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Summary 

 

 

Summary 

Purpose – Agile manufacturing concept was first coined by Iacocca institute in 
1991 as a new manufacturing paradigm in order to provide and ensure 
competitiveness in the emerging global manufacturing order. Afterward, a 
considerable number of studies have been conducted in this area. Reviewing these 
studies reveals that they mostly focus on agile manufacturing drivers, definition 
and characteristics but few of them propose practical solutions to achieve it. 
Moreover, among proposed approaches toward agility, the impact of product 
design has been less studied. However, the substantial impacts of product design 
on manufacturing firms are widely accepted. To fill this gap, this research aims to 
analyse how the product design affects the potential of being agile in a 
manufacturing firm. In this research the main focus is on the architecture of 
product as a part of its design. 

Methodology – Since this research requires synthesizing and bridging two 
separate fields, agile manufacturing and product architecture, the “literature 
review” method is adopted. 

Findings – Agile manufacturing has four main dimensions: drivers, capabilities, 
strategies and providers. To become an agile competitor, a manufacturing firm 
should concentrate on enriching a set of appropriate agility capabilities. Moreover, 
product architecture allocates functions to physical chunks (major building blocks 
of a product) and determines interfaces among chunks. The analysis of reviewed 
literature exhibits that product architecture has strong implications for agility 
capabilities. These implications might have both positive or negative effects which 
result in various trade-offs. Additionally, these trade-offs disclose this fact that 
there is not a superior architecture. Thus, a manufacturing firm is able to adopt 
suitable product architecture by considering the product architecture impacts on 
agility capabilities and related trade-offs.  

Value – This study organized and summarized a considerable number of 
researches’ outcomes in the product architecture area. In addition, it covers the 
lack of attention to product architecture in agile manufacturing literature. Also, it 
exhibits how product architecture may contribute to manufacturers which are 
moving toward agility. This report raises managers and practitioners’ awareness 
regarding product architecture potential and probable consequences of different 
choices that they make. 

 

 

Keywords 

Agile manufacturing, Product architecture, Agility, Modularity, Integral



Abbreviation 

 

List of Abbreviations 

 AM  Agile Manufacturing 

 PA  Product Architecture 

 MA   Modular Architecture 

 Intg     Integral Architecture 

 PD      Product Development 

 SC  Supply Chain 

 DT  Development Time 

 OEM  Original Equipment Manufacturer 

 



 

 

Contents 

1 Introduction ............................................................................................ 7 

1.1 BACKGROUND ................................................................................................................................................... 7 

1.2 PROBLEM DESCRIPTION ..................................................................................................................................... 9 

1.3 PURPOSE AND RESEARCH QUESTIONS ................................................................................................................ 9 

1.4 DELIMITATIONS .............................................................................................................................................. 10 

1.5 OUTLINE ......................................................................................................................................................... 10 

2 Method and implementation ............................................................... 11 

2.1 SEARCH STRATEGY ......................................................................................................................................... 12 

2.1.1 Identify sources ....................................................................................................................................... 12 

2.1.2 Search terms .......................................................................................................................................... 14 

2.2 REVIEWING LITERATURE ................................................................................................................................. 14 

2.3 DATA ANALYSIS .............................................................................................................................................. 16 

2.4 RELIABILITY AND VALIDITY ............................................................................................................................ 16 

3 Literature review ................................................................................. 18 

3.1 PART ONE: AGILE MANUFACTURING ............................................................................................................... 18 

3.1.1 Origin of agility ........................................................................................................................................ 18 

3.1.2 Agile manufacturing definition .................................................................................................................. 18 

3.1.3 Agile manufacturing models ..................................................................................................................... 21 

3.2 PART TWO: PRODUCT ARCHITECTURE ............................................................................................................. 29 

3.2.1 Origin of architecture............................................................................................................................... 29 

3.2.2 Product architecture definition .................................................................................................................. 30 

3.2.3 Product architecture typology ................................................................................................................... 31 

3.2.4 Product architecture in practice ................................................................................................................ 34 

3.2.5 Variety and product architecture .............................................................................................................. 36 

4 Analysis.................................................................................................. 42 

4.1 SELECTING AGILE MANUFACTURING MODEL ................................................................................................... 42 

4.1.1 Achieving agility ....................................................................................................................................... 43 

4.2 IMPACTS OF PRODUCT ARCHITECTURE ON FIRM’S AGILITY ............................................................................. 46 

4.2.1 Proactiveness and product architecture..................................................................................................... 47 

4.2.2 Customer focus and product architecture ................................................................................................. 47 

4.2.3 Responsiveness and product architecture .................................................................................................. 48 

4.2.4 Flexibility and product architecture ........................................................................................................... 49 

4.2.5 Quickness and product architecture ......................................................................................................... 51 

4.2.6 Competency and product architecture ...................................................................................................... 52 

4.2.7 Partnership and product architecture ....................................................................................................... 55 

5 Discussion .............................................................................................. 65 

6 Conclusion ............................................................................................ 68 

6.1 FURTHER RESEARCH ....................................................................................................................................... 68 

7 Reference .............................................................................................. 70 



 

 

6 

 

 

 

 

List of Figures 
 

Figure 1:  Research design     13 

   Figure 2:  Search terms                              14 

Figure 3:  Agile manufacturing model (Youssef [1])    22 

Figure 4:  Agile manufacturing model (Gunasekaran [2])   23 

Figure 5:  Agile manufacturing system development (Gunasekaran [3])  24 

Figure 6:  The core concept of agile manufacturing (Yusuf et al. [4])   25 

Figure 7:  Framework for achieving agile manufacturing (Yusuf et al. [4])  25 

Figure 8:  The theoretical model for agile manufacturing (Sharp et al. [5])   26 

Figure 9:  Conceptual model for agility (Sharifi and Zhang ( [6], [7], [8], [9]))  27 

Figure 10:  Product development process    29 

Figure 11:  Modular typology     34 

Figure 12:  Typology of modularity     34 

Figure 13:  The architecture of product family    37 

Figure 14:  Achieving variety by separating design    38 

Figure 15:  Variety creation     39 

Figure 16:  Commonality      40 

     

 

 

 

 

List of Tables 

Table 1:  Agile manufacturing definitions in reviewed literature   20 

Table 2:  Identified agility capabilities from reviewed literature    46 

Table 3:  PA implications for agility capabilities    58



Introduction 

 

1 Introduction 

This chapter provides an overall understanding about this research through introducing main 
problem, associated questions and the structure of the research. Latterly, the research 
delimitations are determined. 

 

1.1 Background 

Todays’ manufacturing systems date from the first industrial revolution in 1760 to 
1830 ( [10], [11]). During this time, various production philosophies have been 
dominant in response to the situations. These philosophies have attempted to 
achieve the best performance “through prescribing the type of technology, works 
organization, production solutions, and the way of managing product variants and 
quality aspects” [10, p. 9].  

The first manufacturing paradigm was mass production emerged in 18th century, 
contemporarily to the first industrial revolution (1770-1800) [11].  The invention 
of power steam engine, machine tools, economic and social issues were main 
drivers in the beginning [10]. Three following ideas made the big leap during the 
development of mass production ( [11], [10]): using standardized and 
interchangeable parts, the division of labours (coined by Adam Smith), and 
scientific management articulated by Fredrik Winslow Taylor (1911). The symbol 
of this manufacturing era was Ford Motor Company with its model T cars which 
affected industrial producers intensively across the world and made a paradigm 
shift at the beginning of 20th century. 

Similarly, the Toyota production system founded the next paradigm shift during 
the second half of century [10]. The term Lean was first coined by Krafcik [12] but 
became well-known in 1988 when Womack, Jones and Roos studied a number of 
car manufacturers across the world. They published the results of their 
investigation as a book, The Machine that Changed the World. Consequently, they 
developed their ideas of lean in another book, Lean Thinking. From the 1990s the 
Lean philosophy, and its methods and techniques have influenced all industrial 
companies worldwide ( [10], [13]). The main reason of Lean prevalence could be 
traced in this idea that “… companies can develop, produce, and distribute 
products with half or less of the human effort, space, tools, time, and overall 
expense” associated with quality and wider product variety [14, p. 93]. 

By approaching to the 21st century, it was perceived that a new business age was 
emerging in which the changes were the main characteristics [15]. These changes 
have been rooted in several areas such as: increasing the customer expectations 
[3], fluctuation in demand (volume and variety) [16], market fragmentation [6], 
limitation of resources ( [11], [13]), advances in manufacturing, information and 
communication technologies ( [11] [2]), business partnership [17], business 
processes [6], global competition [8], etc. Although changes and uncertainties in 
the market had not been new challenges, during last decades the changes have 
been taken place at higher speed than ever ( [11], [8]). Small and Downey [18], 
cited by [8] contended that one reason of manufacturing failure is these changes. 
In this new era, it seemed necessary to adapt to changes and apply proactive 



 Introduction 

 

8 

 

approach [15] while previous manufacturing paradigms tried to control change 
and keep away themselves ( [11], [19]). For instance, mass producers deploy 
inventory (safety stock, buffer, etc.) and MRPII to manage change [11]. Similarly, 
lean manufacturers apply a level schedule to prevent uncertainty and changes in 
manufacturing processes ( [19], [5]). In addition, lean philosophy predominantly 
focuses on cost-effectiveness [3] while new business environment requires 
responsiveness [6] and speed [1]. These new conditions of business environment 
resulted in emerging agile manufacturing, as a new paradigm for manufacturing 
firms ( [15], [4]).   

Agile Manufacturing (AM) concept was coined by a group of researcher at Iacocca 
Institute of Lehigh University in 1991 [4]. They proposed the AM term to 
characterize a different approach of industrial manufacturing [20] which was 
highlighted as the successful strategy for the 21st century manufacturing 
enterprises ( [2], [8], [21], [6], [11], [22], [1]). To achieve agility, various authors 
proposed a wide range of strategies and capabilities which need to be focused 
such as: use of market knowledge [21], virtual enterprise formation [2], shorten 
time to market [1], core competence management [4], reconfigurable systems [3], 
flexibility in technology and organization [6], exploiting from advanced 
technologies [15], mass customization [11], concurrent engineering and business 
process reengineering [2], etc. Meanwhile, there is a discussion in literature on 
some enablers/providers of AM. Gunasekaran ( [2], [3]) argued comprehensively 
about a wide range of enabling technologies which support agility such as 
CAD/CAM/CAPP, rapid prototyping tools, IT-based machinery, Electronic Data 
Interchange (EDI), etc. Furthermore, there is a discussion in literature regarding 
required characteristics of people as another enabler of agile (i.e. [23], [4], [8]). The 
role of organization and information are also highlighted as other enablers of AM 
(i.e. [2], [6], [23], [20]). 

The role of product on manufacturing firms has been highlighted by many 
authors. Gunasekaran and Yusuf [24], and Sanchez and Nagi [23] mentioned a 
group of studies which investigated the role of product on agility. The major focus 
of those works is on applying new technology and IT achievements in shortening 
cycle times of designing and prototyping, in addition to facilitating communication 
among product development team members ( [24], [23]). Moreover, the role of 
product design has not been considered as much as the impacts of people, 
technology, information and organization. Thus, it seems that the relation between 
product design and agility requires more attention. One of the main aspects of 
product design is its architecture.  

Product Architecture (PA) is defined as the scheme by which the function of product 
is assigned to physical components [25]. PA is categorized into integral and 
modular [25]; however, in most cases a product is not completely modular or 
completely integral [25]. The integral and modular definitions and characteristics 
have been discussed in literature (i.e. [26]; [27]; [28]; [29]; [25]). The effects of PA 
on various aspects of a manufacturing firm have been already investigated 
individually, such as its impacts on: product development process (i.e. [30], [31]), 
assembly and production system (i.e. [32], [33]), organization (i.e. [34], [35]), 
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supply chain (i.e. [36], [37]), marketing (i.e. [38]), etc. Nevertheless, it is required to 
conduct more studies regarding the influence of PA on overall firm’s performance 
[39].  

 

1.2 Problem description 

Since 1991, AM has appealed to researches and practitioners, therefore a 
considerable number of papers have been published under the AM umbrella [40]. 
Nevertheless, this concept (AM), still suffers from ambiguity in its main 
constituents (i.e. [41], [42]).  

Moreover, as it is highlighted by some experts (i.e. [23], [43], [42], [40], [44]), the 
most publications in AM field are merely oriented toward basic definitions, divers, 
criteria, aspects, etc. while only a few have made contribution to provide practical 
and realistic tools and methods to enable agility. Abrahamsson et al. [41] suggested 
that the future research direction must be focused on identifying agile practices 
and challenges.  

Finally, reviewing the AM literature reveals that among proposed approaches to 
achieve agility, the impact of product and its design has been less investigated. 
This lack exists despite of the fact that the product design impacts on the 
manufacturing firms have been widely accepted. Those few studies which address 
the role of product design in relation to AM, mostly concentrate on tools and 
technologies advancements in design process while the relation of AM and other 
aspects of design such as product architecture have been less studied.  

 

1.3 Purpose and research questions 

The purpose of this research is to analyse how the product architecture affects the 
potential to become an agile manufacturing firm. To fulfil this purpose, it is 
necessary to develop the AM concept to reach a clear understanding about its 
notion and main dimensions. Simultaneously, it requires an in-depth exploration 
of PA concept and its impacts on various aspects of a manufacturing firm. The 
last step is synthesizing the literature to identify the PA and AM overlaps. Thus, 
these research questions are defined: 

RQ1: What are the agile manufacturing dimensions? 

RQ2: What is the product architecture concept? 

RQ3: How can the architecture of a product support or hinder the 
potential to become an agile manufacturing firm? 

First and second questions (RQ1 and RQ2) are answered through individually 
reviewing literature in AM and PA areas. The third question (RQ3) is addressed 
through analysing two reviewed areas, finding the overlaps and making linkages 
between them. 
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1.4 Delimitations 

We consider some issues to delimit the scope of this research. Firstly, the main 
focus of this study is on managerial aspects and decisions in both AM and PA 
areas. Secondly, the term product refers to physical and industrial goods. Thus, 
other kind of intangible products such as computer software and services are 
excluded from this study. In addition, this research is limited to those accessible 
English documents through Jönköping University library whether they are books or 
electronic materials. Hence, the literature with other languages is excluded from 
this study. The last constant is that, the major orientation is on the most influential 
works based on the “times cited” criterion within ISI Web of Knowledge as the 
exclusive search platform for this study. 

 

1.5 Outline 

The first chapter is introduction which is overviewing of what is included in this 
study, a brief explanation of study’s main purpose and its associated research 
questions and delimitations. The second chapter is the research methodology, 
which explains the applied research method and how it is conducted to answer 
study’s questions. The third chapter frames the theoretical knowledge through 
reviewing previous literature about AM and PA to make a groundwork for 
analysis. Also, within this chapter the PA implications for a manufacturing firm 
are identified. Afterwards, in analysis chapter the relations and overlaps between 
PA and AM areas are recognized in order to synthesising these two streams of 
science. In the fifth chapter, the research questions are answered and discussed 
based on analysis chapter. In the last chapter, we provide a general conclusion. In 
addition, further research directions are suggested. 
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2 Method and implementation 

In this chapter the adopted research method is elucidated. The different steps of implementing this 
study are described. The trustworthiness of the method is argued. 

 

Since both AM and PA are considered regarding different aspects of a 
manufacturing firm, therefore a qualitative approach is appropriate for this kind of 
exploratory notion researches [45, p. 5]. The flexibility of design is another 
advantage of the qualitative approach [45]. Williamson [45, p. 11] defined research 
method as “a design for undertaking research, which is underpinned by theoretical 
explanation of its value and use”. She discussed various research methods in her 
book such as case study, survey, experimental, action research, etc. For conducting 
this study, “literature review research” method was adopted.  

Averyard [46, p. 5] defined literature review as “the comprehensive study and 
interpretation of literature that relates to a particular topic” by “using scientific 
methodology” [47, p. 1]. The potential reasons for conducting a literature review 
research can be: “personal or intellectual reasons” [48, p. 3], summerizing the 
existing studies by recognizing patterns and themes [49], making a “brief 
introduction to reports of new primary data” [50, p. 3], “focusing on research 
outcomes or applications of them”, “integrating what others have done”, bridging 
between related topic areas, introducing a new primary study [51, p. 4], and 
determining “gaps in existing knowledge” [52, p. 10]. Doing literature review 
systematically is considered as “a method of making sense of large bodies of 
information” [53, p. 2] which can identify “questions to be addressed in future 
studies” [54, p. 23] 

In addition, the role of PA in various areas of manufacturing firm has been already 
worked seperately by others. In our study, we gather, summerize and combine the 
outcomes of all previous works in one report to provide a more holistic perpective. 
Thus, in our case, adopting literature review method prevents reinventing wheel 
[55]. Also, the outcome of this research can be potentially an appropriate ground 
work for further empirical studies.  

