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Abstract

This thesis integrates between three major fields of study: product design, supply chain

management and sustainability. This thesis introduces product design modularity (PDM) as

a product design methodology and evaluates its influence on supply chain opera tions. This

is done with a view to assess whether adopting modularity in design enhances a supply

FKDLQYY HFRQRPLF HQYLURQPHQWDO DQG VRFLDO SHUIRUPDQFH

The research conducted within this thesis follows a pragmatic philosophy with the focus

being on the research questions instead of on the type of data available. Abductive

reasoning is used to collect and present quantitative and qualitative data t o answer whether
modularity in design leads to more sustainable supply chain operations.

A conceptual fram ework integrating PDM and sustainable supply chain management (SSCM)
is developed within the thesis. The conceptual framework presents all su pply chain
processes affected by product design . The framework further differentiates these effects
into economic, environmental, or social categories depending on which aspect of
sustainability is impacted by PDM.

The research implements a case study strategy. The case study focuses on a washing

machines product family for a well -known white goods electronics manufa cturer in Egypt.
The case study follows a comparative approach, where the analysis is structured around

assessing the effects modules with differing designs (one has a modular design and the

other has an integral design) have on the economic, environmental and social performance
of a supply chain.

To assess the effect of PDM on SSCM analytical hierarchy processing (AHP) has been used.
The hierarchy focuses on presenting a holistic view to sustainability by considering

economic, environmental, and social s upply chain aspects simultaneously. Supply chain
processes influenced by product design modularity make up the criteria within the

hierarchy. The model develops pairwise comparisons that assess the effect modular versus
integral components have on the sust ainability of supply chain operations within the case
study. Data collected and analysed within the case provided that the modular component

led to improved economic, environmental and social performance when compared to the
integral component.

This rese arch presents PDM as a viable solution, which supply chains can adopt to become

more sustainable. The integration of product design and supply chain design allows for the

decision making process to be sufficiently flexible to overcome the common barriers s upply
chains face when attempting to implement sustainable procedures. This research offers a

guide to assist supply chains improve their sustainability through providing a cause and

HIITHFW UHODWLRQVKLS OLQNLQJ SURGXFW GHVLechaBidFLVLRQV WR D VX
environmental and social performance. In turn this allows companies to include

sustainability considerations and have more control on the sustainability of their operations

from the product design stage. From an academic perspective, assessing th e effect different
product design approaches (modular versus integral) have on the sustainability of supply

chain operations offers tangible solutions for improving SSCM. The conceptual framework

presented an integrated review for all supply chain processe s affected by product design.
Furthermore, the framework classifies these processes depending on which aspect of

sustainability they affect. From a practical perspective, the AHP model developed provides

an analytical tool to assist product designers in c hoosing the best product design

alternatives to improve sustainability within a supply chain.
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Chapterl ,QWURGXFWLRQ

1.1 Motivation

Sustainability has emerged sincet  KH EHJLQQLQJ RI WKH iV DV D FULWLFDO WR.

continuation of supply chains (Hassini, Surti, and Searcy, 201 2; Kumar and Rahman, 2017).
Non - renewable natural resources (Taticchi, Tonelli, and Pasqualino, 2013), green supply

chain management (W inter and Kne meyer , 2013) standard of living (Lei, 2009), a narrow
focus on financial performance (Hoffman and Bazerman, 2005), corporate social

responsibility (Hildebrand, Sen, and Bhattacharya, 2011) are some of the major drivers for

an increase in resea rch aiming to provide solutions and alternatives for supply chains to

become more sustainable. Accordingly , supply chains are now required to integrate

economic, environmental, and social considerations in their decision making to ensure the

survival and ¢ ompetitiveness of their operations (Carter and Ro gers, 2008; S euring and

Muller, 2008).

The process of integrating sustainability into supply chains however can be quite a daunting
experience for many reasons. The first reason relates to the concept of s ustainability itself,
where for a supply chain to become sustainable it would have to ensure economic

profitability, while reducing environmental harm, and improving social wellbeing for all

involved stakeholders simultaneously ( Pagell and Shevchenko 2014; Reefke and Sundaram
2016 ). Therefore, supply chains are faced with a complex maze of decisions with multiple
objectives for multiple criteria. Hoffman and Bazerman (2005) discussed that for supply
chains to become sustainable, decision makers need to real ise that in some cases

environmental and social improvements will not go hand in hand with economic objectives.

The second reason is attributed to the difficulty in assigning quantifiable criteria to measure

the effect supply chain operations have on the environment and society (Tatic chi, etal.,
2013). This is usually because environmental and social effects cannot be represented in
monetary terms, which leads to an absence of a common denominator supply chains can

use to monitor their environmental and social performance. This further complicates the
integration of sustainability in supply chains, because without quantifiable criteria it

becomes difficult for supply chains to identify the processes that have the most influential

impact on their environme ntal and social performance.

The third reason is that supply chains usually consist of separate entities, each with specific

roles and responsibilities in the value creating process within a supply chain. Therefore,
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sustainability is only achievable if a Il supply chain members coordinated their operations
with the objective of improving economic, environmental and social sustainability (Gupta,
Abidi, and Bandyopadhayay , 2013). Hence, the decentralised nature of supply chains

further adds to the complexity of integrating sustainability in supply chain management.

The fourth reason is that supply chains usually operate through a set of standard operating
procedures that take care of the day -to-day processes. Long -term decisions, such as facility
location, strategic alliances, and asset capital investments are quite difficult to al ter once
made (Chopra and Meind |, 2007). Therefore, a supply chain, which is already operati onal,
becomes quite inflexible. Decisions related to the structure of the supply chain in terms of

material sourcing, transportation networks, inventory management, product offerings,

labour and machine hours for production, maintenance, repair, product up gradability,
disposal at end of life all have an effect of economic, environmental, and social performance

of a supply chain. This inflexibility creates a problem when trying to change decisions to

incorporate sustainability within supply chain operations.

Consequently, a supply chain is most flexible during the product design stage because a

VXSSO\ FKDLQYTVY GHVLJQ DQG SODQQLQJ SKDVH DUH YHU\ PXFK GHSHQG
the supply chain aims to produce (Aydinliyim and Murthy, 2016; Kristianto and H elo, 2015).

A supply chain is considered as both a supply network connecting suppliers to producers to

customers, and as a value chain where each supply chain member oversees adding value to

the product as it passes through the supply chain. Product design as a process begins with

researching and recognising customer requirements, which are translated into functional

requirements to be included in the design parameters of the product. The design

parameters specify the responsibility of each supply chain ent ity regarding what value they

oversee creating (Tomiyama, et al., 2009). Krishnan and Ulrich (2001) argued that product

GHVLJQ FDQ EH FRQVLGHUHG DV WKH EOXH SULQW IRU D VXSSO\ FKDLQ
the roles and responsibilities of each memb er along the value creation process involved in

the sourcing, manufacturing, and delivery of the product. Product design provides the basis

for identifying material requirement, which in turn provides the basis for supplier selection;

accordingly, transpor tation networks are developed to connect between supply chain

members (Zhuo, San, and Seng, 2008).

