensions are the internal 

flexibility dimensions of a flexible assembly system with a mixed-model 

assembly line as they primarily address the internal uncertainties of the assembly 

system. In the case of a flexible assembly system with a mixed-product assembly 

line, in addition to these three dimensions of flexibility, production flexibility was 

identified as an internal flexibility dimension (Study III). Building on the 

distinction between internal and major manufacturing flexibility dimensions by 

Suarez et al. (1996); Bengtsson and Olhager (2002); Zhang et al. (2003); Oke 
(2005), the internal flexibility dimensions are created to support the major 

dimensions of flexibility in an assembly system, whereas the major dimensions of 

flexibility are associated with the overall flexibility of an assembly system. 

However, the internal dimensions of flexibility do not directly concern external 

customers or the competitive priorities of the firm in the market on their own.  

The identification of program flexibility as an internal flexibility dimension 

denotes the essential supporting role of technology and automation in a flexible 

assembly system with a semi-automatic mixed-model or mixed-product assembly 

line. In addition, expansion flexibility in a flexible assembly system with a mixed-

model or a mixed-product assembly line indicates that reconfigurability can be 

regarded as a characteristic of flexible assembly systems. Expansion flexibility 

was associated with the reconfigurability of a system by Elmaraghy (2005). 

Moreover, the existence of production flexibility in a flexible assembly system 

with a mixed-product assembly line, compared to one with a mixed-model 

assembly line, implies the significance of utilising common equipment and tools 
when addressing the issue of high(er) product variety. Labour flexibility, the 

ability of assemblers to be multi-skilled and to perform different types of 

assembly operations (Koste and Malhotra, 2000), is also central to semi-automatic 

mixed-model and mixed-product assembly lines in which performing assembly 

operations largely relies on a manual workforce (Study I). The central role of a 

multi-skilled workforce in the flexible assembly system supports the studies that 

recognised manual assembly operations as the optimal approach for attaining a 

high level of flexibility and high product variety (Rampersad, 1994; Heilala and 
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Voho, 2001; Bellgran and Säfsten, 2010). This outcome challenges the research 

that considers flexible assembly systems to be merely highly automated systems 

(e.g., (Bukchin and Tzur, 2000; Zhang et al., 2005; Barutçuoğlu and Azizoğlu, 

2011)), disregarding the cases in which the complexity of the product can only be 

addressed by the versatility of a human workforce. 

 Enablers of flexibility in an assembly system 5.1.3

Manufacturing flexibility is created through a combination of flexibility enablers 

(Hallgren and Olhager, 2009). As indicated in Study I, flexibility in an assembly 
system also originates from different enablers as it relates to creating different 

flexibility dimensions. To further describe a flexible assembly system, six 

essential constituents of a flexible assembly system within assembly systems with 

semi-automatic mixed-model assembly lines were identified in Study I: adaptable 

material supply, increased commonality, versatile workforce, standard ised work 

content, integrated product properties, and strategic planning ; see Figure 6. The 

identified constituents of flexible assembly systems represent the enablers of 

flexibility in assembly systems. By developing the capabilities related to the 

constituents of flexible assembly systems, a mixed-model assembly line becomes 

capable of producing different products from distinct product families and is 

transformed into a mixed-product assembly line. The constituents of flexible 

assembly systems support fulfilling the internal flexibility dimensions in an 

assembly system with a mixed-product assembly line; therefore, they also 

contribute to the overall flexibility of the assembly system by creating the major 
dimensions of flexibility.  

 Requirements of a flexible assembly system for product 5.2
design  

In this section, the answer to RQ2, with regard to the characteristics of a flexible 

assembly system that concern product design and that must be fulfilled through 

product design (the requirements of a flexible assembly system for product 
design) is synthesised and discussed. 

Among the six constituents of the flexible assembly system identified in Study I, 

integrated product properties and increased commonality constitute the 

characteristics of a flexible assembly system that concern product design and the 

activities conducted during the product design process.  

Integrated product properties comprise some aspects including integrating design, 

the size and weight of the product in assembly, modular product design, 

communication between product design function and assembly function, the use 

of DFA method, and the use of shared product platforms. The inclusion of 

Integrated product properties as a constituent of a flexible assembly system is 

consistent with two previously identified enablers of manufacturing flexibility: 

“product and process technology integration” as an enabler of manufacturing 

flexibility adoption (Mishra et al., 2016) and “manufacturing/design integration” 

as an enabler of mix and new product flexibility in manufacturing systems (Chang 

et al., 2005; Swink et al., 2007; Cousens et al., 2009; Hallgren and Olhager, 
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2009). The other identified constituent of a flexible assembly system that 

concerns product design, increased commonality, emphasises the increased use of 

common solutions related to product and assembly operations. Increased 

commonality involves aspects such as the use of common parts, common tools 

and equipment, common assembly procedures, and common assembly interfaces.  

In Study III, the following three requirements of a flexible assembly system with 

a mixed-product assembly line for product design were identified:  

 Following a common assembly sequence by different products from distinct 

product families. 

 Similar assembly interfaces—similar retrieving, handling, and inserting 

steps in assembly operations. 

 Common parts across distinct product families. 

The three requirements of a flexible assembly system emphasise encouraging 

product modularity, increasing commonality among product parts/modules, and 

expanding similarity among assembly operations across distinct product families 

(Study III, Study IV, and Study V). 