To implement a literature review, various authors proposed some main steps (i.e. 
[46], [51], [48], [52], [56], [53]). These five steps are common among them: 

 Determing search strategy, which implies identifying sources of literature 
and search terms, 

 Collecting, which includes extracting a number of literature, filtering and 
prioritizing them based on the purpose, and delimitations, 

 Analyzing data which consists of reviewing and coding data till reaching 
saturation point, 

 Discussing results and making conclusions by reviewing, organizing and 
summerizing coded notes in order to develop tetative theories. 
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These steps are illustrated in figure 1. In the following part, each step will 
explained in details. 

2.1 Search strategy 

To achieve the most relevant studies, it is necessary to “develop a systematic 
search strategy” for locating and identifying literature [46, p. 68]. Khan et al., [47, 
p. 23] used the term search strategy for decisions regarding identifying sources of 
literature (journals, databases, etc.) and search terms. Also, by recording the search 
strategy, the study becomes replicable [46]. The main point is considering the 
trade-off between “likelihood of missing relevant documents” and “including lots 
of irrelevant documents” [51, p. 74].  

2.1.1 Identify sources  

There are different ways to locate literatures, such as books, magazines, journals, 
etc. One way is the journal publications which are “the core of formal scientific 
communication systems and the traditional link between primary researches and 
their audience” [51, p. 61]. The journals and quality controlled papers 
(conferences, etc.) usually contain the newly published literature. E-journals and e-
databases have provided a lot of facilities for accessing, searching tools, subject 
categorizing, etc. There are many databases and third party organizations which 
contribute to access to researches. These databases are very useful in developing 
general knowledge [57].  

One main issue is the quality of the documents. Although evaluating the quality of 
literature is part of doing literature reviews [51], this process is very time 
consuming and requires an in-depth knowledge regarding each field. Cooper [51] 
maintained that using peer reviewed databases and journals will be considered as a 
good solution to save time. Peer-reviewing “ensures that research meets certain 
standards of relevance, quality and importance” [51, p. 51]. Schmidt et al. [57] 
articulated that peer reviewed literature is an appropriate way to access scientific 
studies. One of the most popular sources which provide information about 
primary researches is “ISI Web of Knowledge”. Jesson et al. [52, pp. 42-43] postulated 
that journal citation reports within the Web of Knowledge, is a powerful source 
for locating the most important journals. They continued that this searching 
platform provides information about the most frequently cited and key journals 
with the highest impact factor in a field of research. The Web of Knowledge is an 
“intelligent research platform provides access to the world's leading citation 
databases, in addition to powerful cited reference searching, the analysing tools, 
and over hundred years of comprehensive back file and citation data” [58].  

It must be noted that this research platform assists solely for locating electronic 
materials. Consequently, all located materials by ISI Web of Knowledge platform 
are not available to us. Thus, those literature and databases which are accessible by 
library portal of Jönköping University are considered in this study. From positive 
perspective, it is expected these accessible databases were checked by academic 
authorities too [56]. 
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 Figure 1: Research Design 
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2.1.2 Search terms 

One approach to find the most relevant literature is “breakdown topic” into 
smaller parts for determining search terms [46, p. 77]. Accordingly, in this study, 
the topic is broken into two main areas: AM and PA, as shown in figure 2. 
For the first part, AM, the search terms are various combination of “agile OR 
agility” with “manufacturing OR production”. The second criterion, 
“manufacturing OR production”, in the search contributes to eliminate irrelevant 
literature, sepecially in the field of computer software development. Then, the 
final search terms are: 

 (agile OR agility) AND (production OR manufacturing)  

For the second part, PA, the search terms are modular or modularity, integral or 
integrality, product architecture and architecture of product. Due to vast irrelevant 
results, in each search, in addition to above key search terms, this search criterion 
“product development OR product architecture OR product design” is added. 
Then these key terms are used, as shown in figure 2: 

 (“product architecture” OR “architecture of product”) AND (“product 
design” OR “product development”) 

 (modular OR modularity) AND (“product design” OR “product 
development” OR “product architecture”) 

 (integral OR integrality) AND (“product design” OR “product 
development” OR “product architecture”) 

 

2.2 Reviewing literature 

For the first part, the main objective is developing an in-depth understanding of 
AM and its origin, drivers, characteristics, definitions and dimensions. Since agility 
is an abstract concept, it is necessary to come up with a set of results that have 

Figure 2: Search Terms 
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gained the most consensuses in literature. Therefore, the main focus is on the 
most influential studies. One way to find the influential work is using number of 
citation times of each work. It is concluded from this fact that an influential study 
should be cited several times ( [51], [59], [60], [61]). Thus, according to the search 
strategy, a list of literature is extracted from ISI Web of Knowledge. This list is sorted 
out based on number of times cited, from highest to lowest. Similar to the first 
part, a list of literature is extracted and sorted for the second part (PA). Now, 
there exist two lists of literature: one in the AM area; and another one in PA. Both 
lists are sorted from higher times cited to lower ones. 

The next step in data collection is filtering the literature available in the lists with 
regards to purpose, delimitations and scope of this study. In the first step, those 
materials which are not accessible from library portal of Jönköping University will be 
omitted. The second step of filtration is, reviewing the titles. Although the title 
may not reflect whole content effectively, it contributes to recognize intensively 
irrelevant data. For instance, articles which aim at agility/architecture in software 
engineering can be easily recognized and removed from list. The third step is fast 
reviewing abstract, articles’ categories and keywords of studies which their 
relevancy is doubted. For instance, based on the delimitation, this research seeks 
for managerial decisions and challenges thereby the literature with 
technical/engineering orientations will be removed.  

During reviewing literature, it is observed that some works, which do not appear 
in our searching process, are cited frequently. These works are added to the lists if 
they satisfy filtration criteria. At the end, a list of the most relevant literature in 
each area will be available. These lists are sorted by citation times which mean the 
upper, the more influential. To increase reliability, filtration is done by two 
researchers separately. In case of disagreement, if after reconsidering the 
consensus does not happen, the material is included. 

In this step the extracted literature are reviewed precisely. Since the number of 
literature is high, it is necessary to develop a coding system for collecting data from 
each study [51]. This coding system is in form of data sheets which cover key 
points of each study such as characteristics of the study (title, authors, publisher, 
citation, date, etc.), research designs and methods, samples, type of industry, 
conclusions, etc. To increase validity and reliability, the coding system is tested on 
a small group of studies then will be revised to cover neglected aspects. Also, to 
enhance reliability, the standard way of using coding system is agreed and trained 
between researchers. As well, the coding system is reviewed by the supervisor for 
further improvement. 

Since it is difficult to review coded literature again, the coding system is gathering 
more information than it may be applied in future analysis. Moreover, there is an 
extra space for coders to “make notes on the spot decision they made” to recap 
any imperfections of coding system [51, p. 88]. The other step is transferring 
coded information into a computer-based database. Microsoft Excel is applied as 
the database software. This method leads to possibly further and more analytical 
analysis. 
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Last but not least is determining the stopping point of reviewing. Petticrew and 
Roberts [53, p. 100] suggeted that this point is matter of “funds, time and logic”. 
Justus and Randolph [62] stated that the reviewing the literature can be stopped 
when reviewer reaches “saturation” in which he/she is able to convince the 
readers that everything is reasonably and sufficiently done to identify relevant 
articles. Petticrew and Roberts [53, p. 100] dicussed various definitions of 
“saturation” concept in their book. In this study and for each area (AM and PA), 
inspired by Petticrew and Roberts [53] discussion, the saturation is defined when 
the yield of relevant literature declines considerably or diverges from the scope of 
this study. 

 

2.3 Data analysis 

In this section, the interpretation and synthesis are carried out to align 
meaningfully extracted data to research questions. Due to high variety in types of 
review and research questions’ essence, there is no specific common way of doing 
synthesis of the extracted data [52]. Hart [63] stated that synthesis is the act of 
making linkage between extracted information to find a new order or concept.  

In this research, interpretation of extracted data will occur through focusing on 
the outcomes of what others previously have done, integrating their results and 
bridging between related topic areas [51].  Being inspired by Williamson’s book 
[45, pp. 294-301], this process is conducted in these steps: 

 Reviewing all coded information in PA and AM areas to catch an overall 
understanding of reviewed literature, 

 Categorizing coded data which contributes to “think about data at a more 
in-depth level”, 

 Conceptually organizing the categories which involves thinking and 
mapping relationships among categories, similarities, contradictions, etc., 

 Developing some “tentative hunches, ideas and theories” about/from 
coded data, 

 Seeking evidences for checking tentative theories. 

 

2.4 Reliability and validity 

The quality of a scientific work is justified through its validity  and reliability [64]. 
Saunders et al. [60, p. 156] maintained that emphasizing on validity and reliability 
in research design reduces the possibility of getting wrong answers and increases 
“the credibility of the research findings”.    

Williamson [45, p. 334] defined validity as whether “research instrument measures 
what it is designed to measure”. In literature (i.e. [45], [65]), validity is categorized 
as: internal validity and external validity.  

Internal validity refers to “the confidence that observed results are attributes to the 
impact of the independent variable” [45, p. 128]. In this case, it means the 
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confidence that any of agility level is really affected by PA. Since this study is 
grounded on the outcomes of other studies, its internal validity is influenced by 
the literture which was investigated. As mentioned before, in this study only peer 
reviewed literature were investigated. Therefore, all of them were evaluated and 
verified by a certain set of standards before [51]. In this way, although each study 
has its own way of context, methodology and design to investigate PA impact on 
one or more aspect(s) of manufacturing firms, internal validity of them was 
evaluated and approved during peer reviewing procedure seperately. Accordingly, 
this study has high level of internal validity. 

External validity concerns the posibilities of generalization [60, p. 158] . 
Generlization is widely fulfilled by sampling method. Considering this fact that 
reviewed studies were not selected by any of probable sampling techniques, its 
external validity was affected negatively. Furthermore, when it comes to the 
generalization of outcomes, the external validity raises up. This happens from this 
fact that each study occurred in different contexts. Thus, the  contexts’ variety of 
each study provides a propable sampling.  

Reliability of a study is related to “obtaining consistent, stable research results with 
replication” [45, p. 334]. Although it is expected that different researches adopt 
different sources of literature, different search terms and filtration criteria, when it 
comes to delimit the study to peer-reviewed ones, the sources of literature will be 
too similar. Moreover, considering the times cited as one criterion, results in 
covering the most influential works in each field ( [51], [59], [60], [61]) that every 
researcher tends to use them. The positive point of this research is using the 
facilities of recording search strategies and search results which make this research 
replicable [46]. Collecting data from different sources of literature, and separately 
conducting filtration process by two researchers, were other measures to increase 
reliability (triangulation). Moreover, adopting a coding system, training the coders 
for applying this system, and using two researchers in each search fields were 
other actions to achieve higher level of reliability [51]. Nevertheless, the search 
strategies, filtering, coding and stopping point decisions are still affected by 
researcher’s judgment.
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3 Literature review 

According to the procedure elaborated in methodology part, we have two lists of relevant literature 
in two main streams of science: AM, and PA. In the following section, firstly, a review of AM 
literature is provided. Afterward, a number of relevant studies in PA field are investigated. 

 

3.1 Part one: Agile manufacturing  
In this part, AM concept is developed. In doing so, the origin of agility is 
articulated. Then, the most influential works in this area are explored to provide 
an in depth understanding of AM concept and make a clear distinguish between 
AM and other manufacturing philosophies.  

3.1.1 Origin of agility   

Agility, as a concept in manufacturing, was coined by a group of researchers at 
Iacocca Institute, Lehigh University, in 1991 [66]. They conducted a study which aimed 
at identifying the important practices in various aspects of manufacturing firms 
during their investigation [4]. The major input was provided by a group of 
industrial executives and the results of their discussions were published in the two 
volume set of reports with the same name, “21st Century Manufacturing Enterprise 
Strategy Project” [20]. The reports were mainly concentrated on how USA could 
regain its pre-eminence in manufacturing worldwide. These reports included 
initiatives in USA, Western Europe and Japan aimed at providing and ensuring 
competitiveness in the emerging global manufacturing order [4].  

The AM paradigm was recommended by the reports for the USA to resume a 
leading role in manufacturing [4]. Afterwards, an action agenda was prepared by 
the executives involved in the project. This agenda called practitioners and 
academics to collaborate with US industry to erect the infrastructure requirements 
for AM; and develop appropriate methods and procedures to transform the 
enterprise into an AM competitor [20]. As a result of the call to action, it has 
absorbed the attention of many scholars in addition to governmental institutes 
such as National Science Foundation (NSF) [20]. Thus, a number of studies has been 
done and published which attempted to define and explain agility [4].  

3.1.2 Agile manufacturing definition 

The researchers of Iacocca Institute defined AM, cited by [4], as: “…a 
manufacturing system with extraordinary capabilities (Internal capabilities: hard 
and soft technologies, human resources, educated management, information) to 
meet the rapidly changing needs of the marketplace (speed, flexibility, customers, 
competitors, suppliers, infrastructure, responsiveness). A system that shifts quickly 
(speed and responsiveness) among product models or between product lines 
(flexibility), ideally in real-time responding to customer demand (customer needs 
and wants)”.  

Youssef [1] argued that agility as a strategy to achieve speed in relation to three 
areas: customers, internal capabilities and suppliers. He articulated that quick 
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response and shorter time to market are the main competitive factors. Thus, 
companies should focus on achieving more speed on all aspects of their 
organizations.  

Gunasekaran considered AM as a strategy which is “a natural development” of 
lean concept. He defined AM as the capability of surviving and prospering in the 
competitive and continuously changing market by reacting quickly and effectively 
[15]. He [2] stated that the new requirements of market lead the lean companies 
(focusing on cost-effectiveness) to move to agility (become more flexible and 
responsiveness). Gunasekaran [3] postulated that rapid partnership, virtual 
enterprise, re-configurability and mass customization as main capabilities of an 
agile manufacturer. He elaborated that agile firms are able to exploit profitable 
opportunities in a volatile market place by using market knowledge and a virtual 
corporation [15, p. 3].  He proposed a wide range of enabling technologies to 
support movement toward agility.  

In another work, Yusuf et al [4] postulated that a successful manufacturing 
enterprise should be able to “foresee”, “adapt” and “respond” to changes in order 
to achieve its strategic objectives. They proposed a definition of AM from 
systematic approach and in three agility levels. They suggested exploration of 
competitive bases (speed, flexibility, innovation, proactivity, quality and 
profitability) by means of reconfigurable resources and best practices integration.  

Sharifi and Zhang [6] discussed that AM is a paradigm seeking for responding to 
business turbulent and taking advantages from them. They emphasized that 
“sensing, perceiving and anticipating changes” are the basic abilities of an agile 
organization [6]. They maintained that a set of capabilities is required for 
manufacturers to be able to deal with changes and exploit from them. 
Responsiveness, competency, flexibility and speed were highlighted as main 
capabilities, each consists of some sub-capabilities. Later, Zhang and Sharifi ( [67], 
[22]) added three new capabilities to their capabilities list: proactiveness, customer 
focus and partnership. 

In another study, Sanchez and Nagi [23] reviewed 73 scientific works in the field 
of AM. They concluded that AM is a strategic vision to deal with continuous and 
unpredictable change. The responsiveness, delivery of customer-valued, high 
quality, and mass customized goods/services were highlighted as main capabilities. 
Also, Vinodh et al. [40, p. 2144] considered AM as a program encompasses 
“exhaustively the technological and managerial elements for facilitating quick 
response to the customers’ dynamic demands”. 

Table 1 provides a range of AM definitions, extracted from the most influential 
literature. In the first column from left, the definition of each author(s) is cited. 
Although in most literature, author(s) mentioned various definitions and did not 
point out their own specific definition, some authors proposed clear definition 
(i.e. [24], [4]). In the last column, the keywords of each definition are highlighted. 
By the help of these keywords, it is possible to identify which points are frequently 
emphasized. 
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Definitions Author (s) Keywords 

A manufacturing system with extraordinary capabilities to meet 

the rapidly changing needs of the marketplace and shift quickly 

among product models and/or between product lines, ideally 

in real-time response to customer demand.  

Iacocca Institute 

(1991) [66] 

cited by [4] 

special capabilities, meet 

needs quickly, shift quickly 

Agile manufacturing is achieving speed and shorter time-to-

market by reducing cycle times of activities simultaneously. 

Youssef (1992) 

[1] 

speed in activities, shorter 

time-to-market 

Agility for a company means that it is capable of operating 

profitably in a competitive environment of continuous and 

unpredictable changes through flexibility in technologies and 

organizations and improved information infrastructure. 

DeVor et al. 

(1997) [20] 

operating profitability, 

respond to unpredictable 

changes, flexibility in 

organization and technology 

Agile manufacturing implies an ability to adapt rapidly and with 

constant co-ordination in an environment of constant and 

rapid change. 