The integration of product design and supply chain design has already been addressed in

the literature through the concept of design for supply chain (DFSC ) (Zhang, et al., 2017,
Kremer, et al., 2016). Sharifi, Ismail, and Reid (2006) for example investigated the effect
integration product design and supply chain design decisions had on the agility of a supply

chain. Chiu and Okudan (2014) examined the effec t product design decisions have on
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supplier selection and related this to overall supply chain performance. Others, such as Yan

DQG )HQJ HYDOXDWHG WKH HIITHFW SURGXFW GHVLJQ GHFLVLRQV K
environmental sustainability in terms of D VXSSO\ FKDLQYVY DELOLW\ WR UHFRYHU U

remanufacture, and reuse its products. This provides a basis for the overreaching effect
product design has on supply chain processes that affect economic and environmental

performance.

Product design genera OO\ UHIHUV WR WKH GHJUHH RI KRZ PRGXODU RU LQWHIJ

is (Shutkin, 2007). Modularity in design focuses on the standardisation of inputs that can be
mixed and matched in various combinations leading to product variety in the range of end
items a supply chain can produce (Agrawal, et al., 2016; Yan and Feng, 2013;

Shamsuzz oha, 2011; Salvador, 2007). Integrality in design, on the other hand, focuses on

WKH VWDQGDUGLVDWLRQ RI WKH HQG SURGXFW GHVLJQ DQG WKH VSHF/|

components to achieve optimum functionality (Aydinliyim and Murthy, 2016; Zhuo, San and

Seng, 2008; Shutkin, 2007). Schilling (2000) argued that modularity and integrality could

be considered as extremes on opposite ends of a product design spectrum. The deg ree of
modularity or integrality of a product design depends on the separability, transferability,

and combinability of the components that make up the product (Kristianto and Helo, 2015).

For a modular design, the focus is on having a one to one relations hip between each
component and the function it provides (Ulrich, 1995). Meaning that if this component is

separated from the product, the overall functionality of the product is not affected, and the
product will remain functional if that module is replace d. However, for integral products the
IRFXV LV RQ WKH VI\QHUJLHY DFKLHYHG EHWZHHQ WKH FRPSRQHQWYV
is to increase the overall functionality of the end item through designing the components in

such a way where there is a one -to-many relationship between component and functionality
(Ulrich, 1995). Meaning that one component can be responsible for multiple functions,

which makes removing that component affect the overall functionality of the end item. A

modular design versus an int egral design will therefore lead to different supply chain

designs. Material selection, supplier selection, inventory management, process design,

production and scheduling, product offerings, customisation options, after sales services are

amongst the main  supply chain processes affected by the degree of modularity or integrality

of a product design (Lau, et al., 2010).

Modularity in design in particular is seen to have an effect on the economic performance of
a supply chain through affecting product offe ring, customisation options for products,
inventory management, component selection, and supplier selection (Agrawal, et al., 2016);
environmental performance through affecting recovery, recycling, remanufacturing, reuse,

and redesign product options (Yan and Feng, 2013); and social performance through
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process design and work path simplification in assembly processes for line workers (Jacobs,
et al., 2007).

Accordingly, research within this thesis will aim to provide a clear distinction between the

effect different product design methodologies have on sustainable supply chain

management. This research will also aim to present product design modularity (PDM) as an

applicable initiative that can be implemented by supply chains to integrate sustainabili ty in
their supply chain operations. The motivation for such integration is supported by a number

of reasons:

1. Product design decisions have overreaching effects on supply chain policies and
practices across all supply chain members.

2. Allows for supply chas to be flexible enough to transform their operations to be more
environmentally and socially responsible.

3. PDM in particular is seen to affect economic, environmental, and social performance in
a supply chain, therefore can overcome the traafé problemfaced when trying to
reduce environmental harm and improve social wellbeing.

4. Provides a focused view on sustainability from the point of view of the effect of PDM on

sustainable supply chain management (SSCM).

1.2 Research questions, aims and objectives

Therefore, the research gap that this thesis aims to cover is whether the adoption of PDM

can influence a supply chain into becoming more sustainable economically, environmentally

and socially. The coordination between product design and supply chain desig n decisions will
allow for the supply chain to be flexible enough to accommodate changes made with the

purpose of improving supply chain sustainability. This led to the development of the

research questions for this thesis:

1. How does PDM affect SSCM?
2. DoesPDM lead to more sustainable economic, environmental, and social supply chain

operations?

The purpose of the first question is to identify all areas and processes in the supply chain

that are affected by changes in product design. Through identifying thes e processes, the
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nature of the effect of modularity in design on each process can be classified into economic,

environmental, or social.

The second question will build on the findings of the first question by testing whether

adopting modularity as a desig n method will result in: improving the economic performance

of a supply chain through increasing profits and reducing supply chain operational costs;

reduced environmental harm through less dependence on non -renewable natural reso  urces;

and improved social  well -being through enhancing the standard of living for line workers.

Accordingly, the research aims and objectives for this thesis are:

Aims

1. To develop a conceptual framework integrating between product design, supply chain
management, and sustainaityl.

2. To provide an analytical tool which can be used to evaluate the effect of product design
on SSCM.

Objectives

1. To analyse and categorise all interconnecting relationships in the literature between
product design and supply chain design that leagdonomic, environmental, and
social effects on sustainable supply chain operations.

2. To conduct a comparative study on the effects modularity in design versus integrality in
design have on the sustainability of supply chain operations.

3. To provide evidenceof all relationships, which link modularity in design to SSCM
through obtaining empirical data from a case company.

4. To develop the relationships between product design and supply chain design into
criteria that can be used to monitor the effect changegiaduct design have on the
sustainability of supply chain operations.

5. To integrate all the criteria into an analytical tool that evaluates the economic,
environmental, and social performance of the supply chain.

Table 1.1 below provides the connection b etween the research questions, its aims and the

research objectives proposed.
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Table 1.1: Research questions, aims and objectives

product design and
supply chain design into
criteriat hat can be used
to monitor the effect
changes in product
design have on the
sustainability of supply
chain operations.

5. To integrate all the
criteria into an analytical
tool that evaluates the
economic,
environmental, and
social performance of the
supply chain.

Research Questions Aims Obijectives Chapter
1. How does PDM 1.To develop a 1. To analyse and Literature
affect SSCM? conceptual categorise all Review
framework interconnecting Chapter
integrating relationships in the
between product literature between
design, supply product design and
chain supply chain design that
management, and lead t 0 economic,
sustainability. environmental, and
social effects on
sustainable supply chain
operations.
2. Does PDM lead 2. To provide an 2. To conduct a Research
to more sustainable analytical tool comparative study on methodology
economic, which can be used the effect modularity in chapter.
environmental, and to evaluate the design versus integrality
social supply chain effect of product in design have on the
operations? design on SSCM. sustainability of supply
chain operations.
3. To provide evidence Findings
for all relationships, Chapter
which link modularity in
design to SSCM through
obtaining empirical data
from a case company.
4. To develop the AHP Analysis
relationships between Chapter
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1.3 Proposed Methodology

Research within this thesis will follow a pragmatic philosophy. Abductive reasoning will be

used to translate the conceptual framework into data requirements to be used for the

justification of the interconnecting relationships between PDM and economic, en vironmental,
and social supply chain processes. The research design for this thesis will follow a mixed

methods approach to allow for quantitative and qualitative data inputs in order not to

restrict the findings and provide a comprehensive answer to the r esearch questions. A case
study methodology will be adopted as the main research strategy with archival data and

semi -structured interviews being integrated within the case study for data collection

purposes. The case study itself will follow a comparative approach by comparing the
particular design of one modular component to another integral component within the same

product family. The case study will aim to collect empirical data from a case company

working with modular products.