By enabling a common assembly sequence and similar assembly interfaces, 

modular product design facilitates handling product variety and thus supports 

flexibility in an assembly system (Study V). A low level of product modularity 

was indicated as the most important challenge in flexible assembly systems with 

mixed-product assembly lines (Study V). Thus, realising mix flexibility in an 

assembly system appears to be highly determined by a proper level of product 
modularity. This finding is consistent with research in the context of 

manufacturing systems that considers modular product design to be an enabler of 

flexibility (Olhager and West, 2002; Oke, 2005; Da Silveira, 2006; Hallgren and 

Olhager, 2009) and that regards flexibility as an initial result of product 

architecture compared to the technology within manufacturing plants (Ulrich, 

1995; Yassine and Wissmann, 2007).  

The purpose of the similar assembly interface requirement is to expand the 

similarity of assembly operations across distinct product families by breaking 

down the assembly operations into retrieving, handling, and inserting steps. 

Assembly operation similarity is the similarity between two components in terms 

of the tools or labour used in their assembly (Lai and Gershenson, 2008). 

Realising similar assembly interfaces and a common assembly sequence in 

product design results in the standardisation of parts and modules and the 

standardisation of parts and assembly operation interfaces; therefore, it also 

supports flexibility in an assembly system. These results are in line with previous 
literature that identified the standardisation of parts and the standardisation of 

part-and-process interfaces as enablers of mix flexibility in manufacturing 

systems (Salvador et al., 2007) and regarded part-and-process as a core aspect of 

product modularity (Vickery et al., 2015). Interface standardisation refers to the 

common, agreed-upon mechanisms for interaction among the product or process 

components of a system (Vickery et al., 2015). 
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In addition, the use of common parts and common module content supports 

flexibility in an assembly system by securing standardised work content for 

assembly (Study III and Study V). The commonality of parts has been referred to 

as an enabler of mix flexibility (Suarez et al., 1996; Salvador et al., 2007) and new 

product flexibility (Suarez et al., 1996; Olhager and West, 2002) in manufacturing 

systems.  

If fulfilled in product design, the three requirements of a flexible assembly system 

satisfy the generic needs and support certain dimensions of flexibility in a mixed-
product assembly line; see Figure 10 (Study III). Incorporating these requirements 

into product design supports the overall flexibility of an assembly system by 

fulfilling certain internal flexibility dimensions (the program, material handling, 

expansion, labour, and production flexibility) and by satisfying the major 

dimensions of flexibility (mix, volume, and new product flexibility). Fulfilling the 

requirements of a flexible assembly system for product design results in product 

standardisation. Accordingly, in a mixed-product assembly line where various 

products from distinct product families are produced, the resulting product 

standardisation reduces certain drivers of perceived complexity—developed based 

on the drivers of complexity suggested by Zeltzer et al. (2013)—(Study III). 

Therefore, the resulting product standardisation also contributes to increased ease 

and precision in the assemblers’ performance of the assembly operations (Study 

III). Among the identified perceived complexity drivers in a flexible assembly 

system, high assembly workload and different assembly work content involve 
assembly operations, whereas all the other drivers of perceived complexity are 

concerned with product design (Study III). In addition to product standardisation, 

variations in assembly operations in a mixed-product assembly line can be 

reduced by employing certain technical assembly solutions, such as a flat 

assembly base and automated guided vehicles (AGVs) (Study III and Study V); 

see Figure 11. In this respect, the support of technical assembly solutions in 

reducing variation is mainly limited to developing the capabilities of certain 

constituents of a flexible assembly system that primarily revolve around assembly 

operations (i.e., adaptable material supply, standardised work content, versatile 

workforce, and strategic planning). Nevertheless, product standardisation leads to 

standardisation in assembly operations; therefore, the need to utilise technical 

assembly solutions to support assembly operations is reduced (Study III and Study 

V). Fulfilling a common assembly sequence, similar assembly interfaces, and 

common parts results in standardisation in product and assembly operations and 

therefore reduces perceived complexity in assembly operations. However, 
standardisation in product design and assembly operations can also limit certain 

dimensions of flexibility. For instance, satisfying the common assembly sequence 

requirement limits operation flexibility, the ability to assemble parts in different 

ways by interchanging the order of assembly operations without incurring 

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

in the assembly system (Study III). 
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 Development of flexible assembly system key 5.3
requirements for product design  

In this section, the answer to RQ3, with respect to the need for an approach to 

present assembly system requirements for product design as well as the 

development and presentation of a common assembly sequence and similar 

assembly interfaces, is synthesised and discussed.  

 Need for an approach 5.3.1

Neither an individual systematic approach nor a technical supporting tool was 

identified as being adequately tailored to present the requirements of an assembly 

system with a mixed-model assembly line for product design (Study II and Study 

IV in Paper IVi). Often, product development project meetings (Study II and 

Study IV in Paper IVi), design guidelines, product architecture requirements, and 

DFA methods (Study IV in Paper IVi), or a combination of these approaches, are 

employed to serve this purpose during the various stages of the product 
development process (Study II and Study IV in Paper IVi). However, when 

presenting the assembly system requirements for product design, there remains a 

gap between product design function and assembly function in the use of one 

main common approach (Study IV in Paper IVi). The reason for this gap can be 

explained by the different standpoints of assembly function and product design 

function regarding the requirements of an assembly system for product design 

(Study II). When identifying the requirements of an assembly system for product 

design, assembly function often tends to define those requirements based on the 

limitations faced in assembly operations. By contrast, for product design function, 

the physical and functional aspects of product design are central compared to the 

description of the assembly operation.  