Duguay et al. 

(1997) [11] 

adapt rapidly, coordination, 

flexibility 

Agility means using market knowledge and a virtual 

corporation to exploit profitable opportunities in a volatile 

market place. 

Naylor et al. 

(1999) [68] 

using market knowledge, 

virtual corporation, being 

profitable 

Agile manufacturing is the capability to survive and prosper in 

a competitive environment of continuous and unpredictable 

change by reacting quickly and effectively to changing markets, 

driven by customer-designed products and services. 

Gunasekaran 

(1998) [2] 

capability to survive, reacting 

quickly and effectively, 

unpredictable and customer-

driven market 

Agility is the successful exploration of competitive bases 

(speed, flexibility, innovation proactivity, quality and 

profitability) through the integration of reconfigurable 

resources and best practices in a knowledge-rich environment 

to provide customer-driven products and services in a fast 

changing market environment. 

Yusufa et al. 

(1999) [4] 

speed, flexibility, innovation, 

proactivity, quality, 

profitability, customer-driven, 

reconfigurable resources. 

Agile manufacturing is a set of capabilities which enables 

companies to respond to changes in proper ways and due time, 

and take advantages of changes as opportunities. 

Sharifi & Zhang 

(1999) [6] 

set of capabilities, respond 

changes properly and timely, 

take advantages of changes 

An agile manufacturer has to be lean, flexible and able to 

respond rapidly to changing situations. 

Sharp et al. (1999) 

[5] 

lean, flexible, respond rapidly 

to changes 

Agile manufacturing is a winning strategy to adapt and respond 

to changes, and taking advantage of them through strategic 

utilization of managerial and manufacturing methods and tools. 

Gunasekaran 

(1999) [15] 

a strategy, adapt, respond, 

utilization of managerial and 

manufacturing methods, tools 
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Agility is the ability to detect the changes in the business 

environment, and respond to them by providing the 

appropriate capabilities. 

Sharifi & Zhang 

(2000) [8] 

ability to detect the changes, 

respond to changes 

An agile company can excel simultaneously on a wide range of 

competitive objectives including cost, quality, dependability, 

speed, flexibility and leading-edge technology products. 

Yusuf & Adeleye 

(2002) [16] 

quality, speed, flexibility, 

leading-edge technology 

products 

Agile manufacturing includes the ability to respond quickly and 

effectively to current market demands, as well as being 

proactive in developing future market opportunities. 

Brown & Bessant 

(2003) [17] 

quick response, being 

proactive 

An agile manufacturing system is a system that is capable of 

operating profitably in a competitive environment of 

continually and unpredictably changing customer opportunities. 

Goldman et al. 

[69], cited by [19] 

operating profitability 

Agile manufacturing is a program would encompass 

exhaustively the technological and managerial elements for 

facilitating quick response to the customers’ dynamic demands. 

Vinodh et al. 

(2010) [40] 

quick response, using 

managerial elements 

Agile manufacturing is a manufacturing strategy which 

recognizes and emphasizes on capabilities for dealing with 

rapid changes. 

Zhang (2011) [70] capabilities for dealing with 

rapid changes 

Table 1: AM definitions in reviewed literature 

 

Table 1 exhibits diversity in AM definitions. Nevertheless, there are still a lot of 
similarities. Based on these definitions, agile manufacturing is considered as the 
ability of an organization ( [20], [71]) to sense (anticipate and/or detect) 
continuous changes in business environment in due time ( [71], [8]), rapidly make 
decisions on effective strategies and practices ( [71], [3]), implement those 
decisions quickly and efficiently [24], to enhance/acquire a set of appropriate 
capabilities ( [66], [8], [22]), in order to survive [2], [3], [71], [15]] and exploit from 
profitable opportunities ( [68], [8] , [15]). 

 

3.1.3 Agile manufacturing models 

To develop the concept of AM, different authors suggested various models. The 
main contributions of these models are to identify main dimensions and more in-
depth understanding of this new manufacturing paradigm. Also, these models 
should lead to a methodology for achieving agility. In the following, we review 
some models proposed by the most influential literature in this field.   

One of the earliest and most influential works in agility area belongs to Youssef 
[1] in 1992. He emphasized that management must move beyond cost and quality. 
He highlighted the importance of time and “being fast first” [1, p. 18]. Therefore, 
he recommended that manufacturers must work on all cycle times simultaneously 
to reduce them. These cycles are “book/bill cycle; purchase/product cycle; 
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manufacturing cycle; design/develop cycle; and specification/source cycle” [1, p. 
19]. To his idea, AM, quick response and time-to-market are interrelated. He 
proposed an agile manufacturing model (figure 3) in which he considered the firm 
internal capabilities (speed, quality, minimum cost, responsiveness and flexibility), 
co-manufacturing (suppliers), and market (customers) as three main AM pillars. 
He believed that by integrating these three pillars, manufacturing performance can 
be enhanced. 

  

 

One of the authors whose works (i.e. [2], [3], [15]) are among the most influential 
literature in AM is Gunasekaran. He articulated that agility has four key principles: 
delivering value to the customers, being ready for change; valuing human 
knowledge and skills; and forming virtual partnerships. Based on these principles, 
he developed AM concept along four dimensions: (1) value-based pricing 
strategies, (2) co-operation, (3) organizational mastery of change and uncertainty, 
and (4) investing in people and information. Gunasekaran [2] proposed a 
conceptual model (Figure 4) which consists of seven AM enablers which are: (1) 
virtual enterprise (VE) formation tools/metrics, (2) physically distributed teams 
and manufacturing, (3) rapid partnership formation tools/metrics, (4) Concurrent 
Engineering (CE), (5) integrated product/production/business information 
system, (6) rapid prototyping tools, and (7) Electronic Commerce (EC). He 
provided an in-depth discussion for each enabler and suggested a wide set of 
tools/methods. He postulated that by integrating these enablers, these 

Figure 3: Agile manufacturing model proposed by Youssef [1] 
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characteristics will be realized: quick response manufacturing, global 
manufacturing, customized production and improved productivity and quality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gunasekaran developed a framework for the design of AM system in his next 
work [3] which was based on the literature survey and its analysis. In this model 
(figure 5) he developed AM along these four dimensions: strategies, technology, 
people and systems. He suggested a number of examples for each dimension such 
as: supply chain integration and concurrent engineering for strategies, using real 
time control and modular assembly software for technology, deploying E-
commerce, ERP and CIM as systems, and empowered workers and flexible labour 
for people dimension. He explained that by adopting appropriate strategies and 
technologies, it is possible to achieve AM. In this work [3], he considers agility as 
an ability to reconfigure, rapidly form partnership, realize virtual enterprise and 
customize production.  

Figure 4: Agile manufacturing conceptual model and its enablers proposed by Gunasekaran [2] 
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The next influential work is provided by Yusuf, Sarhadi and Gunasekaran [4]. 
Based on their point of view, there are four key concepts for AM (figure 6): core 
competence management, virtual enterprise formation, capability for re-
configuration and knowledge-driven enterprise. They explained that core 
competence is associated with product and workforce which is available in two 
levels: individual and the firm. The core competence of individuals refers to 
people’ skill and knowledge while at the firm level, it refers to corporate capability 
to learn, integrate diverse skills and technology, and cooperate inter-
organizationally. Virtual enterprise, as shown in their model, aims at cooperation 
at enterprise and functional levels which need to be supported by appropriate 
technologies and organizational business processes. The capability to work as a 
virtual enterprise enables “companies to come together and deliver quality, scope, 
and the scale of products and services which they would not have been able to 
provide individually” [4]. Capability for re-configurability, as shown in model, 
points to the ability of an agile firm to “easily make a significant shift in focus, 
diversify, configure and re-align” in response to new opportunities in marketplace. 
Knowledge-driven enterprise, as the last components of their model, explains that 
an agile organization must have the ability to develop, train and motivate its 
workforce “with the right set of skills and knowledge” and convert these collective 
knowledge and skills into competitive solutions. Yusuf et al. summarized their 

Figure 5: A model of agile manufacturing system development, proposed by Gunasekaran [3] 
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literature survey to illustrate what constitute agility in a table. This table presents 
32 AM attributes in 10 decisions domains.  

Finally, they proposed a framework for achieving agility (figure 7). They claimed 
that this framework highlights that to move toward agility and achieve its 
attributes, listed in their table, it is important to identify pathways, obstacles and 
metrics.  

Another significant work in AM belongs to Sharp, Irani and Desai [5]. 
Accordingly, Sharp et al. interpreted AM as a “lean” manufacturing in addition to 
“flexibility” and “responsiveness” to changes. In their study, the focus is mainly 
on differences between lean and agile manufacturing and the results of this 
comparison was shown in a table. Sharp et al. [5] developed a theoretical model 
(figure 8) for agile manufacturing based on other literature survey. This model 
illustrates that AM is built on ten pillars: focusing on core competencies, multi-
skilled and flexible people, empowerment, teamwork, continuous improvement, 
information technology and communication, concurrent engineering, rapid 

Figure 6: The core concept of agility in manufacturing developed by Yusuf et al. [4] 

Figure 7: A framework for achieving agility, proposed by Yusuf et al. [4] 
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prototyping, virtual enterprises, change and risk management. All these pillars are 
founded on lean philosophy and its tools.  

 

 

The other outstanding studies belong to Sharifi and Zhang (i.e. [8]; [9] and [6]). 
They emphasized on “strategic integration”, managerial “utilization” and 
manufacturing techniques for achieving AM [6]. They proposed conceptual model 
for implementing agility in an organization (figure 9). Their conceptual model has 
four main constituents: 

“Agility drivers” are changes, uncertainties, needs and pressures from environment, 
i.e. global competition, changes in customer requirement, advancement in 
technology, etc. 

“Agility capabilities” refer to those capabilities that a manufacturing organization 
needs to attain/expand to be able to respond to the changes. They classified these 
capabilities in four main categories, i.e. responsiveness, competency, flexibility, 
and speed. In the next work, Zhang and Sharifi added three new capabilities to 
this model: proactiveness, customer focus and partnership [67]. 

“Agility providers” are means which enable a manufacturing enterprise to acquire 
new capabilities and/or preserve the current capabilities [8], i.e. mass 
customization. Providers are similar to traditional manufacturing strategies [67] 
and consist of business practices, methods and tools which are deployed to realize 
required capabilities [7].  The agility capabilities are supposed to be sought from 
implementing a set of appropriate practices, tools and methods in these four 

Figure 8: Theoretical Model for Agile Manufacturing proposed by Sharp et al. [5] 
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major manufacturing areas: organization, technology, people and innovation 
which are integrated with support of information system/technology. Later, they 
highlighted three other providers: relationship with supplier/customer 
/competitors, integration, and relation with customer [67].  

The final constituent of this model (figure 9) is “Agility strategy”. Sharifi and Zhang 
emphasized on this fact that different manufacturers need different levels of agility 
which depends on types and impacts level of changes, industry sector, company 
type, etc. (i.e. [7], [8], [9], [22]). Agility strategy determines “the required level” of 
agility, essential agility capabilities and suitable providers.  

 

Zhang and Sharifi ( [67], [22]) suggested three basic agility strategies types 
according to relative importance they place on agility capabilities: 

The responsive strategy is appropriate for companies operating in mature market. 
Their products are mature, with long life cycle and new feature. They are a market 
follower that has to react to competitions introduced by market leaders. The 
responsive firm should prioritize capabilities as: responsiveness, flexibility and 
competency, then proactiveness, customer focus, partnership, and quickness [67]. 

Quick strategy is appropriate for the manufacturers who are technology firms 
operating in niche market. Their products lifecycle are short. They focus on the 
early stage of product lifecycles, innovation speed and new product development 
to make benefits. Quick manufacturers prioritize capabilities as: customer focus, 
quickness, competency, flexibility, responsiveness, proactiveness, and partnership 
[67].  

The proactive strategy is suitable for companies operating in both mature and niche 
market with long-lifecycle products. Their products are mature but new variants 

Figure 9: A conceptual model for agility, developed by Sharifi and Zhang ( [6], [8], [7], [9]) 
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are introduced constantly. These manufacturers are market leaders and introduce 
new dimensions of competitions to stand ahead of the competition. The proactive 
companies prioritize capabilities as: proactiveness and customer focus, then 
responsiveness, competency, flexibility, partnership and quickness [67].  

Based on the works of Sharifi and Zhang ( [8], [7], [9], [6], [22], [67]) and their 
model, the process of achieving agility in a manufacturing organization can be 
explained, as follows:  

There are various changes and uncertainties in the business environment. These 
changes are stemmed from many sources such as: global competition, new form 
of partnership relationship, technology advancement in production, 
communication and IT, changes in customers’ requirements, changes in 
governmental rules, etc. (i.e. [9], [72], [17], [3], [5]). The changes and uncertainties 
(called agility drivers), lead to emerging new conditions, threats and opportunities 
in the market. To deal with these new circumstances and take advantages from 
them, a manufacturer needs to require or enhance new capabilities (called agility 
capabilities) [6]. Hence, the manufacturer should define its agility strategies. To 
determine an agility strategy, it is essential to conduct gap analysis. The gap 
analysis identifies missing capabilities through assessing the differences between 
firm’s need of agility (agility needs) and agility current level. It must be noted that 
“agility needs” are different for each company and depend on types and level of 
impacts of changes, industry sector and company type, etc. (i.e. [7], [8], [9], [22]). 
According to gap analysis, the manufacturer develops its agility strategy. This 
agility strategy also decides appropriate providers, i.e. which business 
practices/methods/tools should be conducted in which manufacturing areas, to 
realize missing gaps. By applying appropriate practices/tools/methods within 
relevant area, it is expected that agility capabilities are attained/enhanced.  
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3.2 Part two: Product architecture 

Ulrich and Eppinger [73] defined product development (PD) as a set of activities 
starting with the perception and identifying an opportunity in the market and 
ending in production, sale, and delivery of a product. They categorized activities 
of product development into six phases (figure 10). Firstly, in planning phase the 
project mission, target, business goals, etc. are discussed. The concept 
development phase entails identifying target market requirements, determining 
alternative product concepts, evaluating alternatives and finally selecting one or 
more concepts for further test or development. The system-level phase results in a 
geometric layout of product which implies PA, decomposed components and 
subsystems, and functional details of each subsystems and components. In detail 
design phase, geometry, material and tolerances of each part and subsystem are 
identified and established. During testing and refinement phase, the multiple 
prototypes are made and tested to determine how product works and whether it 
satisfies pre-determined requirements. In final phase, during production ramp up 
the workforce are trained and final flaws of products are identified and solved. 

As it is mentioned above, one of the decision in system-level design phase is to 
determine the architecture of product [73]. The architecture decisions are complex 
since it has broad implications on the performance of the firm [74]. To identify 
these implications, it is necessary to develop an in-depth understanding of the 
architecture concept and its application in product structure. Although there are 
various approaches to define this concept, there is a consensus on its notion [75]. 
In the following, the origin of the PA and other related terms are elaborated to 
prepare a background for later analysis.  

 

3.2.1 Origin of architecture 

The origin of the term architecture and following concepts, i.e. loosely/tightly 
coupled, modularity, was first attributed to Simon’s work [76], architecture of 
complexity, in 1962. Simon [76] argued that a complex system theoretically constitutes 
of numerous parts that interact in a non-simple way. He elaborated that many 
complex systems are hierarchic evolving from simplicity. Hierarchic system points 
to a system that can be decomposed into interrelated subsystems, each of the 
latter being, in turn, hierarchic in structure until we reach some lowest level of 
elementary subsystem. He continued that a hierarchic system may have an 
important property, called near-decomposability. When a system in which the 
interactions among the subsystems are weak, but not negligible, is called nearly 
decomposable. Generally, the linkage among elements in a major part is stronger than 
inter-part linkages. Simon postulated that near-decomposability simplifies 
understanding, describing and explaining a complex system and its behaviour. 

Figure 10: Product development process [73] 



Literature review 

 

30 

 

Afterward, inspired by Simon’s approach to the systems, scholars have applied his 
ideas for describing and understanding other systems such as manufacturing 
system, product system and organization system [38].  

Later, in 1965, Starr [77] in his work, “Modular production: A new concept”, articulated 
that to achieve consumer's demand for maximum productive variety, it is required 
to attain capabilities to design and manufacture parts which can be combined in 
numerous ways. He called his proposed approach as "modular" or 
"combinatorial" productive capacities [77].  

In 1990, Orton and Weick [78] discussed two types of systems at the two ends of 
a spectrum: tightly coupled and loosely coupled systems. Grounded on 
Thompson´s idea [79] and later scholars’ idea, they defined tightly coupled systems as 
having responsive components that do not act independently, whereas loosely 
coupled systems have independent components that do not act responsively. They 
meant responsiveness while all components are undergone changes as a reaction 
to externally imposed changes. Simply, in loosely coupled systems only a set of 
distinct components need to be changed in response to changes while in tightly 
coupled ones almost all components are undergone the changes. 