1.4 Originality

AsuSSO\ FKDLQYV GHVLJQ LV KHDYLO\ GHSHQGHQW RQ WKH SURGXFW EF
the chain. Long term decisions regarding facility location, production capacity, transport

networks, invent ory management are all considered as supply chain decisions, bu t will be
GLUHFWO\ DIITHFWHG E\ D SURGXFWTfV GHVLJQ &KRSUD DQG OHLQGO
VKDSH D VXSSO\ FKDLQTV GihlWendeQ th&sisaiiaklivyf the supply chain.

Therefore, the o riginality of research in this thesis stems from the perspective this research

takes on the integration of product design and supply chain design decisions to assess the

effect different product design methodologies (modular versus integral) have on the

economic, environmental and social aspects of a su SSO\ FKDLQTV R SIH pbrdy stk V

a relation, this research will present a conceptual framework analysing and categorising the

supply chain processes affected by product design decisions to assess the effect modular

compared to integral designs have on economic, environmental and social supply chain

performance. This research aims to develop a cause and effect relationship between product

design decisions and the sustainability of supply chain operations. Through this cause and

effect relationship su  pply chains can control the sustainability of their operations through

product design decisions.

Furthermore, there are usually different design alternatives for new product developments

or for product updates. To evaluate which of these design alternati ves is considered more
sustainable, an analytical tool is required to link between a specific design alternative and

its effect on the sustainability of the supply chain. Therefore, this research aims to provide
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an analytical model that can compare between different product design alternatives and
provide a weight for each alternative regarding their effect on the economic, environmental,

and social performance of a supply chain.

Analytical hierarchy processing will be used for the model development to provide a
systematic approach to the model, which can be adopted by supply chains for the purpose

of identifying the effect changes in product design can have on the sustainability of their
operations. The model development will act as a guide for supply cha ins to identify and
design their own criteria depending on the nature of their supply chain operations. This

research will demonstrate the steps and procedures for the model development in such a

way so that it can be adopted by supply chain practitioners aiming to gain more control on

the sustainability of their operations through product design decisions.

The research will follow a holistic approach to ensure all aspects of sustainability are

included in the evaluation. The effect of PDM on supply chain operations is also evaluated
based on empirical data  to shift away from traditional theoretical approaches in the SSCM
field.

1.5 Thesis Structure

This thesis is composed of six main chapters.

Chapter one: is the introduction chapter and presents the motivation and thought
development that led to the research gaps. Based on the research gaps the main research

questions, aims, and objectives are presented.

Chapter two: is the literature review chapter, which is divided into two sections. The first
section provides the necessary background on PDM and SSCM as individual topics through a
critical literature review method (Grant and Booth, 2009). The purpose of this section is to
provide a state of the art review on product design methodologies, modular sy stems theory,
product architecture, and sustainable supply chain management research to provide the
base knowledge required for the next section of the review. The second section of the
literature review focuses on identifying the overlapping areas between product design
modularity and supply chain management and categorising interconnecting economic,
environmental, and social supply chain operations. This section follows an integrative
literature review methodology (Torraco, 2005), which provides a systema tic approach
towards the review of articles. Through the integrative literature review five main themes
are identified, which integrate between PDM and SSCM. Based on these themes the
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researcher introduces propositions that assume PDM having a positive eff ect on SSCM. This

chapter concludes with the development of the conceptual framework for this thesis.

Chapter three: is the research methodology chapter. This chapter will focus on presenting

the research paradigm for this thesis. The chapter aims to pre sent the research design
development starting with the philosophical ontological and epistemological perspectives.

The chapter then integrates the philosophical stance of the research design with the

research approach, methods, strategy, case study design, and data collection methods then

follow this.

Chapter four: is the findings chapter, which presents the data collected for each relationship

identified within the conceptual framework. This chapter implements the research design

that was set out in the research methodology chapter. Data collected for each relationship is
discussed to provide justification for the effect of PDM on a particular supply chain process

from an economic, environmental, or social point of view. Data for each relationship is the

discussed to analy se how PDM affected specific ~ supply chain process es to lead to economic,
environmental, or social improvements. The purpose of this chapter is to validate the

conceptual framework through presenting empirical evidence, which supports ea ch

relationship with data findings from the case study.

Chapter five: is the analysis chapter, which presents analytical hierarchy processing (AHP)
as an analytical tool to be used for evaluating the effect of product design on SSCM. An AHP
model hierarc hy is designed to reflect the themes and relationships identified within the
conceptual framework and all data findings from the previous chapter are input within this
hierarchy. This chapter aims to integrate all data findings by combining all economic,
environmental, and social relationships to obtain an aggregate singular value for the effect
of PDM on SSCM.

Chapter six: is the conclusion chapter where research implications, limitations,

recommendations and future work are presented. This chapter focuse s on presenting the
academic and practical contributions of this thesis. It also discusses future directions for

improving sustainable supply chain operations through the integration of product design and

supply chain design decisions.

This chapter presented the motivation and rationale, which led to identifying the research
gaps. The chapter also introduces the main research questions, aims, and objectives to be
covered linking them with the research gaps. Finally, this chapter actsas a guide for

readers to easily associate where each aim and objective is covered within the thesis.
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Chapter 2 I[ILWHUDWXUH 5HYLHZ

2.1 Introduction

This chapter will focus on the first research question discussed in the introduction chapter,

ZKLFK LV pKRZ GRHV 3'0 DIITHFW 66&0"Y 7R DQVZHU WKLV TXHVWLRQ WK
used to build a conceptual framework that integrates between product de signh modularity

and supply chain areas and processes affected by adopting modularity in design. This

chapter will therefore cover the first aim of the thesis, which is to develop the conceptual

framework by analysing and categorising the interconnecting re lationships between product

design modularity and supply chain design that can affect a supply FKDLQYfV HFRQRPLF

environmental and social sustainability.

This chapter will be divided into three main parts . Part Awill presentan in-depth critique of
the d ifferent fields encompassed within this research, namely product design, modular
systems theory, supply chain management and sustainability . The objective of Part A will be
to identify and present the relationships and specific areas within each field depe ndent on

product design.

Part B will present an integrative literature review (Torraco, 2005) on product design
modularity and sustainable supply chain management. The objective of the integrative
review is to provide  a literature analysis for the identi fication of interconnecting themes
between PDM and SSCM through a systematic evaluation of past literature , which has linked

modularity in design to economic, environmental or social aspects within supply chain

management.
Part C will summarise and organi se the various themes and relationships identified through
the integrative literature review into a conceptual frame work. The framework will aim to

presentthe areas in a supply chain  that are affected by modularity. The framework will
further classify the se supply chain areas based on whether the resulting adoption of

modularity in design affects economic, environmental, or social supply chain performance.