The requirements of an assembly system for product design are mainly identified 

by assembly function; however, other stakeholders’ needs regarding assembly 

systems are also considered (Study II, Study IV, and Study V). In addition, these 
requirements are governed by product design function during the product 

development process (Study II). The challenges in handling assembly system 

requirements during the planning and concept development phases in the product 

development process underline the importance of establishing a systematic 

approach. Such an approach should support the identification and recording of 

requirements, the prioritisation of requirements, and their fulfilment. Moreover, 

this approach should enhance communication between the assembly and product 

design function, encourage the involvement of assembly function, and increase 

knowledge about requirements (Study II). 

Among the three requirements of a flexible assembly system, a common assembly 

sequence and similar assembly interfaces have been identified as key 

requirements that need to be fulfilled through product design. These two key 

requirements are mainly developed and presented by assembly function and 

fulfilled in product design by product design function. The development of similar 

assembly interfaces, as the most important requirement of a flexible assembly 
system for product design (Study IV), is dependent on the development of a 
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common assembly sequence (Study IV and Study V). However, the other 

requirement of a flexible assembly system for product design, common parts 

among distinct product families, must be identified, developed, and fulfilled by 

the product design function (Study IV and Study V). The development and 

fulfilment of this requirement is influenced by the development and fulfilment of 

the two key requirements of a flexible assembly system for product design (Study 

IV). The development of the two key requirements of a flexible assembly system 

for product design and the presentation approach for using them during the 
product design process are further discussed. 

 Development of a common assembly sequence 5.3.2

Based on the common assembly sequence requirement, product modules from all 

distinct product families must follow a common assembly sequence in the final 

assembly operations. To establish a shared means of communication between 

assembly and product design function and to satisfy the common assembly 

sequence and similar assembly interfaces thereafter, the boundaries of product 

modules receiving final assembly operations, the final assembly modules, must 

first be clearly identified (Study IV in Paper IVii and Study V). The identification 

of final assembly modules is conducted jointly by assembly practitioners and 

product designers across distinct product families. However, the resulting level of 

modularity in the product cannot easily be determined (Study IV, Paper IVii and 

Study V). The reasons for this issue can be explained by the relative nature of 

modularity (Ulrich and Eppinger, 2012) and the narrow application of the 
modularity measure in practice (Bonvoisin et al., 2016) since it is often asserted 

based on experts’ experience and beliefs (Kong et al., 2009). A common assembly 

sequence is defined jointly by assembly practitioners and product designers, and it 

applies to the common modules across the distinct product families in a mixed-

product assembly line (Study IV in Paper IVii and Study V). Hence, the 

identification of the final assembly modules and the definition of a common 

assembly sequence are iterated until the final assembly modules and common 

assembly sequence are aligned with one another. Thereafter, the current assembly 

sequences within each product family are mapped by assembly practitioners and 

are evaluated against the defined common assembly sequence (Study V). 

Consequently, the identified deviations and the subsequent required design 

changes are reported to product design function. The defined boundaries of the 

final assembly modules must be respected during the product design or redesign 

processes. Nevertheless, new products or new technologies may result in updates 

of the module contents both on the level of each product family and across 
distinct product families (Study V). 

 Development of similar assembly interfaces 5.3.3

An assembly interface focuses on the physical relations resulting from assembly 

operations and is defined between two final assembly modules: the module that is 

assembled and the module that receives it (Study IV in Paper IVii). Thus, an 

assembly interface is consistent with the definition suggested by Parslov and 

Mortensen (2015) in which an interface describes a functional or physical relation 
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between two mating system elements across which interactions may occur. 

Additionally, an assembly interface represents an attachment interface since it 

defines how one module physically attaches to another module, according to the 

definition of an attachment interface by Sanchez (2013).  

The identification of similar assembly interfaces as the most important 

requirement of a flexible assembly system for product design (Study IV) can be 

further explained through the characteristic of assembly interfaces as inter-

modular interfaces shared between the assembly function and the product design 
function. Inter-modular interfaces are of critical importance to manage since they 

can be considered objects between different areas of ownership and different 

conceptual viewpoints (Parslov and Mortensen, 2015). Since similar assembly 

interfaces are developed based on a fixed common assembly sequence in which 

the order of assembly operations is not interchangeable, similar assembly 

interfaces do not reflect modularity in the assembly operations. Process 

modularity allows the process to be deconstructed into standard sub-processes and 

customisation sub-processes (Bask et al., 2010). These can be re-sequenced 

easily, or new modules can be added quickly in response to changing product 

requirements (Gualandris and Kalchschmidt, 2013). 

Similar assembly interfaces are developed based on common module content for 

each specific final assembly module across distinct product families and 

according to the common assembly sequence in final assembly operations. 

Common module content, which is shared among distinct product families, 
supports standardised assembly work content by reducing variations and 

perceived complexity in the assembly operations of a flexible assembly system 

with a mixed-product assembly line (Study III and Study V). To develop similar 

assembly interfaces, common module contents are first identified, and the existing 

assembly interfaces on them are mapped (Study IV in Paper IVii). Each existing 

assembly interface—retrieving, handling, and inserting—in the final assembly 

modules across distinct product families and in every step of the common 

assembly sequence is considered in the mapping. Additionally, the mapping of 

each assembly interface provides information regarding certain criteria (e.g., 

tool/equipment type, number of fasteners, dimensions of the fasteners, type of 

attachment, total number of interfaces, the position of the interface, assembly 

direction, assembly connection, and tool direction) (Study IV in Paper IVii). These 

criteria allow the comparison of similarities among assembly interfaces for each 

specific final assembly module across distinct product families. Accordingly, the 

criteria complement the similarity elements in assembly operations defined earlier 
by Lai and Gershenson (2008) (i.e., grasping tools, fixturing direction, insertion 

tools, and the type of fixtures).  