Regardless of various titles for the same notion, Baldwin and Clark ( [80], [81]) 
claimed that practical knowledge of PA have been mainly adopted from the 
computer industry. They articulated that the term architecture was first proposed 
by the designers of the IBM System/360 in 1964. Also, the term design rule was 
first stated by Garver Mead and Lynn Gunway in Introduction to VLSI Systems 
(1980). The impressive architectural innovations of the famous company, Sun 
Microsystems, in the 1980s had practical lessons for other fields.  

Although the notion of PA emerged in the 1960s, the major efforts to study, 
define, explain of this concept started in the beginning 1990s and extended with 
the influential works of Ulrich and Tung [82], Ulrich [25], Sanchez (e.g. [27], [83]), 
Sanchez and Mahoney [84], Baldwin and Clark (e.g. [28]), Schilling [26], etc. In the 
following section, the concept of architecture in relation to product is more 
studied.  

3.2.2 Product architecture definition 

As mentioned above from the beginning of the 1990s scholar paid attention to 
study the concept of architecture in product design and investigate its implications 
for the firms. One of the most influential works belongs to Ulrich and Tung [82]. 
Ulrich is considered as one of the leading proponents of PA concept whose works 
alone or with associates (e.g. [82], [25], [85], [61], [73]) have gained a lot of 
attention from other scholars. Many scholars and researchers adopted his PA 
definition in their studies (i.e. [86], [30], [87]). Ulrich developed a form-function 
approach to PA [75]. From his perspective, a product has both functional and 
physical structures; each of them consists of smaller elements [73]. He defined PA 
as “the scheme by which the function of a product is allocated to physical components” [25].  

The other most influential works belong to Sanchez and his associates (e.g. [84], 
[38], [83], [80], [88], [89]).  Sanchez articulated that PA defines functional 
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components and their interfaces. Within engineering design, functional components 
are determined by decomposing a product's overall functionalities into a 
hierarchical system of interrelated functional components. Interfaces define the way 
these components are interacting and relating. 

Baldwin and Clark [28] in their high times cited study, “Managing in an age of 
modularity”, articulated that designers partition information into visible design rules 
and hidden design parameters. Baldwin and Clark defined visible design rules (or 
visible information) as decisions which are made early in a design process and 
communicated among involved parties. These decisions have substantial impacts 
on subsequent design decisions. Visible design rules are categorized into these 
three parts: architecture, interfaces and standards. Architecture determines the 
modules and their functions. Interfaces specify in detail how the modules will fit 
together, connect, communicate and generally interact with each other. Standards 
test and verify module conformity to the design rules and its performance relative 
to another. They highlighted that to make consistency with other scholars it is 
possible to simply use “the architecture” term instead of visible design rules. 

Other reviewed literature mostly adopted one of these definitions or just proposed 
a general and simple understanding of the PA concept. For instance, Newcomb et 
al. [90] grasped PA as a configuration and structure of a product which deciding 
on what components and subassemblies are in the product (simply, selecting 
modules) and how they are connected and arranged spatially (interface design). 
Fixson [91] considered PA as the fundamental structure and product layout. 
Schilling [26] and Worren et al. [92], in the way to define modularity, provided a 
meaning of the PA as a set of components with some “rules” governing the 
interrelationship of these components. 

In this study, we adopted Ulrich and Eppinger definition of PA as they mentioned 
in their book [73]. They defined PA as “the scheme by which the functional elements of the 
product are arranged into physical chunks and by which the chunks interact” [73]. Functional 
element, or simply function, is defined as the individual operations and 
transformation that contribute to the overall performance of the product. Physical 
element, or component, is considered as the parts, components, and subassemblies 
which implement assigned functions. Chunks are referred to major building blocks 
of a product. The composition of these building blocks (chunks) realizes the 
product. The physical elements/components are organized to form each chunk. 
More precisely and simply, PA determines [25]: (1) the arrangement of functional 
elements; (2) the mapping from functional elements to chunks and (3) the 
specification of the interfaces among interacting chunks.  

3.2.3 Product architecture typology 

According to Ulrich’s idea (e.g. [25], [73]), there are two types of architecture: 
integral and modular.  

Integral architecture (Intg.) exhibits a complex (non-one-to-one) mapping from 
functional elements to chunks, and/or coupled interfaces between chunks [25]. 
Precisely an integral architecture has at least one of these characteristics [73]: 
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functional elements of the product are performed by more than one chunk; a 
single chunk implements many functional elements; and the interactions between 
chunks are not well-defined and may be incidental to the primary functions of the 
products. Adopting the system approach of Simon [76], some authors applied the 
terms tightly coupled design to describe integral architecture (i.e. [83], [78], [93]). For 
instance, Sanchez [83] articulated that the traditional approach of designing aims 
at reaching an acceptable combination of performance and cost. Thus, this 
approach leads to an optimized and tightly integrated design structure which 
incorporates assemblies of interdependent functional components. This high 
degree of dependency implies that making a change in one component within an 
optimized PA typically triggers a chain of design changes in other components, 
each of which may cause changes in other component designs, and so on [38]. 
Similarly, Schilling [26] pointed to optimization and tight dependency of 
components in an integral architecture and maintained that for some integral 
products integrity in their architecture contributes them to achieve the 
functionality which is only attainable through optimizing each of the components 
to work with each other. She continued that high levels of synergistic specificity 
act as a strong force against the system's shifting to another design. In some 
literature integral architecture is simply considered as a design with strong 
interdependencies among chunks (i.e. [94], [95], [96]).  

The other type of the PA, according to Ulrich [25], is modular. In an ideally 
modular architecture (MA), each functional element of the product is implemented by 
exactly one physical chunk and interactions between the chunks are well-defined 
[97]. Ulrich and Eppinger [73] highlighted that modularity is the most important 
characteristics of the PA. Other scholars proposed various definition of modular 
architecture. Baldwin and Clark ( [28], [81]) defined the modular system as a 
composition of units (or modules) that are designed independently but still 
function as an integrated whole. They postulated that modular architecture 
enables consumers to mix and match elements to come up with a final product 
that suits their tastes and needs. Sanchez and Mahoney [84, p. 65] described 
modularity as a “special form of design which intentionally creates a high degree 
of independence or 'loose coupling' between component designs by standardizing 
component interface specifications” to create a flexible architecture which allows 
for a range of variations in components without requiring changes in the designs 
of other components. Schilling [26] expressed that modularity is a relative 
property of a general system which the extent of that depends on: the degree to 
which a system can be separated into components and recombined, the tightness 
of coupling between components, and the degree to which the mixing and 
matching of components is possible.  

Mikkola and Gassman [98] considered modular architecture as a set of modules 
with standardized and specified interfaces. This characteristic enables greater 
components substitutability and product variation. Newcomb et al. [99] postulated 
that modularity is the concept of decomposing a product into independent parts 
or modules which can be treated as logical units. They stated the way of 
organizing components into modules has impacts on the way it is assembled, 
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disassembled, serviced, and retired. Worren et al. [92] considered modular 
architecture as a composition of relatively independent parts with standard 
interfaces that define the inputs and outputs that flow between interacting 
components. Gershenson et al [75] proposed a form-process definition of 
modularity. They suggested three fundamental elements to modularity: the 
independence of a module’s components from external components, the similarity 
of components in a module with respect to their life-cycle processes, and the 
absence of similarities to external components. They stated that modularity is a 
relative concept which increases when a product contains a larger percentage of 
components or subassemblies that are modular, or contains components and 
subassemblies that are, on average, more modular.  

3.2.3.1 Module 

The common aspect of MA, even exists in integral architecture, is including the 
modules in the structure. There are various definition for module in literature such 
as: “a large group of components that are physically coherent as a subassembly, 
which often has standardized interfaces” [100], “the integral physical structures 
corresponding to specific product functions” [101], “a high number of 
components that have minimal dependencies upon and similarities to other 
components not in the module” [75], “a physically distinct portion of the product 
that embodies a core design concept and performs a well-defined function” [98], 
etc. Ulrich used the term chunk instead of module and defined them as major 
building blocks of a product which may consist of physical parts and components 
and implementing functional elements. Modules are classified in literature from 
different aspects. Based on the function, modules are classified as basic, auxiliary 
and adaptive ( [30], [75]). Basic modules perform main functions. Auxiliary modules 
implement complementary and task-specific functions. Adaptive modules execute 
functions required for adaptation to other systems.  

The other main concept in modularity is the interfaces which explain how modules 
interact with each other. To define interfaces, Sanchez [83] stated component 
(chunk) interactions generally are described by modules’ interfaces. The 
specifications of interfaces define the inputs and outputs that cross the interfaces 
between interacting components [84]. He identified seven interfaces between 
components within an architecture: physically attachment interfaces, spatial 
interfaces (relative positions), flow transfer (mechanical power, fluid, bit stream), 
control and communication interfaces, environmental interfaces (the generation of 
heat, magnetic fields, vibrations, corrosive vapours), ambient interfaces 
(temperature, humidity, elevation), and interfaces with users. Adopting from 
Pimmler and Eppinger [102], Sosa et al. [94] described four interactions types 
between two modules: spatial (orientation and physical adjacency), energy 
transferring, information or signal, and material.  

3.2.3.2 Modular architecture typology 

Ulrich ( [25], [73]) categorized MA into three types (figure 11): slot, bus, sectional. 
Although all these three types have a one-to-one mapping from functional 
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elements to chunks and well defined interfaces, the way of interactions among 
chunks are varied. 

In a Slot-modular architecture, interfaces among chunks are different, thus the various 
chunks in the product cannot be interchanged. He exemplified an automobile 
radio. Although radio performs just one function, its interface with front panel is 

different in comparison with speedometers and other instruments within the 
panel. The slot modular architecture is the most common one because for most 
products each chunk requires a different interface for interacting with the rest of 
the product. In a bus-modular architecture, there is a common bus to which the other 
chunks connect via the same type of interface. An expansion card for a personal 
computer is a sample of this modularity type. In a sectional modular architecture all 
interfaces are of the same type but, contrary to previous types, there is no single 
element to which all the other chunks attach. Some piping system and office 
partitioning have this architecture. 

As cited in some literature (i.e. [30], [75], [103]), Ulrich and Tung [82] categorized 
modularity based on the geometric configurations of the products from its 
modules into four types. Cited by [30] and [104], shown in figure 12, these 
categorizes are: component-swapping modularity which implies two or more 
components can be interchanged in a module to change the functionality of that 
module; fabricate to fit modularity which enhances product variants by changing a 
continuously variable feature; bus modularity in which module with two or more 
interfaces can be matched with any number of components selected from a 
combination of basic components, and sectional modularity by which product 
variants are achievable by mixing and matching in an arbitrary way from a set of 
components.  

 

3.2.4 Product architecture in practice 

As mentioned above, PA is classified into modular and integral. But in practice, 
products are rarely strictly modular or integral [81, p. 186]. Fixson [87] stated: “in the 

Figure 12: Typology of modularity proposed by [82]: from left to right, component-swapping, 
fabricate-to-fit, bus, and sectional modularity [30]. 

Figure 11: Modular typology [73] 
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product architecture domain, any product architecture at any given point in time 
can be represented by its location somewhere on the spectrum between modular and 
integral product architectures”. This means each product is more or less modular [73]. 
Thus, in most literature the level of modularity is addressed to describe the 
architecture of a product (i.e. [81], [28], [38], [26]). Modularity is a relative attribute 
( [25], [26], [75]) which indicates the PA location on the Fixson´s spectrum, 
between strictly integral (a structure of tightly coupled/highly dependent chunks) 
and strictly modular (a structure of loosely coupled/nearly decomposable/highly 
independent chunks) ( [25], [28], [84], [26], [87], [75]). Schilling [26] defined 
modularity as a concept describing the degree to which a system/product 
components can be separated and recombined, without destruction, and it refers 
both to the tightness of coupling between chunks and the degree to which the 
"rules" of the system architecture, mainly interfaces specifications, enable the 
components mixing and matching. Thus, modularity increases by both expanding 
the range of compatible chunks (increasing the range of possible product 
configurations) and by uncoupling integrated functions within chunks (making the 
product modular at a finer level) [26]. 
 

3.2.4.1 Measure and design modularity 

Since degree of modularity implies architecture of a product, many scholars have 
put effort to measure relative modularity ( [105], [106]). While modularity is 
conceptually common, the operationalization of its concept is difficult ( [87], 
[106]). Various approaches have been adopted in literature. For instance, 
Newcomb et al. [90] deployed multiplication of inter-module connections and the 
average correspondence between modules to measure modularity. Siddique and 
Rosen ( [107], [108]), cited by [105], suggested dividing the number of common 
interface components by the total number of interfaces both common and unique. 
Some scholars applied indirect measures through assessing consequences of 
modularity, i.e. the degree to which a customer can customize a product, or the 
degree to which a manufacturing process allows late differentiation [87]. Since 
measuring modularity is out of the scope of this research, we suggest Gershenson 
et al. [105] and Fixson [106] for reviewing different methods of measuring 
modularity. 

Many systems migrate toward increasing modularity; systems which were originally 
tightly coupled may be discomposed into loosely coupled chunks that may be 
mixed and matched, allowing much greater flexibility in end configurations [26]. A 
large body of literature in PA and modularity field discussed increasing modularity 
(called modularization) and proposed various methods. For instance, Marshall et 
al. [109] developed a Holonic Product Design (HPD) method. Pimmler and 
Eppinger [102] proposed a method consisting of decomposing the system into 
elements, documenting interactions between elements, and clustering the elements 
into chunks. Newcomb et al.’s [90], by means of graphical algorithm developed by 
Kusiak and Chow [110] disaggregated a product into block diagonal modules (in a 
component–component matrix). Gershenson et al. [105] conducted a literature 
review in the field of proposed modular design methods. They concluded that 
despite differences in methods, most of these methods are based on clustering 
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components into modules (chunks), using a modularity measure and requiring 
iterative efforts and quite a lot amount of information and calculation. Since 
designing modularity is out of scope of this research, we suggest Gershenson et al 
work [105] for further information in this field.  

3.2.5 Variety and product architecture 

One of the important factors for successfully competing in the market is the 
ability of a firm to offer a steady stream of new products [74]. The set of all 
products offered by a firm at any given point in time is called product portfolio [74]. 
From the marketing/sales view, the functional structure of product families 
determines a firm’s product line or product portfolio and thus is characterized by 
various sets of functional features for different market segment [86]. 

There are numerous drivers for variety such as rapidly evolving technologies, 
global competition, environmental and regulations constraints, perception of 
unmet needs, customers’ expectations, improving manufacturability, increasing 
cost and material of products, etc. which encourage diverse variety in offered 
products ( [111], [112], [113]).  Variety can be divided into two categories [74]: 
strategic variety which implies those varieties perceivable by customer and consists 
of variegation variety and differentiation variety; and tactical variety which refers to 
variety which is not understood by customers. Variegation variety refers to 
differences between all products offered by company; while differentiation variety 
makes differences between products of one company with their competitors in the 
market [86]. Variegation variety is divided into spatial variety and generational 
variety. Spatial variety makes differences among current product of a firm’s 
portfolio while generational variety implies differences among products of one firm 
from different generation.  

Tactical variety is not perceived by customers but imposed by a firm for some 
reasons, such as component packaging constraints, incorporating new technology, 
and changing in design team approach [74]. Offered variety may affect 
competitive position of firms in market ( [25], [38], [112]). It also leads to lower 
performance in operations such as higher direct manufacturing cost, increasing 
inventory level, more overhead costs and increasing delivery time [30]. Due to the 
profound effects of variety, it is required to manage variety [111]. Variety 
management requires a set of important decision making focusing on how to 
create variety and how to implement it [112]. One of the main aspects of variety 
creation decisions is related to PA [112] which has a lot of implications for variety 
( [25], [38], [74], [73]). PA is a major determinant of how a firm can differentiate 
and variegate its products [98].  

The architecture of products implies chunk-function allocation and the interface 
intensity (degree of loosely/tightly interdependence among chunks) [91]. If the 
dependency among chunks are tight, a change in one chunks initiate a chain of 
changes in others which leads to consuming lots of time, engineering sources, 
costs, etc. This may make obsolete a great number of available parts, components 
and chunks from previous versions. In addition, it may require a thoroughly new 
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production/assembly processes, suppliers, etc. which impose large investment and 
changes in whole organization [38]. On the other hand, choosing appropriate 
architecture, with proper component-function allocations and the degree of 
dependency, may bring flexibility, and saving in cost and time ( [25], [26], [38]). 
MA can be exploited be achieve efficient variety, highlighted by a large body of 
literature (i.e. [25], [26], [38], [112], [74]). In the following, the relationship of PA 
and variety is elaborated. 