2.2 Literature Methodology

There are numerous articles on writing literature reviews that discuss t he dif ferent
methodologies for conducting literature reviews (Rocco and Plakhotnik, 2009; Carliner,
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2011 ; Torraco, 2005; Tranfield et al., 2003; Whittemore & Knafl, 2005). Grant and Booth
(2009) offer one of the most comprehensive review s presenting 14 literature review types
and associated methodologies categori sing the literature reviews based on Search,

Appraisal, Synthesis, and Analysis (SALSA). The critical literature review methodology

(presented in Table  2.1) is deemed the mosta  ppropriate to be used  in Part A of the

literature since it is usually used in initial stages of a resear ch to provide a in depth
understanding of terms and theories; and in the identification and clarification of the
research gap. The critical review offers the ability to synt hesize themes and concepts by

taking stock and evaluating what is of value from previous bodies of work (Saunders, et al.,

2009). However, it lacks the systematic structure present in other types of literature

reviews and there is no formal requirement to present methods of search, analysis , and
synthesis (Grant and Booth |, 2009). The emphasis is on the conceptual contribution of each

item of included literature, not on the formal quality assessment. While such a review does

serve to aggregate the literature on a topic, the interpretative elements are necessatrily
subjective, and the resulting product is the starting point for further evaluation, not an end.
The research is therefore further developed using an integrative literature review

methodology (Torraco , 2005) in Part B , which providesa  systematic more objective review

of the literature. This interpretative element, nevertheless, is in line with the inductive

research nature at the beginning of this research. Saunders et al. (2009) described the

inductive approach as being exploratory in nature where the aim is to develop theories from

the data and subsequently relate them to the literature. The nature of an inductive

approach is not to provide a summary of everything that has been written on the topic, but
to review the most relevant and significant research related to the chosen research area.

Hence, new findings and theories can eme rge (Strauss and Corbin, 1998).
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Table 2.1 : Critical Review Methodology based on SALSA

Label Description Search Appraisal Synthesis Analysis
Critical Aims to Seeks to No formal Typically Significant
Review demonstrate identify quality narrative, component:
writer has most assessment. perhaps seeks to
extensively significant Attempts to conceptual identify
researched items in the evaluate or conceptual
literature field according to chronological contribution
and critically contribution to embody
evaluated existing or
its quality. derive new
Goes theory
beyond
mere
description
to include
degree of
analysis and
conceptual
innovation.
Typically
results in
hypothesis
or model
Adopted from: Grant and Booth , 2009.

2.3 Part A: The Critical Review

Writing a critical review methodology consists of a repetitive process as is illustrated in

Figure 2.1. The process begins with a general search related to the res
results obtained are then evaluated and recorde

between articles

in Part A , keywords are

generated,

d. Through analysing and cross

defined . Therefore, the output from Part A of the literature

earch area. The

and the research parameters are more

review will be a clearer research

focus and the keywords that will be used in the search strings for the integrative review in

Part B . Finally, the literature review is updated and revised. This process is repetitive

throughout the duration of the researc

relevant to the research area

(Saunders, et al., 2009)
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Figure 2. 1 The Critical Literature = Review Process (Adopted from Saunders, et al.,
2009)

In Part A of the literature review the critical review is conducted to provide an
understanding and critique on product design, modular systems theory, product design

modularity, and sustainable supply chain management.

2.3 .1 Drivers for Modularity

Research regar ding modularity is considered quite established. Modularity was first
introduced in the field of operations management through the seminal work of Simon

(1962) and Starr (1965), whom presented some of the earliest definitions of modularity.
Simon (1962) re cognised modularity as an attribute within complex systems. The concept
was that to manage complex systems, the system would be decomposed into independent
blocks. The blocks would have standardised interfaces to easily integrate different blocks
within th e system and to identify the roles and responsibilities (function) of each block. This
would facilitate decomposition of a complex system into a set of manageable blocks where
decisions can be made for each block independently and then aggregated through t

standardised interfaces. Starr (1965) proposed modularity in production to increase variety
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in product offerings without increasing production cost through the standardisation of

components into independent interchangeable modules.

This definition of  modularity was then taken and applied in different complex systems such
as products (Jacobs, et al., 2011), organisations (Lau, et al., 2010) and services (Song, et
al., 2015). For this thesis the focus will be  on products as systems and supply chains as

systems.

From a practical perspective modularity has been implemented as a design goal to solve

several problems within supply chains. It has evolved from a concept used to solve the
trade - off between productv  ariety and production cost (Gers henson, Pras ad and Zhang,
2004 ; Vickery, et al.,, 2016 ) for use in mass customisation (Zhang et al., 2008) and
postponement in production (Nepal , etal., 2012) to having an effect on the total supply

chain structure and the relationship between suppliers and manufactur ers (Doran, 2003 ;
Pashaei and Olhager, 2015 ).

To better understand the continued relevance of research on modularity in product design
it is important to analyse the drivers for modularity that have continued to push tow ards a
modular product design unti | our currentday . Bonvois in, et al. (2016) argued that the

PHWKRG LQ ZKLFK SURGXFWVT IXQFWLRQV DUH GLYLGHG RQWR LWV FRF
could affect the efficiency and effectiveness of said product from an economic, ecological
and social pers pective. Kleindorfer, et al. (2005) also offered modularity in product design

as a path towards sustainable product design.

It is common knowledge that a standardised product is cheaper to produce since through

mass production, economies of scale can be DFKLHYHG +RZHYHU FXVWRPHUVY GHPD
volatile, and to maintain a competitive position in the market companies nee d to be able to
quickly respond to changes in demand in terms of quantity and product offerings ( Vickery,

etal. , 2016 ). Not only that, but SURGXFWVY OLIH F\FOHVY DUH VKRUWHQLQJ UDSL(
technological products, where newer versions of mobile phones, laptops, tablets,

televisions, just to mention a few , are being produced on a daily basis (Esfahbodi, Zhang,

and Watson, 2016). The question of how to maintain a diversified product offering , while

being responsive to volatile customer demand without a drastic increase in production

costs? Also, due to shortening product life cycles , What is the best available metho d for

disposing of products at end of life stage ? Product design modularity offered the solution to

both questions.
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The traditional design practices already incorporate modularity in Design for Assembly

(DFA) and Design for Manufacturing (DFMA) in which modularity is one of the major
objectives to improve operational performance (Kasarda, et al., 2007; Kremer, et al.,
2016). Considerable research effort has also been channelled into the area of Design for
Disassembly (DFD) , Design for the Environment (DFE ) and Design for Recycling (DFR)
where modularity also plays a major role in reducing environmental harm associated with
the manufacturing, maintenance and disposal of products (ljomah, et al., 2007; Tseng, et
al., 2008 ; Jawahir and Bradley, 2016 ).

Modul arity is also seento  influence supply chain organisational structure. Where in the pre
modularity era most operations were conducted under the umbrella of one company with

vertical integration being dominant (Doran, 2003; Lau, et al., 2008; Augusto and M iguel,
2005); it is now common practice for each supply chain tier to become specific to the

manufacture of one module instead of a complete product. This has changed the buyer

supplier relationship within the supply chain and also led to a focus on horizo ntal

integrations (Danese and Filippini, 2013; Ulku and Schmidt, 2011; Danese, et al., 2011).