Subsequent to the mapping of the assembly interfaces, an evaluation regarding 

criteria such as ergonomics, safety, efficiency (time), and the perceived 

complexity of the assembly operations is performed by the expert assembly 

practitioners (Study IV in Paper IVii). A scoring system can also be employed to 

separately evaluate each step of the assembly interface—retrieving, handling, and 

inserting—for final assembly modules from distinct product families based on 
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these criteria. The highest scores in retrieving, handling, and inserting for each 

evaluated final assembly module determine the most appropriate product design 

with regard to the assembly operations of that module across distinct product 

families. However, this evaluation and the achieved results rely heavily on the 

skills and knowledge of the assembly practitioners who conduct it (Study IV in 

Paper IVii). The most appropriate product design for each specific final assembly 

module corresponds to the proposed similar assembly interface that must be 

fulfilled in the product design across distinct product families by product 
designers.  

The requirements related to establishing similar assembly interfaces across 

distinct product families must be developed and presented for use during the 

product design process prior to the initiation of the product development process 

(Study IV in Paper IVi).  

 Presentation approaches 5.3.4

The applicability of DFA methods to the requirements of a flexible assembly 

system for product design was investigated (Study III and Study IV in Paper IVi). 

The main principle in DFA methods is to reduce the number of parts in product 

design (Appleton and Garside, 2000; Stone et al., 2004; Boothroyd et al., 2011) 

by focusing on a single product, which results in a more integral product 

architecture (Emmatty and Sarmah, 2012). Accordingly, most DFA methods do 

not consider product variety (Elmaraghy et al., 2013). Therefore, the requirements 

of a flexible assembly system for product design must be distinguished from the 
requirements of an assembly system for a single product as it is considered in 

DFA methods (Study III). In addition, the key requirements of a flexible assembly 

system for product design focus on assembly operations and are identified and 

developed mainly by assembly function with the support of the product design 

function. Since the development of the key requirements of a flexible assembly 

system relies heavily on the expertise and knowledge of assembly practitioners 

(Study IV and Study V), certain limitations linked to the DFA methods that have a 

closer focus on product design are overcome. Some of these limitations include a 

lack of knowledge about the assembly system and technologies (Bogue, 2012), a 

lack of awareness of the impact of design decisions on the wider manufacturing 

system (Moultrie and Maier, 2014), and sharing insight and gaining input from 

assembly (Appleton and Garside, 2000) (Study III). Moreover, DFA methods are 

mostly employed during the concept development and detailed development 

phases of the product development process (Study IV in Paper IVi). However, the 

key requirements of a flexible assembly system for product design must be 
developed and presented for use during the product design process prior to the 

initiation of the product development process (Study IV in Paper IVi). The 

disparities between DFA methods and the characteristics of a flexible assembly 

system’s key requirements for product design limit the application of DFA 

methods as a stand-alone approach to present these requirements. Nevertheless, 

the identification of DFA methods as an aspect of the constituents of flexible 

assembly systems (Study I) is consistent with the theories that identify its 

supporting role in manufacturing flexibility (e.g., (Chang et al., 2005; Swink et 
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al., 2007; Cousens et al., 2009; Hallgren and Olhager, 2009; Mishra et al., 2016)). 

Thus, in a flexible assembly system with a mixed-product assembly line, DFA 

methods can be used as a complementary supporting approach to consider the 

assembly requirements for each individual product.  

Product architecture and design guidelines were identified as the most appropriate 

means of recording the key requirements of a flexible assembly system for 

product design and presenting them during the product design process (Study IV 

and Study V). Regarding the development of a common assembly sequence, the 
identified final assembly modules correspond to those in the product architecture. 

To develop similar assembly interfaces based on the common assembly sequence, 

each assembly interface corresponds to an attachment interface on the product 

architecture modules when being mapped. Consequently, the attachment 

interfaces on product architecture modules are also used to identify the proposed 

similar assembly interfaces that must be fulfilled in the product design across 

distinct product families. The use of product architecture to record and present 

flexible assembly system key requirements establishes a shared means of 

communication between assembly function and product design function and 

ensures the timely presentation of these requirements for use during the product 

design process (Study IV in Paper IVii). Given the significance of product 

architecture for the enterprise (Gershenson et al., 2003; Ulrich and Eppinger, 

2012; Bonvoisin et al., 2016), the role of high-level descriptions in product 

architecture for improving multidisciplinary communication and cooperation has 
been emphasised (Bruun and Mortensen, 2012). Open communication between 

assembly function and product design function and the involvement of product 

designers during their development, when applicable, is crucial to encourage the 

timely inclusion of flexible assembly system key requirements for product design 

(Study II, Study IV, and Study V). In addition to product architecture, design 

guidelines are employed to provide complementary information to product 

designers regarding the common assembly sequence and similar assembly 

interface and to document all the steps in their development (Study IV).  

The identified approach to developing similar assembly interfaces addresses some 

challenges caused by the lack of a systematic approach to identify, develop, and 

present the requirements of an assembly system for the product. However, 

pursuing this approach also poses some potential challenges to assembly function 

and product design function (Study IV in Paper IVi). 
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6 Proposed model and framework 

In this chapter, a model and a framework are proposed based upon the 

discussions in Chapter 5. The model that summarises and visualises the answers 

to RQ1 and RQ2 is presented in Section 6.1. The framework that summarises and 

visualises the answer to RQ3 is presented in Section 6.2. 