In a product portfolio, we can define product family architecture according to the 
PA. Martin and Ishii [86] argued that developing product family architecture 
enables realizing new products with minimum changes and based on current 
design efforts. Products in a family have the same “core set” of shared components, 
often referred to as the platform [74], yet possess specific features/functionality to 
meet particular customer requirements [111]. Precisely, the Product Family 
Architecture (PFA) is “a common arrangement of elements, common mapping 
between function and structure, and common interactions among components” 
[86, p. 214]. To put it simply, the architecture of product family determines: what 
are common (core set), what are different among family members, and 
mechanisms with which some product variants can be derived [111]. Each 
individual product within a product family is called a product variant [111]. The 
architecture of the family and its member (product variant) consists of three 
elements as shown in figure 13 [111]: first, common bases which imply the certain 
shared elements within a product family in form of common features/functions 
(marketing/sales perspective) or common components/chunks (design 
engineering perspective); second, differentiation enablers which refer to basic 
elements making products different from each other; and configuration mechanism 
defines the rules for product variant derivation to make combination feasible and 
allowed from technical aspects. 

 

The common base enables commonality [111] which in turn has a lot of 
implications for the firm. The differentiation enablers (E1 to En) are manifested 

Figure 13: The architecture of a product family [111] 



Literature review 

 

38 

 

in form of optional/selectable features or accessories offered to customers and 
serve variety. The configuration rules are referred to determining interfaces and 
the degree of intensity. The combination of the common bases and variant 
enablers, in compatible with configuration mechanism, results in a range of 
products (V1 to Vn), each satisfying a group of customers or a market segment. 
As it is shown in the figure 13 a product variant can be considered as at least two 
modules/chunks. However, common base, per se, can be a set of 
modules/chunks with different degrees of dependency.  

This architecture of variety creation results in many cost and time saving ( [111], 
[86]). These benefits mainly stems from using separating design into 
core/generic/common part and frequently changing parts (variant parts) ( [114], 
[32]). As shown in figure 14, the core part (consisting of chunks 1-3) is common 
in three products. By adding different variant parts to core part, it is possible to 
create three different products. Accordingly, many firms develop module-based 
strategy, in which the changes in products confining to a limited components 
without any need to change other part ( [98], [74]). In this way, changes in 
components due to technology advancements or customers’ need, is incorporated 
efficiently and rapidly ( [38], [74]). 

 

 

The reusing of these common bases in product line or across different generations 
leads to large saving in time, cost, resources and effort. The impacts of using these 
common bases, called commonality, will be discussed further in next section.  

The family PA leverages modularity and commonality for providing flexibility 
required for variety [111]. This flexibility in creating variety is also emphasized by 
other scholars (i.e. [38], [25], [112]). Three basic variety operators enabled by 
modularity are attachment/remove, swapping, and scaling [111], as shown in 
figure 15. The attachment occurs when a specific components/chunks carrying out 
certain additional functions are added or attached to common bases (core part) to 
create a new family member (product variant). For instance, through adding part 
C to product (1), in figure 15, new product (product 3) is created. In opposite, the 
removal happens when certain components/chunks are removed. Swapping is 

Figure 14: Achieving variety by separating design 
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accompanied by changing specific components/chunks with another set. Scaling is 
considered as certain operational parameter of the product or a module can be 
changed from one level to higher/lower levels.  

The degree of flexibility is related to mapping function to chunks and the 
interfaces.  By establishing one-to-one mapping between each optional function 
and chunks, it is possible for customers to select a bundle of features ( [38], [25]). 
Substituting certain chunks/components and reusing other common parts across 
different products results in economies of scale in common parts [93].   

3.2.5.1 Commonality and product architecture 

The first time commonality was pointed out by Rutenberg ( [115], [116]) with the 
aim of decreasing inventory costs [88]. He noticed that designing a product with 
common modules could be beneficial for fulfilling demands in different market 
segments [88]. Also Ulrich defined commonality as a strategy in which same 
physical components are shared in different versions of the product [73]. Figure 
16, adopted from [104] exhibits the concept of commonality. In this figure 
product (1) consists of 5 chunks (A, B, C, D, and E). Similarly, product (2) 
consists of 5 chunks (A, B, F, G, and H). Two products (1) and (2) have two 
common chunks, A and B. By considering the total number of chunks (5), they 

Figure 15: Variety Creation (adopted from [111]) 
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have 20% commonality. Products (2) and (3) have four common chunks (A, B, F, 
and G). 

In the reviewed literature MA is considered as a main supporter of commonality ( 
[117], [83]). Commonality within products increases by a product family based 
design [117]. Common bases in figure 13 can be considered as part of 
commonality. Commonality enables reusing common chunks/parts across various 
versions which in turn causes:  

 lower design costs, time and efforts due to less number of new parts for 

developing (i.e. [98], [84], [92], [91], [118]);  

 low costs of development, production, purchasing, inventory because of 

economies of scale ( [98], [93], [32]);  

 reduce complexity in design, inventory, logistics and production due to less 

variety ( [75], [114]);  

 increasing quality rooted in reusing retested parts, cumulative knowledge 

gained before [38]; 

 reduction of bullwhip and better forecast due to aggregation of common 

part and lead time reduction [114]; 

 risk pooling [119], etc.  

The main challenge of commonality is the trade-off between commonality and 
distinctiveness ( [25], [98], [106]). Overusing of modularity with the intention of 
commonality decreases the distinctiveness of product. Accordingly, it declines the 
desire of high segment of market [88]. In addition, Fixson [106] pointed that 
increasing the amount of common components is very difficult in a real situation 
due to lack of downstream information.  

 

3.2.5.2 Product platform 

A platform is defined as a collection of assets (components, processes, knowledge, 
people and relationships) that are shared by a set of products [85]. The product 

Figure 16: Commonality-Adopted from [104] 
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platform is a fundamental for making differentiation within several products while 
they share many of their common components [73]. Du et al. [111] explained 
product platform and product family from marketing viewpoint. They cited that 
all product variants, within a platform, share some common structures and/or 
common technologies. 

Main implication of platform is flexibility [74]. Watanabe and Ane [120] articulated 
that MA offers flexibility in three levels: operational, strategic and structural. 
Operational flexibility occurs when one model has variant modules. Strategic flexibility 
is achieved when one platform provides various models. As an example, for the 
majority of automobiles manufacturers the ratio of model to platform is 1 for 
commercial automobiles and 3 for passenger car [100] . Structural flexibility is 
realized when a firm offers customized models. Mikkola and Skjott-Larsen [37] 
asserted that a common product platform is essential for achieving customization 
in a product. They mentioned Volkswagen as an example that uses a common 
platform to create various products. By applying a common platform, a 
manufacturer could get benefit of product variations such as higher productivity 
and reduction in product development time [37]. A research in automotive 
industry exhibited this fact that platform strategy results in lead time reduction, 
more simplification, productivity and globally joint venturing [100].  Also, product 
platform enables re-using of lost or not shared knowledge of people who may 
leave the company or development team [74].  

MA as one type of PA enables commonality in product platform [85]. Huang et al. 
[119] suggested that commonality within platform engenders inventory cost 
reduction across supply chain. It also enables assembly-to-order efficiently without 
increasing time-to-market [119]. Although, another research in automotive 
platform argued that the marginal cost reduction and time saving of modularity in 
automotive platform is not significant because most cost is related to developing 
platform itself [100]. In a general approach, Yassine and Wissmann [74] suggested 
that if a firm seeks for long term benefits, it should accept the more required time 
and costs of developing a platform. Otherwise, integral architecture is better for 
short term benefit seekers.  

Product platform design is a sub-problem of designing PA which may bring 
additional complexity [74]. In spite of these benefits, there is always a trade-off 
between commonality and uniqueness which make its planning complicated [73]. 
These complications and challenges in designing platform are [74]: determining 
degree of flexibility and distinctiveness of platform to meet future needs, and 
appropriate level of commonality to maintain required quality. 
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4  Analysis  

In this chapter, we analyse the collected data from two literature review parts, AM and PA 
fields, in order to identify overlaps and linkages between these streams of science. 

 

In the literature review chapter, a number of the most influential studies in AM 
field were reviewed in order to provide an in-depth understanding of AM 
concepts and its main dimensions. In this regard, various definitions and models 
of AM were mentioned. In parallel with AM, in literature review chapter, we went 
through a considerable number of influential works in PA field to develop an 
intensive understanding of PA concept. In addition, we extracted a list of PA 
impacts on manufacturing firm which were highlighted by these reviewed studies 
(Appendix 1). 

In this chapter, one of AM models which mostly support this research purpose 
will be selected. The reasons for this selection are elaborated in the following 
section. Afterwards, it is analysed that how PA might enhance/hinder agility in 
manufacturing firms.  

 

4.1 Selecting agile manufacturing model 

As it is explained in the literature review chapter, there are various models 
suggested by authors. The first reviewed model in this report belongs to Youssef 
[1]. Although his model (figure 3) illustrates main key words that are also cited in 
other literature, he did not explained further how he developed his model and in 
which way the components of his model are related and interacting with each 
other. In the second model (figure 4), it is perceived that Gunasekaran considered 
an agile manufacturer as a physically distributed firm which needs to be integrated 
and managed effectively by appropriate technologies, so that the system is able to 
adapt to volatile market conditions ( [3], [2], [15]). His models mostly focus on 
categorizing techniques/tools/strategies in major areas without explaining the 
interactions among its constituents and how agility appears.  

The next model (figure 7) was proposed by Yusuf et al. [4]. Despite their claim, it 
is difficult to adopt a practical methodology for achieving agility from their 
framework since their model only highlighted some general key words. The fourth 
AM model (figure 8) was developed by Sharp et al. [5]. This model seems to 
describe a collection of enablers, tools and techniques without describing the 
agility mechanism in relation to business environment. 

After analysing various AM models, we adopted Sharifi and Zhang model (figure 
9) has some advantages in comparison with others, as follow: 

First, the rationale behind their model explains the interaction among its main 
constituents (drivers, strategy, capabilities, and providers) more clearly. While in 
others’ models, it is not clear in which way the main components of the models 
are interrelated and interact with each other.  
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The clearance in mechanism of interacting components in Sharif and Zhang 
model leads in this fact that their model facilitates developing a practical and step-
by-step methodology for firms, as they proposed [6], while, others do not provide 
a start-to-end process for moving toward agility. 

In addition, this model elaborates the interactions of a firm and interior 
components with its business environment. Also, they paid attention to various 
aspects of a manufacturing organization by defining five “major areas of 
manufacturing environment” (organization, technology, people, innovation and 
information) in the way to agility. For instance, the flexibility could occur in 
organization, technology, people and information system.  

Sharif and Zhang remarked this fact that each manufacturing firm requires 
different degree of agility, which called “agility need level”. This need level is 
dependent on types, level of changes impacts, industry sector and type of 
company. This various levels come from this fact that agility is not the best 
response to every environment. For instance in a stable environment, the lean 
manufacturers would surpass agile ones [11]. Hence, they did not prescribe the 
same solution for all companies. On the other hand, most authors such as 
Gunasekaran [2] (figure 4, 5), Yusuf et al. [4](figure 6), and Sharp et al. [5] (figure 
8) recommended and emphasized on specific methods/tools, say virtual enterprise, 
in their model while Sharifi and Zhang suggested choosing appropriate providers 
by considering agility strategy, without emphasis on specific tools/approach. 
Therefore, their rationale seems to be more general, regardless the company status 
and time.  

Also, their capabilities classification in the major categories (customer focus, 
proactiveness, responsiveness, competency, flexibility, speed and partnership) is in 
line with many AM definitions and characteristics (see table 1) as proposed by 
various literature. 

Finally, their agility strategy taxonomy (proactive, quick and responsive) based on 
market situation and product characteristics contribute manufacturing firms to 
identify the suitable strategy for them and prioritize agility capabilities. In addition, 
many components of other AM models could be considered as agility providers. 
For instance, Sharifi and Zhang assumed that concurrent engineering, virtual 
enterprise and mass customization are business practices which are a part of agility 
providers. 

4.1.1 Achieving agility 

According to Sharifi and Zhang model, agile manufacturers should attain/enhance 
a set of appropriate agility capabilities. Thus, we identify agility capabilities 
according to reviewed literature. In line with the model, we classify these 
capabilities in the same seven major groups, as follow:  

Proactiveness is cited as one AM capabilities (e.g., [17], [15], [67]). It is defined as 
manufacturing firm capabilities to act proactively instead of reactively [67]. A 
proactive firm has these characteristics: continuously tendency to initiate change, 
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continuously seeking for new business opportunity, and commit to new 
technology [121]. 

Customer focus is emphasized as the one of the agility capabilities (e.g., [3], [8], 
[23], [40]). It is described as the capability of an organization to have a strong 
focus on customers [67]. Identifying customer’s requirements [11], satisfying 
individual needs of customers ( [2], [4]), offering higher level of service (e.g., [22], 
[23]) and other requirements for high quality, low cost and fast deliver are pointed 
out under this title. 

Responsiveness is the capability of an organization to sense, perceive and detect 
changes in due time and respond properly ( [8], [67]). This capability is realized 
when a firm is able to use market knowledge [68], sense of change [7], make 
proper decision in response and have strategic vision.  

Flexibility is the capability to implement different tasks and/or attain different 
objectives with the same resources/facilities. This ability is considered in two 
product model/configuration flexibility, and/or product volume flexibility ( [11], 
[19]).  To realize flexibility, it is necessary to have flexible product design [11], 
flexible production technology [3] and flexible supply chain [15]. 

Quickness is the capability to perform tasks rapidly. Youssef [1] stated that agile 
companies must reduce all cycle times, i.e. design/develop cycle and 
manufacturing cycle to reduce time-to-market. An agile manufacture seeks for 
rapid product design with the ability to switch over to new product fast ( [3], [4], 
[20]). It is also required to introduce new product to market rapidly and deliver 
orders as fast as possible ( [2], [24]). In general, it is essential to reduce cycle time 
of all operations [1].  

Competency is the capability to produce high quality products efficiently and 
deliver them on time and innovate [3].  It consists of ability to provide high quality 
product, with lower cost, and in short time ( [3], [9]). The quality can be measured 
as conformance and performance [67]. Regarding low cost, agile manufacturers 
are not good at cost in comparison to the lean firm; thereby if a company seeks 
for cost-leadership strategy, lean approach is better than agile [19]. As a newer 
competitiveness, it is necessary that companies care environment issues ( [20], [2]). 
Last but not least, an AM organization must be innovative [4], [67]).  

Partnership is the capability to make relationship and cooperate with suppliers 
and partners [67]. It is necessary for an agile manufacturer to cooperate with 
suppliers and other firms to increase its competitive advantages, i.e. quickness [1], 
[11]. Virtual enterprise is suggested as one business practices for agility ( [3], [4], 
[20]). Partnership requires core competence management. It is highlighted that a 
firm needs to manage its core competence to be successful in partnership [4]. It is 
also suggested that competences outside the core competencies must be acquired 
through alliance [11]. For instance, Xerox lends some of its employees to its 
partner. Yusuf et al. [4] explained that core competence is incorporated in product 
and/or employees and can be insourced through partnership with alliances or 
even competitors. They exemplified Chrysler which gave away engine design 
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responsibility in 1980s because of weakly core competence management. Also, 
partnership seeks for the ability to collaborate and cooperate effectively and 
efficiently ( [2], [20]). This capability is emphasized by many authors (e.g., [3]). 
Gunasekaran [3] elaborated that temporary partnership, based on core 
competencies of firms improves the flexibility and responsiveness of an 
organization. Collaboration makes it essential that an organization is capable to 
share Information ( [3], [20]). In order to benefit from partnership and achieve 
competitive advantages, an agile manufacturer must be capable to form 
partnership rapidly ( [3], [4]). This capability enables a firm to benefit from short 
term opportunities in the market [2]. A manufacturer must be capable to manage 
supply chain to attain agility and exploit competences of its supply chain ( [4], 
[15]). A supply chain is a network of companies aiming at delivery product from 
raw material to end customers [3]. 

Table 2 exhibits a summary of the agility capabilities. In this table, the extracted 
capabilities during reviewing literature are categorized under seven major groups. 
For instance, as shown in table 2, flexibility as a major capability of AM implies 
flexible product design, flexible production technology, flexible organization and 
flexible supply chain.  On the way toward agility, it is important for a 
manufacturing organization to enhance/acquire a set of these capabilities, based 
on agility strategy, to be able to survive and take advantages from unpredictable 
changes and uncertainty ( [67], [6]). 
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4.2 Impacts of product architecture on firm’s agility 

As it is explained above, to enhance manufacturing firm agility, it is necessary to 
achieve/elevate agility capabilities. In the following, it is analysed that how PA 
impacts support/impede agility capabilities. This implies this fact that whenever 
PA empowers agility capabilities, the manufacturing firm achieves higher level of 
agility.  