The manufacturing process in most supply chains has seen significant changes as well since

to offer a diversified product range, most manufacturing processes cu rrently follow a
postponement strategy where assembly of the final product occurs at the last stage of

production to avoid obsolete inventory, which is made easier through modularity (Nepal, et

al., 2012). Modularity is also integrated in the process desig n of cell manufacturing to
increase production responsiveness, where each cell can focus on the manufacturing a

certain module (Ernst and Kamrad, 2000). This facilitates the distribution of labour and

machinery to produce different modules in response to ¢ hanges in demand (Forza, Salvador

and Rungtusanatham, 2005).

Modularity also plays an important role in a product $ end of life (EOL), which has gained
more attention due to increased environmental concerns related to how the product will be
recycled or disposed at this stage. By combining the concepts of modularity in design with

DFD, DFE and DFR products are designed to be disassembled into modules with similar

material composition to allow for modules to be reused or recycled and the parts that are
act ually disposed of a product are drastically reduced ( Ulku and Hsuan, 2017; Jawahir and
Bradley, 2016; Kremer, et al., 2016; Das and Posinasetti, 2015; Gu and Sosale, 1999).

The drivers for modularity have stemmed from economic or environmental factors, w here
modularity is incorporated in product design to help reduce supply chain operational cost

and allow for simplified recovery and disassembly of products to open channels for
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recycling, reu se and remanufacture processes. Table 2.2 summarises some of the main
economic and environmental forces that have given rise to the incorporation of PDM in

supply chains.

Table 2.2: Modular Driving Forces

Economic Driving Forces Environmental Driving Forces
Product Variety (Shamsuzz  oha, 2011) End Of Life (Ulku and Hsuan, 2017 )
Demand Volatility ( Vickery, etal., 2016) Design for Environment (Gu and Sosale,
Postponement (Nepal, et al., 2012) 1999; Kremer, et al., 2016)
Shortening Product Life Cycle (Esfahbodi, Design for Recycl ing ( Jawahir and Bradley,
Zhang, and Watson, 2016) 2016)
Design For Disassembly (Kremer, et al.,
2016; ljomah, et al., 2007)

2.3 .2 Modular Systems Theory

Even though modularity has been a significant topic in research over the past 60 some

years, modularity has only relatively recently been presented as a general systems theory
through the work of Baldwin and Clark (1997), Schilling (2000), Shutkin (2007). Since
Simon (1962) presented modularity as an attribute that facilitates the management of

complex systems by designing the m to near decomposability, much research has
investigated the role  and applications of modularity in different systems (Bask, et al.,

2010). However, the defining concepts of modularity as a theory remained relatively

unexamined.

Schilling (2000) introdu  ced the general theory of modularity to be based on three main
concepts: coupling and re  -combinability, synergetic specificity and heterogeneity of inputs

and outputs.

Coupling and re -combinability is the basis for most definitions of modular systems (Ulrich,

1995; Schilling, 2000; Shutkin, 2007, Kamrad, Schmidt and Ulku, 2017). A system in

general is defined as a solution within the context of a problem, where the conte xt of the

problem defines the scope of the system (Simon, 1962; Shutkin, 2007). For example, if the

problem is to improve organisational performance, then the context of the problem is for

that specific organisation and the system in question would be that VSHFLILF RUJDQLVDWLRC
system. The departments within the organisation are then considered the building blocks of

that system. A modular system is defined by its ability to be decomposed into separate

loosely dependent blocks (Sanchez and Mahoney, 1996; Langlois, 2002; Shutkin, 2007).

Coupling refers to the level of dependence between the components of a system. If a
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system consists of components that are heavily dependent to perform its functions,

separating these components will deteriorate the function ality of the entire system. Re -
FRPELQDELOLW\ LQ WKLV FRQWH[W UHIHUV WR D FRPSRQHQW VY DELOLYV
system and recombined with another or recombined with a different component than the

one initially coupled with in a system. In other word s, this can be translated to the ability to

transfer one component either within the system or across systems. Schilling (2000)

described this in terms of a balance between what a system loses through the separation of

dependent components versus what a sy stem gains in terms of increased flexibility when

ableto separate DQG UHFRPELQH FRPSRQHQWYVY WR EHWWHU ILW WKH V\VWHF

The couplingandre -FRPELQDELOLW\ RI D VIVWHPYV FRPSRQHQWYV LV DOVR FR
most commonly used concepts in th e development of metrics to measure the degree of

modularity within a system (Sosa, Eppinger and Rowles, 2003; Guo and Gershenson, 2003;

Holtta - Otto, et al., 2012). What is lost when separating components, or in other terms the

degree of synergy between tw o components is identified as the degree of synergetic

specificity (Schilling, 2000; Lau, et al., 2007; Kamrad, et al., 2017). Some systems can

achieve higher levels of functionality through a specific pairing of components (synergy),

but by doing so these systems also forfeit a degree of component transferability within the

system (Schilling, 2000). Other systems are seen to consist of more inde pendent

components that can be paired up in a variety of configurations with little or no loss in

functionality (Langlois, 2002). Therefore, some systems are seen to migrate towards more

dependency between their components, which is defined as an integrate d system, while

other systems shift towards more loosely coupled components i.e. modular systems. Lau et

al. (2007) and Schilling (2000) developed a continuum describing the level of modularity

within a system depending on the synergetic specificity of a s \VWHPYYV FRPSRQHQWYV DV DQ
DWWULEXWH RI WKH GHJUHH RI VHSDUDELOLW\ WUDQVIHUDELOLW\ DQC
FRPSRQHQWYV 7KH\ GHILQHG VHSDUDELOLW\ DV WKH GHJUHH RI LQGHSF
components allowing them to be separated from the system witho ut loss of functionality.

Transferability refers to the components ability to be recombined in different configurations

within the same system and across different systems. Specificity is the degree to which a

component has a clearly defined configuration that results in unique functionality with the

system interface. The decomposition of systems into independent blocks can therefore be

demonstrated as a continuum depending on the degree of synergetic specificity of the

VI\VWHPTV EORFNV 7KH G Helitdpgetifigity wau@dHhiuln have an inverse

relationship with the degree of separability, transferability and re -combinability as is

illustrated in ~ figure (2.2) below.
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Figure 2.2 The Synergetic Spec ificity Continuum (Adapted  from Schilling, 2000)

7KH ODVW HOHPHQW LQ WKH JHQHUDO WKHRU\ RI VIVWHPTV PRGXODULYV
and outputs. The demand for heterogeneous output from any system is directly related to a

QHHG IRU LQFUHDVLQJ WKDW V\TWwWdhiBve VieleiRdgeneOub autpW an increase

LQ WKH KHWHURJHQHLW\ RI D VIVWHP{V LQSXWV LV DOVR UHTXLUHG .C
2007; Schilling, 2000; Ernst and Kamrad, 1997). For example, if we look at a product as a

VI\VWHP ZLWK WKH SUR @xtdantifiyastReb8ildiQy blocks, i.e. modules of the

product, an increase in the heterogeneity of customer demand would directly lead to an

LQFUHDVH LQ WKH SURGXFW GHVLJQ PRGXODULW\ DQG WKH KHWHURJHC
can be seenin many  supply chain models opting for modularity in design as a solution to

balance out between producing variety in their product offerings and increased

manufacturing costs.