 A model to address the role of product design in 6.1
achieving flexibility in an assembly system  

In this section, a model is developed based on the answers to RQ1 and RQ2 in 

Section 5.1 and Section 5.2, respectively. The model addresses the role of product 

design in achieving flexibility in an assembly system with a mixed-product 

assembly line; it is illustrated in Figure 16. The model is based upon a few main 

elements and their interrelations: the firm’s strategy, the constituents of a flexible 

assembly system, internal and external uncertainties, the internal flexibility 

dimensions, the major flexibility dimensions (overall flexibility), and the 

requirements of a flexible assembly system for product design. In addition to the 

empirical findings, the theoretical propositions form the backbone of the model in 

terms of the different elements and the interrelationships drawn between them; see 

Section 5.1 and Section 5.2. 

The strategy of the firm has a prominent role in determining the capabilities of a 

flexible assembly system in connection to its overall flexibility and external 
uncertainties; see Section 5.1.1. Flexibility in an assembly system originates from 

the six constituents of a flexible assembly system: adaptable material supply, 

standardised work content, versatile workforce, strategic planning, increased 

commonality, and integrated product properties; see Section 5.1.3. These enablers 

of flexibility in an assembly system support the creation of internal flexibility 

dimensions and address the reduction of internal uncertainties. In addition, by 

supporting the major flexibility dimensions, they reduce external uncertainties and 

ensure the overall flexibility of an assembly system; see Section 5.1.2.  

The capabilities of each constituent of a flexible assembly system can be 

immediately supported through either technical assembly solutions or product 

design solutions; see Section 5.2. The constituents of a flexible assembly system 

that are mainly associated with technical assembly solutions are the following: 

adaptable material supply, standardised work content, versatile workforce, and 

strategic planning. In comparison, increased commonality and integrated product 

properties are primarily associated with product design solutions.  

The requirements of a flexible assembly system for product design are a common 

assembly sequence, similar assembly interfaces, and common parts; see 

Section 5.2. Fulfilling these requirements in product design reduces the perceived 

complexity in assembly operations and reduces the need to utilise technical 

assembly solutions to achieve flexibility in an assembly system. Additionally, 

incorporating these requirements into product design supports the overall 

flexibility of an assembly system. This support is achieved through 
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the creation of certain internal flexibility dimensions (material handling, the 

program, expansion, production, and labour flexibility) in an assembly system and 

by satisfying the major flexibility dimensions (mix, volume, and new product 

flexibility) in an assembly system, thus reducing external uncertainties; see Figure 

16. 

The scope of the model is limited to highlighting the role of product design in a 

flexible assembly system with a semi-automatic mixed-product assembly line. 

Accordingly, as a descriptive tool, the model can serve assembly practitioners and 
product designers. By identifying the role of product design in achieving 

flexibility in an assembly system, it also provides a basis for the proposed 

framework in Section 6.2. 

 A framework to develop and present flexible assembly 6.2
system key requirements for product design 

Given the role of product design in achieving flexibility in an assembly system, as 
addressed in the proposed model in Section 6.1, and based on answering RQ3 in 

Section 5.3, a framework is proposed in this section. To provide support for the 

alignment of product design with the key requirements of flexible assembly 

systems during the product design process, the assembly-oriented framework 

focuses on the development and presentation of these requirements. The 

framework has been developed using the empirical findings supported by 

theoretical propositions, as presented in Section 5.3. As illustrated in Figure 17, 

the development and presentation of a common assembly sequence and similar 

assembly interfaces as the two key requirements of a flexible assembly system 

with a mixed-product assembly line are outlined in the framework. These key 

requirements of a flexible assembly system are fulfilled in the product design by 

the product design function during the product design process. The other 

requirement of a flexible assembly system for product design, the common parts, 

is developed and fulfilled by the product design function.  

The framework consists of two main parts: the process steps and the guiding 

table; see Figure 17. The process steps describe the consecutive set of activities 

conducted for the development of a common assembly sequence and similar 

assembly interfaces. These steps and their order are based upon the discussions in 

Section 5.3.2 and Section 5.3.3. The guiding table aims to facilitate each process 

step by providing information regarding the following:  

 Stakeholder: identifies the stakeholders involved in conducting the activities 

of each step (e.g., assembly practitioner and product designer).  

 Analysis: describes the unit being analysed (final assembly module( during 

each certain process step, the level of analysis (e.g., within the product 

family and cross-product families), and the criteria used for the analysis (as 

in final assembly operations or, if applicable, using other additional criteria). 

 Presentation: indicates the means for recording the outcomes of each process 

step in the product architecture (e.g., attachment interface and modules) and 

in the design guidelines. 
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To develop the key requirements of a flexible assembly system with a mixed-

product assembly line, a common assembly sequence must first be developed. The 

development of similar assembly interfaces is dependent on the development of a 

common assembly sequence and is conducted subsequently.  

The development of a common assembly sequence comprises four consecutive 

process steps: identify final assembly modules, define a common assembly 

sequence, map the current assembly sequence, and evaluate the current assembly 

sequence; see Section 5.3.2. The activities regarding each of these four steps are 
conducted consecutively. However, the first two process steps, identify final 

assembly modules and define a common assembly sequence , are conducted 

iteratively since they influence one another and since mutual adjustments during 

both steps must be considered. Following the completion of the first two process 

steps, mapping the current assembly sequence is conducted. The mapping allows 

the evaluation of the current assembly sequence based on the common assembly 

sequence and provides indications of the required design changes.  