Major 
Category 

Capabilities 
Major 

Category 
Capabilities 

Proactiveness 

 Tendency to initiate change 

 Continuously seeking for new 

business opportunity 

 Commitment to new 

technology 

 

Customer Focus 

 Identifying customer 

requirements 

 Satisfying individual needs of 

customers  

 Offering higher level of service 

 Other requirements for high 

quality, low cost and fast deliver 

Responsiveness 

 Use of market knowledge 

 Sense of change   

 Rapid decision making on 

response 

 Strategic vision 

Flexibility 

 Flexible product design 

/development 

 Flexible manufacturing 

technology 

 Flexible organization 

 Flexible supply chain 

Quickness 

 Rapid product 

design/development 

 Rapid manufacturing cycles 

 Rapid operation implementation 
Competency 

 High quality 

 Low cost 

 Fast delivery 

 Environment careful 

 Innovative 

Partnership 

 Core competence management 

 Capable to collaboration and 

cooperation 

 Capable to share Information 

 Rapid partnership formation 

 Capable to manage supply chain 

  

  

  

  

  

Table 2: Identified agility capabilities from reviewed literature ( [4], [20], [1], [3], [15], [2], [6], [22], [23], [40], [24], 
[8], [3], [21], [5], [9], [72], [17], [11], [16]) 
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4.2.1 Proactiveness and product architecture 

Proactiveness is the capability of an agile manufacturer to act proactively instead 
of reactively [67]. A proactive firm is continuously looking for new business 
opportunity, ready to initiate change and has commitment to new technology 
[121]. PA can be exploited by firms to be proactive in the market. For instance, 
Sony leveraged PA to create low cost variety in Walkman in the 1990s. This wide 
variety saturated the market and left almost no opportunities for its competitors 
[83].  MA in form of platform and PA strategy enables further changes in 
products efficiently [111], thereby supports the proactive behaviour. Also, MA 
makes more advantages from lead users’ involvement [25]. The ability of lead 
users in articulating emerging needs, and even solutions, a head of market 
supports proactiveness [73].  

MA, by defining standard interfaces, enables customers to mix-match modules 
according to their individual preferences [83]. Thus, it supports more market 
segmentation based on more number of modules. Also, the rate of sold modules 
reflects more information of market tastes. Intensive market segmentation in 
addition to collecting detailed information of market preferences, which are 
realized by MA contribute a firm to discover most beneficial opportunities of 
market ( [83], [38]). Also, a proactive company always is exposed to the risk of 
new technology failure (due to limited knowledge and uncertainty) and/or not 
being welcomed by customers. Modularity leveraging commonality could reduce 
this risk by confining the changes/initiatives into specific components [83]. On 
the other hand, integral architecture requires significant effort for any changes 
[38]. Since the commonality degree in integral architecture is low and significant 
efforts are required for change [26], it increases the failure costs of not proven 
technology or market rejection [83]. Despite these points, a proactive organization 
must pay attention to this fact that integral architecture reduces the risk of 
imitation [96] and encourages radical innovations [34]. 

 

4.2.2 Customer focus and product architecture 

An agile manufacturer should be able to focus on the customers’ needs and satisfy 
them (e.g. [3], [8], [23], [40]). To reach this capability, an agile firm must be able to 
identify customer requirements [11], satisfy individual needs of customers (e.g. [2], 
[4]), offer higher level of service (e.g. [22], [23]) and consider basic requirements for 
high quality, low cost and fast delivery. Literature underlined a number of PA 
effects on this agility capability. 

Sanchez [83] argued that MA can intensify market segmentation by means of 
offering more variety. This fact results in more compatibility between offered 
products and customers’ needs [38]. The widely offered variety also brings in 
more and detailed information from market based on sales amount [83]. Efficient 
and rapid variety enables companies to use conceptual models and real-time 
market research to precisely understand customers’ reactions [38]. Also, MA 
facilitates using from lead users [25]. 
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MA leveraging platform strategy, commonality and PFA enable rapid variety with 
low cost [111]. Also, MA encourages mass customization [37] and mix-match 
variety [38]. This variety provides more opportunities for customers. Mix-match 
variety transfers the control of variety from producer to customers to choose 
from a set of opportunities [109]. In comparison with MA, an integral product 
with tightly coupled structure does not accommodate changes without significant 
changes [84].  

MA with its loosely coupled structure enables that independent chunks are tested 
separately to detect defective ones [114]. This MA characteristic reduces and 
simplifies the process of repair. Even customers themselves may be able to do 
self-diagnosis by substituting defective parts [38]. The commonality, supported by 
MA, reduces variety in parts and decreases safety level of inventory while the 
service level is not changed ( [98], [106]). PA may increase the use-life of a product 
by embedding ability to upgrade, adapt, and replace (due to consume or wear and 
special purpose) [25]. In a similar way, it is possible to match a modular product 
with special local requirements (localizing) [122].  In this way, an agile company is 
enabled to provide higher service. 

The customers often seek for high quality product, with low cost in shorter time, 
thus an agile firm should meet these expectations [67]. The impact of PA on 
quality, cost and delivery are discussed later in competency part. 

4.2.3 Responsiveness and product architecture 

Responsiveness is the capability of an agile manufacturer to identify and respond 
to changes [67]. This capability requires an organization has the abilities to: sense 
and anticipate changes in business environment, use from market knowledge [6], 
rapidly and effectively make decisions how to respond to changes [17] and 
develop appropriate strategic vision [2]. In this part, the PA impacts on each of 
these sub capabilities are discussed. 

An AM firm should use market knowledge to be able to satisfy customers ( [68], [4]). 
In agile era, manufacturers should leave the mass production and move toward 
producing for more market segments and ideally, individually customized 
production [11].  MA enables real time market research, instead of traditional 
marketing, to be informed about customers’ requirements more effectively [38]. 
To satisfy individuals, first it is necessary to identify preferences of different 
segments of market [80].  MA empowers a firm to divide market into more 
segments and compete in more segments by means of efficiently realizing variety 
[83]. The rate of sales of variants in each segment reflects the preferences of each 
segment [83]. Applying information technology advancements (e.g., POS, RFID), 
enhances the ability of a company to monitor the market at the real time [83]. 
Also, MA uses more from lead users due to easiness of incorporating changes and 
simplicity of structure [25]. This valuable information can be a ground work for 
further analysis for a firm to stay responsiveness. 

AM requires to be able to sense, perceive and anticipate changes in the business 
environment in time [7]. As mentioned above, the sales information can 
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contribute to monitor and detect changes in marketplace within a MA faster, even 
real time if supported by appropriate information technology. In addition, using of 
antenna shops, such as the experience of Sony Shops and Nike Towns, empowers 
companies to detect the changes in trend setting cities ( [38]). The application of 
antenna shops is realized by efficient-cost variety and producing by MA [83]. 

PA affects the decision making processes. MA, supported by appropriate IT system, 
provides the management with wide and detailed information of market. This 
information even could be real time. Also, MA reduces lead time of product 
development, manufacturing, etc. ( [25], [26]). The lead time reduction, in turn, 
reduces the time horizon of forecast and promotes better forecast [123].  The 
other contribution of modularity is to enable aggregating of demands risk pooling 
effect), through commonality, which reduces failure of forecast ( [106], [114]). 

Sharifi and Zhang [7] articulated that managers in an AM organization must have 
strategic vision. Wilson [124] discussed this fact that a strategic vision gives a future 
picture of an organization and has six elements need to be determined: business 
scope, business scale, product/market focus, competitive focus, images and 
relationship, and organization and culture. In general strategic vision implies long 
term approach. Modular support long term approaches by supporting and 
enabling platform and product family architecture. MA empowers intensive 
market segmentation [83] which identifies required focus of each segment. MA 
affects the relationship between company and its supplier and facilitates strategic 
alliances for future, due to developed interfaces [37]. 

 

4.2.4 Flexibility and product architecture 

Flexibility is cited as one of agile organization characteristics (e.g. [8], [3], [16]). 
Flexibility is defined as the ability of a system to offer variety with the same 
resources. This flexibility could be realized in product, technology (i.e. production 
system), organization (structure and people), and supply chain (suppliers and 
distributors). Based on a wide literature review, it is analysed how PA impacts 
flexibility in these main areas.  

MA enables separating product design into generic part and changing parts [32]. 
While changing parts are undergone changes frequently, the generic parts remain 
unchanged [114]. By specifying interfaces, it is possible to create variety efficiently 
and rapidly by attaching/removing/swapping/scaling frequently changing parts to 
generic parts ( [111], [83]). In doing so, MA supports accommodating changes in 
market and technology by confining them into specific modules, called module-
based strategy [75]. This strategy reduces the risk of not being accepted by market 
through confining change into limited components. In a similar way, MA strongly 
encourages platform strategy and product family architecture ( [86], [111]). These 
two enable a company to offer a wide range of variety more efficiently ( [86], [30], 
[111], [112]). This efficient variety is realized by developing new generations by 
means of imposing few changes in previous versions [38]. MA enables customers 
to select a bundle of functional variants with low cost, less time and wide range 
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diversity. MA positively supports physically distributed manufacturing, mass 
customization and outsourcing ( [125], [104], [100]) which are highly emphasized 
in AM literature. In addition, overusing of modularity may impose strict structure 
on product which decreases flexibility [126]. Integral architecture, on the other 
hand, is composed of highly interdependent parts which results in this fact that 
any changes in one part initiates a chain of significant changes ( [38], [25]).  MA 
positively supports outsourcing of product design [98]. 

MA increases rate of new product introduction and enriches product portfolio 
[74]. Moreover, it enables competing in various segments of market by efficient 
variety [38]. On the other hand, modularity may decline distinctiveness which may 
cause similarity cannibalization [74].  In using MA, there is a trade-off between 
economies of scale (by commonality) and variety/distinctiveness ( [25], [98], 
[127]). 

As most literature emphasizes, AM should have a flexible production system 
which is capable of providing a wide range of products with reasonable cost in 
small batches (e.g. [11], [15]). The manufacturing system must be able to tolerate 
the fluctuation in demand. PA can be exploited to enable a manufacturing system 
to provide various products and react to changes required for competitiveness. 

MA supports application of commonality and economies of scale for generic parts 
in production within the available production technology [120] and reducing 
processes variety [128]. Through specifying interfaces with generic part, it is 
possible to produce a diversity of products just by combining generic and variant 
parts together ( [86], [30]). Consequently, MA enhances flexibility in 
manufacturing through facilitating commonality, platform and product family 
architecture effectively and efficiently ( [129], [109], [33], [32]). MA enables build-
to-order ( [130], [33]) and strongly supports mass customization through delayed 
differentiation ( [37], [131]). MA enriches modular processes [39] which can be re-
arranged to enhance productivity and decrease lead time [109].  MA reduces 
production complexity [96] since commonality limits modules variety [33]. MA 
supports outsourcing chunks/modules (especially non-critical) instead of 
outsourcing smaller components. Therefore, it engenders reduction of in-house 
activities [132]. Physically distributed production is strongly encouraged by MA 
[119]. In general, MA by means of lead time reduction and efficient variety, 
increase agility in manufacturing which is empirically investigated and highlighted 
by several authors ( [133], [120], [134], [129], [135]). In contrast, Sanchez [83] 
articulated that any change in a product with integral and highly coupled parts is 
always accompanied with a series of changes which consequently might require 
alterations in manufacturing process.  

As mentioned in the beginning of this study, because of new business and 
competition environment, firms must respond more quickly than before to 
technological and market changes. Thus, they are introducing new and/or 
upgraded products more frequently [38]. Gunasekaran and Yusuf [24] pointed out 
this fact that a flexible organization should use these following strategies: Group 
Technology (GT), manufacturing cells and concurrent engineering. Sanchez [38] 
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described that the ability of the firm to benefits from a flexible product 
technology depends on the flexibility of the development resources product 
design capability. On the other hand, in PA articles it is mentioned that product 
with modular architecture leads to modularity and flexibility in processes and 
structures of organization ( [84], [26], [136]). MA is adoptable in decentralized 
decision making where decisions are made through different levels. This 
decentralized decision making ability enables an organization to adapt itself to 
different structures which results in better performance [137].  

MA generates modular knowledge which causes tasks specialization and 
organizational barriers [126]. In this regard, Ulrich [25] also noted that although 
MA allows tasks are accomplished in parallel, it generates more organizational 
barriers due to more bureaucracy among product development teams. On the 
other hand, integral product architecture is more effective in organizational barrier 
( [136], [25], [126]). Also, integral architecture is best suited for organizations with 
vertical integration structure [138]. The lack of compatibility between design 
organization and PA negatively affects product quality [139]. 

MA is crucial for reaching to flexibility in products, supply chains and information 
system [28]. In this regards, it is described that a flexible SC is achievable through 
involving suppliers in the early phases of product development. This early 
involvement might improve flexibility by means of MA and enable a supply chain 
to rapidly produce a variety of products [140]. Besides, Nepal et al. [125] pointed 
out MA brings more flexibility and cost saving in supply chain. Moreover, Ulku 
and Schmidt [138] postulated that MA supports quick partnership through 
decoupling standard interfaces. Moreover, manufacturing ability for being re-
configurable and producing diverse products is mentioned as basic required AM’s 
capability ( [4], [11]). 

4.2.5 Quickness and product architecture 

Agile manufacturers are first fast operator [67]. As Youssef emphasized for 
achieving speed, an agile manufacturer should reduce the cycle times of all 
activities such as product design/develop, manufacturing and other operations 
simultaneously.  In line with his idea, this capability is subdivided into quickness in 
these three classifications: product development, production (production and 
delivery) and other operational execution. In the following the influences of PA 
on quickness is explained.  

As it stated before, PA is a phase of product design which has wide implication 
for its successive activities [25]. MA as a set of loosely coupled chunks enables 
concurrent designing, prototyping and testing [31]. This concurrency in 
implementing tasks result in decreasing time while high degree of dependencies 
among parts in integral designs inhibit this concurrently operating [26]. MA 
simplifies complexity by decomposing a product into subsystem which supports 
fast developing [91]. Meanwhile it may increase complexity by difficulty in 
defining interfaces and excessive alternatives [126]. Also, MA may augment 
development time due to occurring errors in final test and integration. These 
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errors which are rooted in ignored dependencies [132]. A modular structure often 
has more parts and interfaces thus need more time and effort to be developed 
[75].  

MA decreases development time for next generation due to enabling platform, 
commonality and product family architecture ( [38], [111], [100]). MA encourages 
confining and limiting changes into specific components [83]. Thus, fewer 
components need to be developed/designed/tested for next versions. In similar 
way, M causes rapidly technology incorporating through delimiting changes into 
specific components [38]. On the other hand, an integral product requires smaller 
team [74] and closer collaboration of designers and development team [87]leads to 
less bureaucracy among team members [25]. These properties lead to consuming 
less time to solve problems. In contrast, any changes a part of product to develop 
next version, may require other changes.  

AM seeks for rapid production. In line with this target, MA strongly supports lead 
time of production. One way is concurrency in operations. Similar to product 
development, a loosely coupled structure of product enables concurrent 
production and assembly ( [26], [109]). It might be also possible to re-arrange 
sequences of operations in order to lead time reduction, waiting time, productivity 
and utilization of machine, as postulated by ( [129], [109]). MA promotes 
commonality, thereby the number of set-ups and change-overs decline ( [106], 
[129]). MA contributes production system to offer variety in small size batches. 
This ability is attained by means of commonality in generic part with easily and 
rapidly adding variant parts to generic one ( [32], [120]). MA encourages physically 
distributed production and outsourcing strategy which lead to concurrency in 
production ( [83], [119]).  

As it is elaborated before, MA generally enables concurrency in performing 
operations. Thus, it leads to saving time. On the other hand, MA creates 
organizational boundaries thereby organizational barriers are enhanced along these 
barriers [25]. These barriers make cross-department activities more slowly and 
amplify bureaucracy in cross-department operations [25]. 

4.2.6 Competency and product architecture 

An agile manufacturer should be a competent operator in the competitive market 
which implies having ability to exhibit basic business requirements [67]. Based on 
our reviewed literature in AM, these basic capabilities are being: being customer 
oriented, innovative, high quality (both performance and conformance), low cost, 
fast delivery and environmental caring. In this section it is analysed how these 
competencies are affected by PA.  

In AM articles (i.e. [9], [4]), it is acknowledged that an innovative organization is a 
mandatory characteristic for the AM. This could reveal that PA regardless of its 
architecture’s type would elevate agility in manufacturing as an influential 
capability. PA (both, modular and integral architecture) strongly effects innovation 
(i.e. [34], [25], [141], [142], [126], [83]). MA with its features such as upgradeability, 
commonality and mix-matching accelerates innovation in module, in doing so it 
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supports incremental innovation [34]. Also MA encourages inter-organizational 
learning due to suppliers and buyers interdependency to define interface ( [143], 
[89]). In spite of the positive impacts of modularity on incremental innovation and 
inter-organizational learning, it results in weak knowledge sharing due to less 
coordination [34]. On the other hand, integral architecture is more effective in 
tackling organizational barriers, enhancing knowledge sharing, and encouraging 
radical innovation [98].  