Numerous examples of the integrality or modularity of systems can be found in differe nt
fields ranging from biology, chemistry, organisations, electric structures, software packages

and product systems (Frandsen, 2017). With scientific and technological advancements

paving the way for better understanding of the relation between a system a nd its function,
more complex systems are now seen to shift towards a more modular structure to facilitate

the management of such systems. One of the most demonstrative examples of how our
understanding of science and technology has helped migrate a predo minantly integrated
system into a modular one is the human body. Currently, itis not uncommon to replace
defective organs with those from another person or synthetically grown organs (Schilling,

2000).

Ever since modularity was first introduced as a co ncept and with the transition of modularity
into a general systems theory it has increasingly been applied in a variety of managerial

fields. Campagnolo and Camuffo (2010) for example constructed a review on modularity

from a managerial scope portraying th e effect modular systems theory have on
organisational structure . Eissens -Van der Laan et al. (2016) investigated the role of
modularity in the service industry , Where services such as healthcare and insurance are
packaged together as independent offerings . Pashaei and Olhager (2015) examined the

effect of different product architectures (modular versus integral) on supply chain design
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decisions . Kamrad et al. (2017) developed a model based on the synergetic specificity
FRQWLQXXP WR LGHQWL I\mDbm\staewdpenfiiig Brtive benalties resulting from
having an integrated versus a modular system. Vickery et al. (2016) developed a model to

measure product performance based on the modularity of product and process designs.

What this proves is that unti | this day modularity is still a relevant concept that has the

potential to be integrated within a variety of fields to facilitate the decomposition of complex

systems into smaller blocks that are easier to manage. This research will therefore

investigate the effect of modularity in product design on sustainable supply chain

management. To achieve this, this research will focus on identifying the main processes

within the supply chain that are affected by modularity in product design and if modularity

in pr oductdesigni V LQGHHG D IDFWRU LQ HQKDQFLQJ WKH VXVWDLQDELOLW\

operations.
The previous section mainly focused on modularity as a general systems theory defining the
two extremes identified as modularity versus integrity of any syste m. The next section

builds on this by applying modular systems theory on product systems.

2.3 .3 Product Modularity Defined

Building on the discussion in the previous section of modular systems theory, it is important

to note that this thesis will only focus on products and supply chains as the system s for
analysis.
A product system consists of modules, which are defined as a component or group of

components (subassemblies) that are designed in such a way to deliver a specific function

for- WKH SURGXFW WR RSHUDWH DV GHVLUHG ZKLOH EHLQJ LQGHSHQGHQ
(Pimmler and Eppinger, 1994). Sanchez and Mahoney (19 96, pg. 65) explained independent

PRGXOHYV DV FRPSRQHQWYV ZKLFK pPGR QRW H[FKDQJH LQIRUPDWLRQ HC(
SHUIRUP WKHLU IXQFWLRQ QRU GR WKH\ UHTXLUH VSDWLDO FRRUGLQD

Ulrich (1995) defined modularity in product design as a one to one rela tionship between a
SURGXFWTV PRGXOHYV DQG WKH IXQFWLRQ WKH PRGXOH SHUIRUPV ZKLC(
turn have a one to many relationship between module and function. Research on the theory

of modularity in product systems originated from this conce pt of independence that Ulrich

presented. Products with a modular design would consist of loosely coupled components

that are independent of each other in the functions they are designed to perform, while
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integrated products would be heavily coupled in spe cific configurations in order to achieve

improved functionality (synergy).

Suh (1998) introduced the theory of axiomatic design where there are two design axioms:
an independence axiom and an information axiom. Modularity is achieved through the

independ ence axiom by having the components achieve the required functions

independently. Hence components can be separated and recombined while each component
maintains its functionality. The information axiom focuses on the information required in

developing the module. The argument is that the less information that is required to

develop the module the more optimal this will be.

Tomiyama, et al. (2009) also built RQ 6XKTV D[LRPDWLF GHVLJQ WKHRU\ DUJXLQJ
four main domains in axiomatic design: the customer domain, the functional domain, the
physical domain, and the process domain (Figure 2.3). The customer domain is the starting

point, where market research is conducted in order to identify customer requirements. The
funct ional domain comes after the customer domain, where customer requirements are
WUDQVODWHG LQWR IXQFWLRQDO UHTXLUHPHQWY WR HQVXUH WKH SUR
with how the customer intends to use the product. Next is the physical domain or the

product domain and here the functional requirements need to be translated into a product
design, which is able to do the functions required by the customer. At this stage, where the
functional requirements are translated into the product design, is where the product design
methodolo gy is decided. A modular design methodology would translate into the product
being composed of independent components each able to perform the required function
without being dependent on other components. However, if the design is based on tightly
coupled components, which are dependent on each other in order to perform the required

functions then this design would be integral.

The final domain that Tomiyama, et al. (2009) discussed is the process domain, which is
where the product design is translated into the required processes for the manufacturing of
the separate modules of the product system. The overlap between each domain and the

next is usually developed in the form of design structure matrices (DSM), which are used to

ensure that the  requirements of each domain are translated into the next domain
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Figure 2.3 Product Design Domains (Adapted from Tomiyama, et al., 2009)

Kong, et al. (2010) presented product design modularity in the form of an evolutionary

theory developing through f ive stages in history. The first stage which they named

spontaneous modularity due to the absence of theoretical guidelines for modularity and this

dates to prehistoric developments where modularity was used such as in building the Great

Pyramids or the Gr eat Wall of China. The second stage, pre -industrial modularity, started

around 1776 where it started becoming common nature to separate industrial products into

SDUWV IRU PDQXIDFWXULQJ 6WDUWLQJ IURP WKH TV LOGXVWULDO P
developmen ts in various industrial fields focused on gaining the benefits of modularity from

D PDQXIDFWXULQJ SHUVSHFWLYH 7KH DJH RI PRGXODULW\ EHJDQ LQ W
widely researched topic academically to record the benefits gained from modularity i n the

industry. The final stage, which they named the pan modularity time, began around 2004

where modularity has expanded into various fields including org anisational modularity and

service modularity.

Several authors have aimed to construct systematic | iterature reviews focusing on

modularity in general and modular product designs in specific (Bonvaoisin, et al., 2016;

Frandsen, 2017; Campagnolo and Camuffo, 2010; Salvador, 2007). What these authors

agree on is that even though the concept of modularity i s well established there are still
numerous opportunities for expanding the application of the concept and theory of

modularity in more fields . Campagnolo and Camuffo (2010) for example conducted a

literature review integrating modularity to organisational structure. Eissens -Van der Laan et
al. (2016) evaluated how the service industry has begun developing independent service

packages using the same principles in the general theory of modularity

There is also a consensus that depending on the focus of th e research the application of the
concept of modularity in product design can change in scope. While there currently are

differences in defining product modularity , this does not imply that some are correct while
others are wrong. Such differences can be t he result of the research being from different
disciplinary areas or depending on the level of abstraction the researcher takes when

considering product modularity. For example, engineering focused research usually focuses
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on the system structure decomposi tion of products, while managerial research usually

LQYHVWLIJDWHY SURGXFW PRGXODULW\ IURP WKH VFRSH RI WKH SURGX
2007). Bonvoisin et al. (2016) also discussed the lack of consensus on a singular definition

for product modularity due to the definition being based on the practice of modularity,

ZKLFK FDQ EH DW GLIIHUHQW VWDJHY ZLWKLQ D SURGXFWTTV OLIH F\FO}L

method encompassing the definition of modularity.