According to the guiding table in Figure 17, to develop a common assembly 

sequence, final assembly modules, after they are identified, and final assembly 

operations determine the analysis unit and the analysis criteria, respectively, in all 

the process steps. The final assembly modules identified in the first process step 

correspond to the product architecture modules; see Section 5.3.4. All the process 

steps are primarily led by the assembly practitioners; however, the product 

designers are secondarily involved in two steps: identify final assembly modules 
and define a common assembly sequence; see Section 5.3.2. Additionally, to 

develop a common assembly sequence across distinct product families, the level 

of analysis in these two steps is cross-product families. In the next two steps, each 

specific product family is considered the level of analysis to indicate the 

deviations of the current assembly sequence from the defined common assembly 

sequence. The outcome of all four steps, the identified deviations from the 

common assembly sequence and the subsequent design changes are presented in 

the design guidelines for use during the product design process; see Section 5.3.4. 

The similar assembly interface development consists of four consecutive process 

steps: identify common module content, map assembly interfaces, evaluate 

assembly interfaces, and propose similar assembly interfaces; see Section 5.3.3. 

The first step in the development of similar assembly interfaces, identify the 

common module content, is essential to developing similar assembly interfaces 

since it determines on which modules they are to be developed. In the next step, 

map assembly interfaces, retrieving, handling, and inserting in the final assembly 
operations are separately mapped for the common module content of the final 

assembly modules according to the common assembly sequence. The mapping of 

assembly interfaces allows the evaluation of assembly interfaces during the next 

process step. To propose similar assembly interfaces based on the performed 

evaluation, the most appropriate assembly interface is selected to be fulfilled 

through the product design and across distinct product families.  
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According to the guiding table in Figure 17, to develop similar assembly 

interfaces, final assembly modules, final assembly operations, and cross-product 

families determine the analysis unit, the analysis criteria, and the analysis level, 

respectively, in all the process steps. During the map assembly interfaces step, 

additional information about assembly connection, assembly direction, 

tool/equipment type, tool direction, the number of fasteners, fastener dimension, 

attachment type, the number of interfaces, and interface position is provided with 

respect to final assembly operations as the analysis criteria. Moreover, to evaluate 
assembly interfaces, analysis criteria such as ergonomics, safety, efficiency, and 

perceived complexity with regard to final assembly operations are considered. 

The assembly interfaces during the map assembly interfaces and propose similar 

assembly interfaces steps correspond to the attachment interfaces on the product 

architecture modules; see Section 5.3.4. In developing similar assembly 

interfaces, the assembly practitioners primarily lead all the process steps, whereas 

the product designers are secondarily involved to propose similar assembly 

interfaces. The outcomes of all process steps are presented in the design 

guidelines and for use during the product design process; see Section 5.3.4. 

Through the development and presentation of flexible assembly system key 

requirements for product design, the proposed assembly-oriented framework 

provides support for the alignment of product design with these requirements 

during the product design process. Accordingly, this framework rests on the 

underlying assumption that a number of existing distinct product families are to 
be assembled in a flexible assembly system with a semi-automatic mixed-product 

assembly line. In this respect, the transition from flexible assembly systems with 

mixed-model assembly lines to flexible assembly systems with mixed-product 

assembly lines is also implied in the framework. The assembly-oriented 

framework is limited to the activities led by the assembly function, and its 

implementation relies heavily on the expertise and knowledge of assembly 

practitioners. However, the involvement of product designers in different process 

steps and when applicable is encouraged. To support aligning the product design 

with the key requirements of a flexible assembly system during the product design 

process, these requirements must be developed prior to the initiation of the 

product development process. Nevertheless, their complete development, 

particularly in the case of similar assembly interfaces, might require an extended 

period of time depending on the magnitude of the considered factors (e.g., the 

number of final assembly modules, the number of steps in the common assembly 

sequence, and the range of distinct product families for which similar assembly 
interfaces are developed).  

This framework primarily aims to guide assembly practitioners in the 

development and presentation of key requirements of flexible assembly systems 

for product design. Its outcomes, as represented in the product architecture and 

design guidelines, also provide support for product designers in aligning product 

design with flexible assembly key requirements. 
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7 Conclusions 

This chapter presents the conclusions of this research by explaining how each 

research question has been answered and how the research objective has been 

fulfilled. In addition, the contributions of this research to both the academic and 

industrial communities, concluding remarks on the quality of the conducted 

research, and the outlook for future research are presented. 

To introduce a wide range of products and to maintain a competitive edge in the 

market, manufacturing companies try to achieve flexibility. The value of 

assembly systems from the perspectives of cost, time, and creating variety—in 

addition to the increased complexity caused by the growing product variety—

highlight flexible assembly systems and their requirements for product design as a 

particularly noteworthy research topic. However, despite the great theoretical and 

practical significance of flexibility, its characteristics and the links between 

flexibility and product design in an assembly system remain ambiguous and 

unexplored. To bridge this gap, the objective of this thesis was to expand the 
current knowledge of flexibility in assembly systems and the use of product design 

to support its achievement. 