It is claimed that integral architecture allows higher access to information and 
therefore that integral architecture causes team members count upon each other’s 
skill and knowledge due to nature of integral product architecture where any 
change of a component causes change in other components. Hence this will 
enhance knowledge sharing and interactive learning [98]. Also, MA provides a 
powerful knowledge management framework for recognizing and effectively using 
organization’s knowledge and capabilities [89]. 

MA declines architectural innovation opportunities through component-based 
team and knowledge [34]. Lau et al. [126] proposed a model that exhibited 
modular product architecture has inverted U-shape effect on innovation. They 
explained that in MA, innovation in the beginning raises but lately it will be 
declined due to knowledge segmentation and existence of many alternatives 
(complexity). MA leads to weak knowledge sharing due to less coordination. Also, 
it speeds up learning processes within suppliers and collaborating firms. MA 
accelerates the innovation speed to reach the systemic performance limit. 

It is taken-for-granted that an agile manufacturer has the capability to offer high 
quality products. PA has strong implications for quality, as highlighted by many 
authors (e.g., [25], [38], [26], [144]). Integral product architecture is expected to 
exhibit better performance, as emphasized by many authors (i.e. [25], [132], [87], 
[145], [144], [114]). This superior performance is attributed to the optimized 
design, specified components and more synergy among parts [26]. In contrast, the 
possible effect of commonality in MA, using same components in all products 
(both low-end and high-end) is stated as one barrier to superior performance [83]. 
Because of less degree of function sharing and geometric nesting in MA, if low 
mass/small size/smaller shape is a matter, then integral PA is preferable [25].  

Although MA shows lower performance, there are some advantages within this 
structure elevating its reliability. For instance, re-using of previous versions which 
have been already tested, under commonality plan, augments the quality [114]. 
Besides, in MA there is a possibility to test parts separately before final 
assembly/integration which decreases possibility of using defective parts [25]. 
Likewise, reusing current parts in the next generation causes more quality because 
the manufacturing system and labour have already attained the knowledge and 
experience of producing these parts [84]. In addition, outsourcing to high quality 
suppliers increases quality [138]. Finally, MA results in robust design [118].  

The cost of product is one of competitive advantages in the market. Although 
reaching lowest cost is not one of the first priorities of an agile manufacturer, it is 
necessary to decrease the cost as much as possible and keep it reasonable. The 
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costs of products emerge over different phases of product life cycle such as design 
and development, production, logistic and inventory, and retirement ( [91], [146]). 
PA has significant implications for cost factors that should be noticed by any 
firm’s movement toward agility.  

MA increases the cost of development for first version due to complexity in 
defining interfaces, and having more components and interfaces need to be 
developed [104]. On the other hand, MA reduces development costs for the next 
versions due to use commonality, platform and product family architecture, and 
limited changes required ( [38], [111]).  

In production step, MA may increase the costs of low-end product due to 
downward substitution [75]. MA enhances variety by means of mix-match without 
any need to considerable fixed investment in technology, as much as needed for 
integral one [38].  

MA encourages commonality, thus decreases number of variety in inventory [114]. 
Commonality also enables risk pooling of common/generic parts [119]. This 
impact decreases the inventory cost [88] and improves service level because it 
reduces the safety level ( [106], [98]). MA reduces cost of obsolete parts by reusing 
parts under commonality strategy [114]. MA might decrease salvage cost by 
reusing /reassembly some modules of returned products [130]. MA reduces 
consumption of energy use and waste functions because of increasing efficiency in 
manufacturing process ( [30], [111]). MA enables implementing assembly by 
customers which improves economical packaging and reduces transportation costs 
[147]. MA also declines the cost of poor quality in two ways: first, it may be 
possible to replace defective part with a correct one [114], and easily dis-
assembling and re-use the generic parts ( [91], [70], [101]).  

In the phase of use, MA leads to lower cost for service because of less complexity, 
commonality of generic parts, and easiness to detect and repair ( [114], [99]). Also, 
it is highlighted in literature that MA can confine a new technology into specific 
components [83]. In case of technology failure or not being welcomed by 
customers, only specific components become useless not whole product [74]. In 
this way, MA reduces the risks of incorporating new technology or new changes 
[83]. 

The last phase of product life cycle is retirement [91]. In this stage, MA, leveraging 
its decomposable structure, facilitates and results in lower cost dis-
assembly/disposal and recycle, as stated by many authors ( [101], [91]). Also, the 
possibility of re-using long lasting parts decreases the cost ( [148], [70]).  

An Agile manufacturer should focus on fast delivery to be able to compete in 
market [67]. As it was elaborated in previous parts, PA has substantial impacts on 
cycle times of product development and manufacturing processes. Under many 
circumstances, MA results in decreasing lead time of product development ( [111], 
[38], ) and reduction in production lead time (e.g., [129], [120], [118]). 

Due to fast growing public attention to environmental issue, the companies need 
to accept the consequences of their activities, production, and product on the 



Analysis 

 

55 

 

market [90]. Legislation and public consciousness are drivers for the companies to 
focus on environmental concerns [148]. In this situation, agile manufacturers must 
adopt proactively and attempt to delimit the negative side effects of their activities. 
In line with these concerns, in this section it is investigated how PA affects 
environmental impacts.  

Firstly, MA has negative impacts on environment since MA leads to excessive 
parts/material, bigger shape/size and lower performance [25]. These effects are 
the results of more interfaces, less function sharing and geometric nesting [97]. 
Despite of these effects, Tseng et al. [149] argued that modularity supports green 
product life design by enabling re-using, re-cycling, longer use life, easily 
production/assembly, and satisfying customer requirement effectively. Also, MA 
facilitates easily and efficiently dis-assembly, disposal and recycle of products since 
it is a set of detachable structure which provides ease of access. MA enables 
modularization of long lasting part as decomposable modules to be re-used/re-
assemble/re-manufacture at the end of life cycle [70]. MA supports environmental 
issues by increasing use life of product, reducing material handling [144] and 
transportation, reducing material consumption due to lower number of poor 
quality [38] and obsolete parts/product [114],  and efficient production ( [119] , 
[146]). Also, MA enables easily changing modules which may be inhibited in some 
countries. 

4.2.7 Partnership and product architecture 

Most literature in AM stream mentioned that through following virtual enterprise 
strategies and/or deploying supply networks, it is possible to adapt, respond and 
exploit market turbulences ( [2], [24]). This issue is addressed as a capability to 
rapidly, efficiently and effectively make partnership with market players. The 
partnership capability, in turn, is divided into the following capabilities: 
information sharing, rapid partnership formation, managing core competence, 
efficient and effective cooperation and collaboration, and managing supply chain. 
In this part, it is explained how PA impacts on partnership capabilities. 

The information sharing capabilities is integrator of suppliers, customers and 
advance manufacturing technologies, and considered as one of agility capabilities ( 
[68], [1], [6]). In the context of PA and supply chain, information sharing causes 
reducing transaction costs, expanding globalization and collaboration [37]. The 
effects of supplier modularization on supplier-buyer collaboration can be 
meditated via information sharing [98]. In other words, MA provides outsourcing 
opportunity, therefore information sharing is a necessity due to the need of 
designing a common product interfaces, and setting project milestones in product 
development across supply chain [150]. Information sharing is mentioned as a key 
aspect of coordination, and modularization boosts information sharing between 
buyer and supplier from design to delivery phases [150]. In contrast, Ulku and 
Schmidt [138] maintained that integral architecture is usually preferable when the 
supplier has capability and infra-structure to collaborate efficiently with OEM 
while when supplier has lower capability in collaboration, a modular design is 
more appropriate.  
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In order to achieve AM, the capability of rapid partnership formation is 
highlighted in literature i.e. ( [15], [20], [23]). A robust and integrated information 
management system is a key factor for rapid partnership formation [4]. Moreover, 
Gunasekaran [2] cited that rapid partnership formation tools and metrics (such as 
market intelligence, new technologies, product development time and costs, R&D 
costs, etc.) as an AM enabler. For this purpose, using internet, multimedia, 
CAD/CAM, Kanban, JIT, Microsoft Project, Case Tools and Electronic Data 
Interchange, and benchmarking are some examples of tools/metrics which should 
be taken into consideration ( [4], [2]). Accordingly, in the PA articles it is claimed 
that modular product architecture encourages more components/modules to be 
outsourced by means of well-defining components/modules interfaces more 
standardized and loosely coupled ( [98], [143], [132]). This ability decouples 
suppliers from product and in this way supports flexible supplier selection [141]. 
Rapid partnership is consequence of standard interfaces, inter-firm and industry 
level marketing [138].  

Core competence management was preliminary introduced as a partnership’s 
capability in AM part which supports reaching to agility [68]. This means that an 
agile manufacturer can join to other manufacturers which have completely 
different core competencies. This strategic and/or temporary partnership/alliance 
enables an agile manufacturer to focus only on its core competences. Multi-
disciplinary teams and multi-firm cooperation were revealed as two key factors to 
achieving AM [24]. Through reviewing literature, it is revealed that MA improves 
core competence management through facilitating joining to other companies by 
creating a loosely coupled network of supplier and outsourcing of uncritical parts ( 
[132], [28], and [125]). However, as we know that a modular product declines 
complexity. This can raises the risk of imitation by competitors, while this risk is 
lower in integral architecture due to the nature of its complex design ( [141], [96]). 
Furthermore, modularity empowers suppliers which lead to the risk of 
transforming them into future competitors [125]. MA enables working in industry-
level modularity through involving developers and making a competition 
environment which causes efficient learning [83]. In addition, Studenmayer et al 
[151] stated that MA in presence of industry level market causes losing control 
over PA and/or its features. 

AM articles emphasize on the role of collaboration and cooperation as a capability 
of agile manufacturer. Duguay et al. [11] defined agility as an ability to quickly 
adapt through continuous collaboration. In AM, strategic partnerships play an 
important role for quickly responding to markets. In a virtual enterprise, the 
coordination and integration of partners’ activities are essential for being 
successful [2].  

MA, through concurrently and autonomously designing, encourages collaboration 
with other firms and joint venturing ( [98], [145], [152], [98], [132]). Modularity 
likewise supports strategic alliance/partnership between OEM and its suppliers 
[125]. Schilling [26] also noted that modularity moderates the effects of inter-
functional integration due to organization barriers. 
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Furthermore, MA enriches collaboration of buyer-supplier due to necessity of 
making consensus on defining interfaces and determining product development 
milestones [150] while Ulku and Schmidt [138] maintain that integral architecture 
is preferable in collaborative relations with suppliers. In contrast, they articulated 
that in an adversarial environment (such as GM and its suppliers) modular 
product is desirable.  

The type of PA pointedly affects products design, production processes, and 
supply chain configuration. Therefore, integrating product architecture decisions 
with production and supply chain decisions in the initial product development 
phases are recommended [125]. Besides, successfully managing supply chain 
requires coordination in both inside of organizational boundaries and across the 
supply chain [153]. Modularity enables risk pooling all through supply chain. 
Accordingly, it could reduce bullwhip effects [154]. Moreover, MA empowers 
buyers by increasing in order sizes and economic of scales [138]. As it is explained 
before, modularity supports outsourcing, thus a firm can use design capabilities of 
loosely coupled networks of suppliers [28].  

Based on what is elaborated above, a summary of PA implications for agility 
capabilities is provided in Table 3. This table explicitly exhibits how various agility 
capabilities can be affected by PA. For instance, a loosely coupled structure 
enables concurrently designing, developing and producing which decreases time 
and increases quickness capability. PA encourages these strategies: product family 
architecture, platform strategy and separating design into core part and variant 
parts. These strategies strongly support efficient variety, flexibility and basic 
competencies such as delivery and cost. The ability of creating variety with low 
cost in short time with appropriate PA supports the customer focus capability.  
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Table 3: PA implications for agility capabilities 

Main 
Agility 

Capabilities 

Subordinates of Main 
Agility Capabilities 

PA Implications 
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 Tendency to initiate 

change 

MA facilitates rapidly changes into product through module-based strategy. 

MA reduces the risk of changes through confining changes into specific components. 

MA leverages variety to saturate market and leave no room for competitors. 

MA supports decoupling processes which facilitates incorporating new technology in processes.   

Continuously Seeking 
for new business 

opportunity 

MA encourages use of lead users. These lead users are able to foresee future needs. 

MA increases risks of imitation due to lower complexity. 

Commitment to new 
technology 

No implications are concluded from reviewed literature. 
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Identifying customer 
requirements 

MA enables more market segmentation which increases more compatibility of products with customers. 

MA encourages more and detailed information from market through conceptual models and real-time market research. 

MA makes more advantages from lead users. 

Satisfying individual 
needs of customers 

MA enables wide variety efficiently which realizes more variety for customers. 

MA strongly supports mass customization. 

MA transfers the control of variety from producer to customers by means of mix-match variety. 

Intg needs more efforts to incorporate changes which hinder individually satisfaction. 

MA facilitates localization. 

Offering higher level 
of service 

MA encourages self-diagnosis by customers through substituting defective parts. 

MA reduces duration of service through easily detect and replace defective part. 

MA increases service level because of better inventory management.  

MA increases the use life of product by embedding ability to upgrade, adapt, replace (due to consume or wear, and special purpose). 
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Other requirements 
for high quality, low 
cost and fast deliver 

High quality, low cost, and fast delivery are analyzed in basic competency part. 

R
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Use of market 
knowledge 

MA provides more and detailed information from market due to intensive market segmentation. 

MA enables real time market research. 

MA provides more detailed information about preferences of each market segment. 

MA uses more from lead users due to easiness of incorporating changes and simplicity of structure. 

Sense of change 

MA enables more detailed information from market through real time market research. 

MA encourages the role of lead users. Lead users have good recognition of later emerging needs and features. 

MA elevates the roles of antenna shops through ability to create variety rapidly and efficiently. 

Decision making on 
response 

MA supported by Information technology (EDI, POS, [RFID], etc.) provides detailed and real-time information for decision making. 

MA reduces lead time of next versions. Shorter lead-time decreases the time horizon of forecasting. This effect causes more precise 

forecast. 

MA enables aggregating of demands on common parts which reduces failure of forecast (risk pooling effect). 

Strategic vision 
MA supports long term approaches by supporting and enabling platform and product family architecture. 

MA contributes to intensive market segmentation. 
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Flexible product 
development 

MA strongly supports platform strategy which in turn enables wide range of variety effectively and efficiently. 

MA strongly encourages product family architecture which provides flexibility for developing next versions of products. 

MA enables customers to select a bundle of functional variants with low cost, less time and wide range by 

attaching/removing/swapping/scaling variant components to common part. 

MA may limit the flexibility of product design due to imposing strict structure via specified interface. 

MA positively supports outsourcing of product design. 

MA enriches product portfolio by facilitating variety. 

MA enables competition in various segments of market through efficiently variety. 

MA increases rate of new product introduction by facilitating variety based on platform, PFA and commonality. 

MA may result in similarity cannibalization due to overusing commonality. 

MA highlights the challenge of the trade-off between economies of scale (by commonality) and variety/distinctiveness. 

MA destroys competitiveness because of reducing distinctiveness. 

MA avoids risks of not being accepted by market through confining changes only to some modules. 

MA encourages module-based strategy in the market. 
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Flexible technology 

MA divides a product design into generic and variant parts. In this way, variety and flexibility in production are increased efficiently.  

MA increases flexibility in production by commonality, platform, product family architecture and combining modules. 

MA enables build-to-order. 

MA strongly supports mass customization through delayed differentiation. 

MA enriches modular processes. 

MA enables changing sequences of assembly which improves productivity. 

MA decreases production complexity since commonality limits modules variety.  

MA supports outsourcing chunks/module instead of outsourcing components. 

MA creates variety from one assembly line by mix-match variants. 

MA increases agility in production system by increasing variety and decreasing lead time. 

MA uses commonality which decreases process variety. Reduction in process variety causes shorter lead time, less cost and 

complexity. 

MA supports physically distributed production. 

MA supports outsourcing of non-critical parts which in turn causes less complexity and production workload. 

Intg causes that a change in one part initiates changes in design and also, production of others part. 
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Flexible organization 

MA encourages flexibility in firm’s processes and structures. 

MA supports dividing organization around the modules. Thus, MA increases organizational barriers. 

MA increases organizational barriers through encouraging organizational boundaries. 

Intg is best suited for the organization with vertical integration structure due to required close collaboration. 

MA encourages decentralized decision making through organizing loosely coupled teams around each module. 

PA's misalignment with design organization negatively affects product quality. 

MA causes tasks specialization. 