Gershenson , et al. (2004) attempted to reduce the ambiguity in defining product modularity

by distinguishing between two kinds of modules within a product: a production module and

a functional module. In a production module , components are defined based on production
considerations alone where each component is manufactured individually and then

assembled to perform the function. An example for this would be a bicycle, where each

module of the bicycle is produced individually, but the bicycle is only functional when a I
modules (wheels, gears, chasse ) are assembled together. In production modules the
components cannot function individually. In a functional module all components are

manufactured together as part of the same module, however components can perform

differe nt functions independently. For example, a car radiator consists of a pump and fan,

while each performs a separate function they are part of the same module.

Gershenson , et al. (1998) previously provided the definition of modularity to include a form -
pro cess relationship in addition to the already established from -function relationship. In t he
form -process relation ship they introduced  the aspect of similarity in the processes each

module must undergo in its life cycle. In other terms components, which und ergo the

similar processes in their life cycle stages can be grouped together adding to the already

existing definitions of modularity in product design.

Ulrich and Tung (1991 , pg. 75 ) define d product modularity in terms of two characteristics of
produc W GHVLJQ VLPLODULW\ EHWZHHQ WKH SK\WLFDO DQG IXQFWLR
DQG PLQLPL]DWLRQ RI LQFLGHQWDO LQWHUDFWLRQMeFls®dZHHQ SK\VL

these characteristics in distinguishing between six product modularity formats:

x Component Sharing Modularity: products are designed to consist of a base of common
modules shared between end items of a particular product family. Example: elevators.

x Component Swapping Modularity: products are designed with a focus on
customisation dfinal products through interchanging components that offer different

grades of the same function. Example: personal computers.
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x Cut to Fit Modularity: offers the ability to change the dimensions of a given module in
terms of length, width, and height tatfin different end items. Example: furniture.

X Mix Modularity: modules can be mixed in different combinations to offer a range of
functions, with each combination offering a unique function. Example: paint.

X Bus Modularity: Products are designed to acceagdiaonal modules for adding extra
functions. Example: personal computers.

x Sectional Modularity: standardised components can be arranged in different

configurations where each end item has a unique pattern. Example: Legos.

Salvador (2007) conducted a syst ematic literature review on the various papers defining
product design modula  rity (PDM) and grouping the different de finitions based on one of the
following aspects of the definition of modularity: component com monality, component
combinabilit y, function b inding, interface standardisation, loose coupling. He goes on to
argue that these can be considered attributes of a modular product, where component

commonality and combinability both need to be present for a product to have a modular

design. Function bind ing, interface standardisation and loose coupling are all considered a

result of a product having common and re -combinable components.

Piran et al. (2016) distinguished between three stages of modularity in product design
GHSHQGLQJ RQ WKH VWDJH RI WKH SURGXFWY{V OLIH F\FOH PRGXODULYV
production and modularity in use. They then further explain that modularity in de sign is at
the product design stage where the functional requirements are translated into design

parameters. This stage addresses the boundaries between the components subsystems and

their interfaces  to be assembled into the final product. Modularity in pr oduction builds on
modularity in design in that it refers to the management of the resources required for

manufacturing the product. Production lines, labour, stock, equipment and processes are

configured in such a way as to improve efficiency by decomposi ng the manufacturing
process into independent stages. Finally, modularity in use refers to the ability of the

customer to mix and match between different modules within the product to achieve

different or improved functions. Modularity in use also includes the maintenance and repair
of the product, which in turn influences environmental considerations in terms of material

reuse and recycling to reduce dependence on non -renewable resources.

It becomes quite clear that even though modularity in product desi gn is quite an established
topic, there is still a level of ambiguity regarding its definition. There is however, a

consensus on an abstract definition of product design modularity in that it entails a shift in
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focus from standardisation of the final produ ct to standardisation of the components making
up the final product. These standardised components should be designed in such a way to

allow for mixing and matching allowing for variations in product offerings. Therefore, a

product or a module on its own ¢ annot be used to analyse modularity in product design.

Jiao, Simpson and Siddique (2007), argued that to assess product design modularity, the
correct unit of analysis should be a product family. With this design goal in mind , modularity
in product design  translates into attributes defining the components that make up the

product family (system). These attributes are component commonality, component

combinability and interface standardisation. Component commonality means that more end

items share the same ~ common module in their production. Component combinability,

meaning that modules can be combined in different configurations allowing for variations in
product offerings or variations in customisation options for the same product. To achieve
component comb inability a prerequisite in the design of the components is interface
standardisation, where components are designed with standardised interfaces to allow for

the transference of modules between different end items.

Accordingly, definitions for modularit y in product design are mainly based on these two
attributes. Component coupling definitions of modularity focused on functional modularity of

the components loose coupling in terms of the modules having a one to one relationship

with the function they are designed to accomplish allowing for modules to be independent of
each other and for modules to be easily separated from the end item without affecting the

overall functionality of the product. Component common ality on the other hand best
describes modular ity definitions focusi  ng on physical modularity. In component commonality
the physical structure of the component relating to the interfaces of the components allow

for one component to be shared across different products within the product family

It al so becomes clear that the definition of modularity needs to be linked or integrated with

a SURGXFWY{V OLIH F\FOH GXH WR HDFK SU HgXiFa\enOpkdddsdesFOH VWDJH HQ'
Accordingly, the concept of modularity becomes quite different depending on whether one is

considering product design modularity at the design, manufacturing, or use stage of the

product.

As discussed earlier, the definition of product design modularity is also dependent on the
disciplinary field under which modularity is define d. Since the overall aim of this research is
to investigate the nature of the effect of modularity in design on supply chain management,
modularity in design will be examined from a product architecture perspective rather than a

system decomposition perspe  ctive. Therefore, the next section will discuss the relationship
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between modularity in product design and its effect on the product architecture of a product

family (system).

2.3 .4 Product Architecture

Product architecture is the blue print for the product. It generally consists of three main

elements: a set of functions that the product is responsible for achieving, a map that relates

each function to a specific module or group of modules, and interface specifications that

outline the relationship between the different module groups (Jung and Simpson, 2016;

Bonvoisin, et al., 2016; Baldwin & Clark, 2000; Ulrich, 1995). The product architecture for a

modular product would therefore exhibit a one to one ma pping between functions and

modules or as close to a one to one relationship as possible (Ulrich, 1995). Gershenson et

al. (2004) argued that for a modular product the goal is to reduce dependencies between

components that are part of different modular clu sters by grouping components with similar

functional impact together. They further discussed this by explaining that products can have

YDU\LQJ GHJUHHV RI PRGXODULW\ GHSHQGLQJ RQ WKH SURSRUWLRQ RI
are grouped into modules and the degree of independence these modules exhibit.