To accomplish the research objective, a literature review and five empirical 

studies were conducted. The literature review, as presented in the theoretical 

framework, mainly focused on assembly systems, manufacturing flexibility, and 

enablers of manufacturing flexibility related to product design, which provided a 

basis for the empirical studies in this thesis. The empirical studies concentrated on 

the approach adopted in the heavy machinery manufacturing industry to achieve 

flexibility in assembly systems, particularly through the development of key 

requirements of flexible assembly systems for product design. Accordingly, to 

fulfil the research objective, the three research questions were answered, as 

described in Chapter 5 of this thesis. 

The answer to the first research question was explained in Section 5.1. The overall 

flexibility of an assembly system is based on the major dimensions of 
manufacturing flexibility, mix, volume and new product flexibility, which impact 

the competitive position of the firm. Flexibility in assembly systems can be 

achieved by realising mixed-model and mixed-product assembly lines. However, 

the latter type of assembly systems offer higher mix flexibility by allowing the 

assembly of various products from distinct product families. Additionally, certain 

dimensions of internal flexibility were identified that support the major 

dimensions of flexibility in an assembly system. To further define the 

characteristics of flexibility in an assembly system, six constituents of a flexible 

assembly system were pinpointed: adaptable material supply, increased 

commonality, versatile workforce, standardised work content, integrated product 

properties, and strategic planning. Developing the capabilities of these enablers of 

flexibility facilitates the production of different products from distinct product 

families and supports major dimensions of flexibility in an assembly system.  
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Based upon the answer to RQ1, the answer to the second research question was 

described in Section 5.2. Two constituents of a flexible assembly system, 

increased commonality and integrated product properties, were identified as 

consisting of characteristics of a flexible assembly system that concern product 

design. Accordingly, three requirements of a flexible assembly system for product 

design were identified: a common assembly sequence, similar assembly 

interfaces, and common parts. Fulfilling these requirements in a product design 

reduces the perceived complexity in assembly operations, contributes to creating 
internal flexibility dimensions in assembly systems, and therefore supports the 

overall flexibility of assembly systems. The requirements of a flexible assembly 

system for product design emphasise encouraging product modularity, increasing 

commonality among product parts/modules, and expanding similarity among 

assembly operations across distinct product families.  

The answer to the third research question was presented in Section 5.3. In 

answering RQ3, the lack of a systematic approach or a technical supporting tool to 

present the requirements of an assembly system for product design was identified. 

The two key requirements of a flexible assembly system for product design, a 

common assembly sequence and similar assembly interfaces are mainly 

developed and presented by the assembly function and are fulfilled in product 

design by the product design function. However, the other requirement of a 

flexible assembly system for product design, common parts among distinct 

product families, must be developed and fulfilled by the product design function. 
The development of a common assembly sequence and the subsequent 

development of similar assembly interfaces were addressed in Section 5.3.2 and 

Section 5.3.3. Product architecture and design guidelines were also identified as 

the means of recording these requirements and presenting them during the product 

design process.  

By answering RQ1, RQ2 and RQ3, understanding and knowledge regarding a 

flexible assembly system and its requirements for product design were developed. 

Accordingly, a model and a framework were proposed in Chapter 6 that 

summarise and visualise the answers to the research questions as discussed in 

Chapter 5. The model in Section 6.1 is based on answering RQ1 and RQ2 and 

addresses the role of product design in achieving flexibility in an assembly 

system. The proposed assembly-oriented framework in Section 6.2 is mainly built 

upon the answer to RQ3. Through the development and presentation of flexible 

assembly systems’ key requirements for product design, the framework provides 

support for the alignment of product design with these requirements during the 
product design process. 

 Research contributions 7.1

Research in operations management addresses issues relevant to both academics 

and practitioners. It can contribute to the knowledge of academics and the 

development of the field as well as to the knowledge of practitioners and the 

development of skills in managing operations (Karlsson, 2009). The motivations 

for performing this research stemmed from both an academic and industrial basis. 
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Thus, by conducting studies at the heart of the manufacturing industry and 

reinforcing them through an extensive review of the previous research, this thesis 

aimed to contribute to both domains. 

 Theoretical contributions  7.1.1

Within the broad research field of operations management, the immediate 

research area of interest in this thesis was flexible assembly systems. Therefore, 

the main contribution of this research lies within the same research area and at a 

larger scope within the area of flexible manufacturing systems. The theoretical 
contributions of this research are twofold: theory generation, which was the aim 

of conducting the five case studies in this work, and, prior to that, pinpointing the 

under-researched areas with regard to the scope of this thesis. Contributions to 

theory also include identifying flaws in the existing theory when applying it to the 

new context or identifying areas in which the literature thus far has failed to 

address important and relevant issues (Boer et al., 2015).  

As presented in Chapter 2 of this thesis, the characteristics of flexibility in 

assembly systems and its link to product design were underlined as less explored 

areas in the existing research. Given this ambiguity in the existing research, this 

study develops understanding and knowledge of flexibility in an assembly system 

by defining it and identifying its enablers, dimensions, and requirements for 

product design. Thus, this thesis contributes to the research field of flexible 

assembly systems and extends theory in the field of flexible manufacturing 

systems. In addition to contributing to the research area of flexible assembly 
systems, the present research sheds light on the interface between that research 

area and the neighbouring research field of engineering design. This contribution 

is made in the following ways: 

 Addressing the role of product design in achieving flexibility in an assembly 

system.  

 Identifying the key requirements of a flexible assembly system for product 

design and specifying their development and presentation for use during the 

product design process.  