Flexible supply chain 

MA enables fast partnership by developing standard interfaces.  

MA augments flexibility in which this can allows supply chain to rapidly produce various products. 

MA is crucial for reaching flexibility in supply chain. 
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Rapid product 
development 

MA increases development time due to complexity in defining interface phase. 

MA increases development time due to more organizational barriers and bureaucracy in defining interfaces and solving problems. 

MA enables concurrently designing, prototyping and testing. This fact results in decreasing time. 

MA increases development time due to occurring errors in final test and integration. These are rooted in ignored dependencies. 

MA confines and limits changes into specific components. Thus, fewer components need to be developed/designed/tested for next 

versions. 

MA causes rapidly technology incorporating by confining changes into specific components. 

MA decreases development time for next generation due to enabling platform, commonality and product family architecture. 

MA simplifies complexity by decomposition. Meanwhile it may increase complexity by difficulty in defining interfaces and excessive 

alternatives. 

Rapid manufacturing 

MA uses commonality to decrease lead time through reduction in changeover time and set up number. 

MA encourages changing the sequences of manufacturing/assembly to reduce waiting time, changeover and set up. It also increases 

utilization and productivity. 

MA enables variety in small batches through adding variant components to common parts. 

MA supports implementing process concurrently (assembly/manufacture/test) which reduces lead time. 

MA encourages physically distributed and outsourcing strategy which lead to concurrency in production. 

Rapid operation 
implementation 

MA enables concurrency in performing operations. 

MA encourages organizational boundaries. This fact increases organizational barriers. Thus, cross-department tasks take more time. 

MA increases bureaucracy in cross-department operations. 
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High quality 

MA generally leads to more mass/volume/shape/size. Less function sharing and less geometric nesting cause having excessive parts/ 

interfaces. 

Intg generally exhibits better performance due to function-specific components, and more synergy. 

MA raises quality because of commonality and using previously tested/proved parts. 

MA increases quality by means of testing parts before final assembly. 

MA results in robust design. 

MA decreases the risk of poor performance due to incorporating new/untested technology. This effect occurs because of confining 

changes into specific components. 

MA may cause losing superior performance/quality by using low-end market parts in high-end market products. 

MA increases quality by reusing parts which production system has already gained knowledge and experience about producing them. 

MA raises the quality by facilitating outsourcing modules to higher supplier’s capabilities. 

Low cost 

MA increases the costs of development for first version due to complexity and more efforts for defining interfaces. 

MA raises development costs because of having more parts and interfaces need to be developed. 

MA declines development costs for the next versions due to deploying commonality, platform and product family architecture, and 

limited changes required. 

MA decreases salvage cost by reusing /reassembly some modules of returned goods. 

MA increases costs because of downward substitution. 

MA lessens transportation costs and customs duty (taxes) by exporting and assembling parts in the final market. 

MA realizes variety by means of mix-match without any need to considerable fixed investment in technology. 

MA enables commonality, thus decreases number of variety in inventory. This causes lower cost. 

MA declines the safety level by applying commonality. This impact decreases cost. 

MA reduces cost of obsolete parts by reusing parts under commonality strategy. 

MA supports commonality which enables risk pooling. This impact decreases the inventory cost and improves service level. 

MA enables implementing assembly by customers which improves economic packaging and reduces transportation costs.  

MA leads to cost saving in inventory due to risk pooling. 

MA reduces energy use and waste functions due to more efficiency. 

MA decreases complexity and increases commonality which leads to less training and less investment for a service level. 

MA decreases costs of retirement due to easiness in decomposing and/or reusing long lasting parts. 

MA decreases costs of poor quality by replacing defective part by new one, and reusing generic part of defective products. 
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Fast delivery The impacts of PA are mentioned in quickness capability.  

Environment careful 

MA facilitates disassembly, disposal and recycle of products because of detachable structure, ease of access and simple structure. 

MA enables modularization of long lasting part in order to be re-used at the end of life cycle. 

MA results in the low cost and easiness of re-assembly/re-manufacturing/re-using parts. 

MA supports environmental issues by increasing product use-life, efficient production, better quality and more customer satisfaction. 

MA has negative impacts on environment because of using more parts/material, bigger shape/size and lower performance. These 

effects are the results of more interfaces, less function sharing and geometric nesting.  

MA enables easily changing of those modules which may be inhibited in some countries. 
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Innovativeness 

MA promotes innovation in product through experiencing many alternatives for one module simultaneously. 

MA accelerates innovation in module. Thus, incremental innovation is supported. Incremental innovation is more frequent. 

Intg generally supports radical innovation more than MA.  

MA has inverted U-shape effect on innovation. By increasing modularity increases innovation in the beginning but lately reduces 

innovation. 

MA declines architectural innovation opportunities through creating component-based team and knowledge. 

MA accelerates the innovation speed to reach the systemic performance limit. 

MA increases inter-organization learning. 

Intg allows superior access to information. 

MA leads to weak knowledge sharing due to less coordination. 

Intg enhances knowledge sharing. 

MA provides a powerful knowledge management framework which enables a firm to find their strategically important knowledge and 

capabilities for effective using.  

MA accelerates learning processes within suppliers and collaborating firms. 

MA is attributed to necessity of focus and specialization. This causes organizational boundaries which are barriers to architectural 

innovation. 
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Core competence 
management 

MA enables outsourcing of uncritical parts. 

MA improves core competence management through facilitating joining to companies that have different core competences. 

MA leads to less complexity in product. Less complexity raises the risk of imitation by competitors. 

MA empowers suppliers. Empowering suppliers has the risk of transforming them into future competitors. 

MA enables operating in industry-level marketing. 

MA causes losing control over product architecture and/or its features/options in the modular industry-level market. 

Capable to 
collaboration and 

cooperation  

MA brings a greater level of buyer-supplier collaboration because of defining interfaces and determining product development 

milestones. 

MA supports strategic alliances/partnerships between OEM and its suppliers. 

MA moderates the effects of inter-functional integration. 

MA is optimal when product development team is low-skilled. Because specified interfaces compensate for low ability in cooperation. 

Intg is preferable in collaborative relationships with suppliers.  

MA is preferable for an adversarial relationship with supplier. The specified interfaces cover the lack of cooperation. 

MA supports joint venturing and technology alliances. 

Capable to share 
information 

Intg is preferable when the supplier has capability and infra-structure to share information efficiently with OEM. 

MA elevates information sharing between supplier-buyer due to attempts to make consensus on design and development project. 

Rapid partnership 
formation 

MA enables fast partnership by developing standard interfaces (decoupling supplier from component). 

MA makes supplier selection flexible through decoupling suppliers from product. 

MA enables outsourcing more parts by standardization and loosely coupled interfaces 

Capable to manage 
supply chain 

MA enables risk pooling in supply chain which decreases bullwhip effects. 

MA empowers buyers due to economic of scales and increases in order sizes 

MA supports outsourcing. Thus, a firm can use  design capabilities of loosely coupled networks of suppliers 
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5 Discussion  

In this chapter the research questions are answered separately through providing a discussion 
about the analysis part which was elaborated in the chapter 4.  

 

The purpose of this study is to analyse how the product architecture affects the 
potential to become an agile manufacturing firm. In order to fulfil this purpose, 
we defined three questions which we are going through each of them in the 
following:  

 

RQ1: What are the agile manufacturing dimensions? 
AM concept is understood as the ability of an organization to sense (anticipate 
and/or detect) continuous changes in the business environment in due time, 
rapidly make decisions on effective strategies and practices, and implement those 
decisions quickly and efficiently to enhance/acquire a set of appropriate 
capabilities in order to survive, and exploit from profitable short term 
opportunities in market. In this study, we adopted the model suggested by Sharifi 
and Zhang since it is simple, general, and able to explain the mechanism and 
propose practical methodology. According to this model, AM has four 
dimensions: drivers, capabilities, providers and strategies. Agility drivers are 
changes in business environment which push the manufacturing firms to seek for 
new competitive advantages (agility capabilities) to be able to survive and take 
advantages from these changes and transform these threats into opportunities. 
These agility capabilities could be realized by implementing a set of appropriate 
business practises, tools and methods (agility providers) within main 
manufacturing firm areas (organization, technology, people, innovation and 
information systems). Based on product, industry characteristics and company 
business strategies, agility strategies prioritize agility capabilities and determine 
required providers for enhancing intended capabilities. 

This model of AM implies this fact that higher degree of agility in a manufacturing 
organization is achieved if an appropriate set of these capabilities are 
accomplished/elevated. The agility capabilities are categorized into seven major 
groups: proactive (ability to act proactively instead of reactively), customer focus 
(ability to identify and satisfy customers’ needs), responsiveness (ability to sense, 
perceive and respond to change properly),  flexibility (ability to realize diversity 
with the same sources), quickness (ability to perform tasks fast), competency 
(ability to exhibit basic business competencies in terms of high quality, low cost, 
innovative, environmental careful and fast delivery), and finally partnership (ability 
to form relationship with partners rapidly and efficiently).  

 

RQ2: What is the product architecture concept? 
In this study we reviewed the origin of PA concept and its definition. We adopted 
Ulrich and Eppinger [73] definition of PA which decomposes a product into a set 
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of physical chunks; each one implements one or more functions. The term chunks 
refer to major building blocks of a product. PA also indicates the way these 
chunks interact with each other, called interfaces. Two types of PA, integral and 
modular, were elucidated. Although it was emphasized that products are not 
strictly modular or integral. Modularity is explained as a relative and the most 
important aspect of PA. Modularity indicates the location of the architecture of a 
product on the spectrum, beginning from a strictly integral product (consisting of 
tightly coupled design) ending to strictly modular one (consisting of loosely 
coupled chunks with specified interfaces).  

PA has significant implications for the manufacturing firms. First, composing 
from a set of interdependent chunks enables concurrently operating tasks such as 
concurrently designing, prototyping, testing, producing, assembly, etc. Thus, it 
may be possible to re-arrange the sequence of operations to optimize resources. 
The other PA implication is commonality which implies using common chunks in 
various types of product. The commonality strongly supports economies of scale 
in design, manufacturing, inventory, purchasing, outsourcing, etc. Thereby, 
commonality leads to large saving time, costs and efficiency in operations and 
reduces unnecessary variety and complexity. Another PA implication is creating 
efficient variety. Since the core part often forms the majority of product structure, 
it could result in consuming lower sources for offering variant parts. This kind of 
variety creation encourages platform and product family architecture strategies, 
both lead to great amount of saving time and other resources, as cited in many 
literature. It also affects the marketing strategies of organization. 

In the context of PA impacts on organization, a group of authors argued that PA 
defines organization structure through dividing people based on chunks while 
another group maintains that the organization knowledge, the way of doing, 
defines the PA. Nevertheless, the loosely coupled architecture elevates 
organizational boundaries. The embedded cooperation in a loosely coupled 
architecture, in form of specified interfaces, could cover the lack of effective 
cooperation. In a similar way, PA influences the relationship of a firm with its 
suppliers in different directions. In an adverbial relationship with suppliers, MA is 
preferred.  

 

RQ3: How can the architecture of a product support or hinder the potential 
to become an agile manufacturing firm? 

As we discussed in the answer of RQ1, to become an agile manufacturing firm it 
is necessary to enhance agility capability. Thus, in chapter four we analysed how 
different agility capabilities might be supported or hindered by PA. These impacts 
mainly come from this fact that PA enables concurrency in implementing tasks, 
commonality, product family architecture, platform strategy and variety. For 
example, MA encourages concurrently designing/ testing/ producing of parts. In 
doing so, it reduces lead time and enhances quickness capability. In the similar 
way, other agility capabilities are affected by PA. We developed table 3 to illustrate 
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a summary of PA implications for various agility capabilities. According to this 
table: 

 A majority of agility capabilities are influenced by PA. Consequently, PA 

affects agility potential in a manufacturing firm. 

 PA impacts are different from one capability to another. As an example, PA 

has more implications for quickness and flexibility capabilities in 

comparison with proactiveness.  

 Each architecture type may have both negative and positive implications, at 

the same time, for one agility capability. For instance, while modular 

architecture increases flexibility in design by means of giving more 

autonomy to independent chunks, excessive modularization increases 

number of pre-specified interfaces. This might result in reducing flexibility 

in design. 

 The existence of both negative and positive implications lead to various 

trade-offs in one or more aspects. For example, although MA enhances 

modular innovation, it also hinders radical innovation. As an example, MA 

requires more design time due to defining interfaces, particularly for the first 

version. Thus, MA negatively affects quickness capability. On the other 

hand, MA encourages flexibility capability by means of offering a range of 

products through mix-match of modules. 
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6 Conclusion 

In this chapter, general conclusions are drawn from the findings. Finally, a range of directions for 
further research suggestions will be suggested. 

 

AM is recommended as a successful paradigm after lean for the 21st century 
manufacturing firms. This competitive concept has been developed in response to 
the continuously changes and uncertainties in today’s business environment. In 
order to become an agile competitor, a manufacturing firm should focus on 
enriching its agility capabilities.  These agility capabilities can be categorized into 
seven groups: proactiveness, customer focus, responsiveness, quickness, flexibility, 
basic competence and partnership. Although several solutions are proposed to 
achieve agility in literature, in this research we analysed how PA affects the 
potential to transform into an agile manufacturing firm.  

This study shows that PA affects potential of being agile in a manufacturing firm 
by means of supporting or hindering agility capabilities. These impacts might be 
both negative and positive which result in various trade-offs. These trade-offs 
make the PA decision more complicated. Therefore, senior managers’ 
involvement in the product development phase is recommended because they 
usually have the sufficient knowledge to make decisions on various PA trade-offs. 
The outcomes of this report supports managers in the decision process of PA 
since it raises their awareness regarding numerous possible trade-offs which is 
occurring in the different facets of their manufacturing firms. 

In addition, it is concluded that there is not a superior architecture. Therefore, 
each manufacturer should adopt its own appropriate architecture by considering 
the type of industry, business strategy, internal capabilities, etc. Moreover, it is 
important that each manufacturer be aware of positive and negative consequences 
of each PA choice on its agility. This awareness contributes managers to prevent 
negative consequences. For illustration, although MA has many positive effects in 
product development time, managers must be conscious about its negative 
consequences on architectural innovation as well. Therefore it is required to put 
more managerial exercise to encourage architectural innovation in modular 
product. 

To sum up, a manufacturing firm which is aiming at achieving agility should first 
develop its own appropriate agility strategy. This strategy prioritizes required 
agility capabilities. This study can be used as a guideline which reveals probable 
consequences of different PA choices on various agility capabilities.  

 

6.1 Further research 

According to our literature survey, we identified some areas that have been paid 
less attention. In the AM area, there are a wide range of conceptual studies aim at 
determining characteristics and dimensions of this concept. Nevertheless, there is 
a lack of works to propose methodology or solutions for realizing agility. Most 
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conceptual models are not able to be used in practice. The lack of structural work 
and ambiguities in tools and methods, may explain why this paradigm has not 
become pervasive.  Therefore, there exist a large potential for work in this 
direction. Also, it is required to work more to contribute manufacturing firms in 
identifying the level of agility which is needed for them. Regardless of Zhang and 
Sharifi [67] work, there are not many studies which propose clear methodology or 
guideline for manufacturing firms to assess and determine the suitable agility level. 
In addition, there are not many studies which investigate agility in a firm from 
multi-aspects. Due to the less cost-efficiency of AM in comparison to lean, it 
seems appropriate to perform cost-based studies to estimate the implicit and 
explicit costs of agility. 

In the PA field and its implication, it is observed that the number of studies which 
investigate the relationship between PA and supply chain are growing. It seems 
PA implications for the retirement phase of product life cycle need more 
attention. Furthermore, we understood that the relationship between cost and 
modularity has not been well worked empirically. The available works only 
investigated one or limited costs titles in their works whereas more comprehensive 
models for examining this relationship is required. The PA effects on the last 
phase in product life cycle, product retirement, have not been well worked 
because there is not considerable number of studies available. The other potential 
direction for research is empirically investigating how PA decisions are made in 
real world.  

In addition, the table 3 reveals a range of trade-offs. Each of these trade-offs can 
be a direction for future research. For instance, one of the challenging trade-offs 
regarding PA occurs between commonality and distinctiveness. Developing a 
model or a methodology for identifying the level of optimized commonality can 
be substantial contribution for the companies. Moreover, since modularity is a 
relative property, there is a need to develop decision support systems to 
contribute managers in handling the trade-offs.  

In line with our research purpose, we could not locate any similar study which 
relates these two concepts. Although, there are some works in which agility is 
operationalized as variety and lead times, without accounting agility in the firm 
level (e.g., [133], [120], [118]). Thus, our work’s outcomes can be a ground work 
for developing hypotheses to be examined by empirical evidences. Also, these 
outcomes can be exploited for further empirical works aiming at investigating PA 
impacts empirically. 
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