 Practical contributions  7.1.2

The results of this thesis stem from case studies conducted in the heavy machinery 

manufacturing industry and are closely tied to practice. This thesis can assist 

companies in achieving flexibility by employing the identified enablers in their 

assembly systems and by recognising the role of product design in achieving 

flexibility in assembly systems. Additionally, the development and presentation of 

flexible assembly systems’ key requirements for product design as described in 
this thesis can serve as a guide for assembly practitioners to achieve flexibility in 

assembly systems using product design. This study also offers particular support 

to product designers in aligning product design with these key requirements 

during the product design process.  

The results of this research were continuously utilised in the case company during 

the course of this study, demonstrating the usefulness of the research outcomes, as 
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noted in the interactive research process described by Svensson et al. (2007). 

Accordingly, parts of the research results have also been included in the case 

company’s assembly and design procedures, which are accessible to assembly 

practitioners as well as product designers in the company. 

 Limitations of the research quality and research results  7.2

As discussed in Section 3.6, at different stages of this work, measures were taken 
to ensure the quality of the research. Nevertheless, this research was exposed to 

some limitations and threats to its quality, mainly due to the adopted research 

method, the selection of the cases, and the role of the researcher. Thus, some 

limitations also involve the final outcome of this research. 

The use of case studies as the research method in all the conducted studies of this 

thesis may limit the external validity (generalisability) of this research. The use of 

the case study method limits the possibilities of generalisable results 

(Gummesson, 2000). However, the question of generality in case research is not 

whether the results generalise to other empirical contexts; instead, it addresses the 

extent to which a sense of generality can be found in terms of theory (Ketokivi 

and Choi, 2014) or analytical generalisation (Yin, 2014). The in-depth and 

extensive empirical data in the case studies were collected with the aim of 

analytical generalisation and therefore supported the external validity of the 

results. Given the focus of the research studies, the aforementioned practical 
contributions of this thesis can be particularly useful for low-volume 

manufacturing companies that produce a wide range of complex physical products 

in semi-automatic assembly systems. 

In this thesis, the selection of cases was made within the boundaries of a specific 

organisation in the heavy machinery manufacturing industry. Although the 

interest of the case company in the results of this thesis affected this selection, the 

very recent shift towards flexible assembly systems in the heavy machinery 

manufacturing industry and the low number of accessible cases also influenced 

this choice. Nevertheless, full and equal access to the sources of data and similar 

in-depth insights in other companies within the heavy machinery manufacturing 

industry was limited due to the role of the researcher in the case company. In 

addition, excluding other industries in the studies of this thesis and focusing on a 

specific industry might have limited the heterogeneity of the cases and 

consequently the outcomes. However, this choice strengthened the results by 

providing replication opportunities. In fact, choosing a particular organisation is 
often desirable precisely because it allows one to gain certain insights that other 

organisations would not be able to provide (Siggelkow, 2007).  

The researcher was the primary instrument in conducting this research; therefore, 

this research was influenced by the researcher and the researcher’s role. The 

human instrument has shortcomings and biases that may impact the study 

(Merriam, 2009). Familiarity with the organisation (Saunders et al., 2012) is 

another issue that concerns the internal researcher in terms of its effect on the 

consumption and preconceptions of the researcher. Although it is difficult to 



 

85 

 

separate one’s background, experiences, and interests from the way one interprets 

a situation, efforts were made in this research to avoid relying solely on personal 

inferences. This was facilitated by using various sources of data collection as well 

as ongoing discussions with the industrial participants and other academicians. 

Furthermore, the concurrence of the beginning of this research study and the 

assigned role of the researcher at the company prevented the researcher from 

having any preconceptions of the company prior to the beginning of this research. 

On the contrary, this situation encouraged the researcher to raise basic questions 
to learn about what occurs in the organisation as a new employee.  

The model and the framework proposed in Chapter 6 are based on the empirical 

findings and are supported by the theoretical propositions employed in Chapter 5 

to address the research questions. Major parts of the results, as reflected in the 

model and the framework, have been published in scientific publications and 

applied in a practical context. However, the model and the framework, as 

proposed and presented in this thesis, need to be further tested, validated, and 

adjusted. 

 Outlook for future research  7.3

This research was conducted by focusing on assembly systems with semi-

automatic assembly lines within the heavy machinery manufacturing industry. 

The defined scope of this research and the research outcomes offer some 
opportunities and directions for navigating future research.  

With respect to the thesis scope, one opportunity for future research is to 

investigate the situation in other manufacturing industries, particularly those with 

higher levels of automation in their assembly systems. In the present study, the 

manual workforce was a major feature of all the studied assembly systems. 

Hence, a widening of the research scope would provide a platform to juxtapose 

the applicability of the research outcomes, particularly the proposed model and 

framework in assembly systems with higher levels of automation. Nevertheless, 

the proposed model and framework need to be further tested, validated, and 

adjusted with regard to the scope of this thesis.  

The present work mainly adopted an assembly system stance to identify and 

develop key requirements of a flexible assembly system for product design. This 

standpoint highlights the longer-term consequences of fulfilling these 

requirements in product design for product design functions and other involved 

stakeholders as an interesting direction for future research. Thus, inspecting the 
trade-offs between the conflicting requirements of all the involved stakeholders 

would be particularly interesting. Furthermore, approaches to analysing the cost-

benefit of fulfilling the identified key requirements in product design, both within 

assembly systems and across product designs, can be explored. In addition to its 

academic value, this study may be of particular interest to manufacturing 

companies that are accommodating flexibility in their assembly systems.  
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