Therefore, D SURGXFWYV DUFKLWHFWXUH KHOSYV GHILQH D SURGXFWT{V GHJ
outlining the components that make up the product, the distribution of functions on the

components, and the relationshi p between the components in terms of the processes

required in order to transform the components into the final product. A modular product

would accordingly have a one to one relationship bet ween function and component, have

standardised interfaces between the components and standardised processes for the

transformation of the components into final products.

Ye, et al. (2009) provide several methods , which can be used when representing modular

product architectures:

X Matrix representation:
Focuses on port raying the relationships between the components of a product. The
components would make up the rows and columns of the matrix to discern the
categorisation of the components into function groups.

X Component trees:
Structures the product into its building b locks of components and subassemblies in a tree
like manner with branches representing the level of details and subassembly interactions

within a given product.
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X Process graphs:
7KH SURGXFWYTV DUFKLWHFWXUH LQ WHUPV RI FRPSRQBs&WIyoDQG SURF

production, are detailed in order outlining the sequence of the processes.
x Product decomposition graphs:

Like the process graphs, however the processes are listed in reverse to outline the
decomposition procedure for the product. This also giv es focus to the dependence between

the modules. Usually represented as a fish bone diagram.

Fixson (2005) provided one of the clearest definitions for product architecture as being the

set of information that defines how many components a product is made up of, how these

components interact together, the processes involved in order to build or as semble these

components into the product, how they are used, and finally how the components are

disassembled. Ulrich (1995 , pg. 420) defined SURGXFW DUFKLWHFWXUH DV pWKH VFKI
WKH IXQFWLRQ RI D SURGXFW LV DOORFDW HIE puposaof grbdubtO FRPSRQHQV
architecture hence is to outline the physical components making up a product and define

what they do and how they interact with the rest of product (Ulrich and Eppinger, 2000).

Mikkola and Gassmann (2003) discuss ed this further by explain  ing that product

configurations are rooted in product architecture designs, which may be integral or modular.

,Q WKH FDVH RI D PRGXODU GHVLJQ D SURGXFWYV DUFKLWHFWXUH ZRX(
being independent of each other, with each module responsi ble for a certain function,

VLPSOH DVVHPEO\ RU GLVDVVHPEO\ RI D SURGXFWYV FRPSRQHQWYV $Q
accordingly have a product architecture with heavily coupled components, functions being

integrated across a range of components and complicated disassembly that affects the

overall functionality of the product. Changes to one component cannot be made without

making changes to other components.

The next section will discuss the effect modularity in design has had on the reshaping of the

supply ¢ hain structure.

2.3 .5 Modularity and design for supply chain

.ULVKQDQ DQG 80OULFK DUJXHG WKDW D VXSSO\ FKadreMing GHVLJIQ V
board. They clarified this by explaining that a supply chain is usually in a position of

balancing multi ple objectives simultaneously. Therefore, product design decisions and

supply chain design decisions should be considered concurrently to factor in issues such as

component availability, supplier partnerships, make or buy decisions, supply chain network

structure, pricing, and other capacity constraints. In other words, they emphasise that
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design encompasses more than just the functionality and appearance of products; product
design can be considered the starting point of a supply chain, since various long and short

term supply chain decisions are dependent on product design.

Sharifi et al. (2006) talk about two processes within supply chain management, which are

supply chain design (SCD) and design for supply chain (DFSC). SCD focuses on developing

thenet ZRUNfV VWUDWHI\ DV ZHOO DV GHVLJQLQJ LWV SURFHVVHV VWUX
LOQOWHJUDWLQJ WKH VXSSO\ FKDLQ PHPEHUTY VWUDWHJLHY WRJHWKHU
refers to whether the strategic focus within the supply chain will be towards achieving a

responsive/agile or physically lean/efficient strategy. DFSC on the other hand is considered

part of the new product development (NPD) process. It focuses on designing a product that

integrates with the strategic vision of the supply chain. In other terms developing a product

design while considering the impact on SCD (Pero etal.,, 201 0, Sharifi et al., 2006, Mikkola

and Gassmann, 2003). Pero et al. (201 0) argue d that SCM and NPD are related to each

other, since the supply chain produces and distributes th e product, which is the output of

the NPD process. Through linking NPD and SCM supply chain constraints can be anticipated

at an early stage (Pero et al., 201 0, Mikkola and Gassmann, 2003). Decision support

models linking NPD and SCM either consider bill o f materials (BOM) or product

architectures. However, trade - offs between process, product, and supply chain design only

EHFRPH FOHDU ZKHQ FRQVLGHULQJ D SURGXFWYV DUFKLWHFWXUH WR X
between the components of the product (Krishnan and Ulrich, 2001). They explain that

when considering product architecture, design decisions relevant to how modular or integral

the product will be, and the effect of this on the supply chain is made clearer.

Hult and Swan (2003) argue d that through linkin g p roduct design with supply chain
management three marketp lace shifts usually happen. The first shift will be the entire
supply chain moving towards a customer functionality focus instead of a product focus.
Second, the mentality will change from thinking about product differentiation towards
customised solutions. Third the relatio n between supply chain members will develop from

transaction based into relation based intimacy.

$ SURGXFWTV GHVLJQ LV WKHUHIRUH VHHQ WR KDYH D GLUHFW LPSDFW
the sourcing of components to production to distribution all the w ay till how the finished

product will be presented to consumers in retail outlets (Pero etal.,, 201 0, Christopher and

Peck, 2003). Van Hoek and Chap man (2007) argued that the alignment between product

design and t he supply chain must be enhanced to further develop supply chain capabilities.

Abecassis (2006) also supported this by explaining that there is in fact a more strategic role

for design, which impacts the total supply chain.
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Vickery et al. (2016) argued that coordinating between manufacturing proce ss and product
design decisions (i.e., concurrent engineering); and integrating product design and supply

chain design decisions (i.e., DFSC) is not considered sufficient enough to enable a supply

FKDLQ WR FRPSHWH LQ WRGD\TV PDUN H Wstahéts\éontvuduBly Q O\ GXH WR F
demanding greater variety in product offerings and increasingly shorter product life cycles.

Fine (1998) argued that these three domains ( process, product and supply chain ) all
possess architecture; and the key for the success of the entire supply chain comes from
matching these architectures . Fixson (2005) also supported this by arguing that a
comprehensive product archite cture assessment methodology could offer a solution where
decisions from all three domains are linked together. Fine (1998) named the process of
integrating all three  -domain decisions as three dimensional concurrent engineering (3DCE).

Even though the objectives and constraints for each domain add to the complexity of the

overall decision making process; 3DCE reduces supply chain risks, improves performance

and allows for critical long  -term decisions to be made.

With firms increasingly striving to rationalise their product offerings to include more
diversity at lower cost, shortening product life cycles, and increasi ng environmental

awareness, it becomes clear that the product architecture (modular or integral) has a direct

influence on supply chain design and process design. With modularity offering a solution for
increasing product variety  , reduced manufacturing cos  ts and opportunities for reducing
dependence on non -renewable material in production, numerous industries (automotive,

electronics, furniture) are seen to shift towards increasingly modular product architectures.

From the literature it is clear that throu gh the development of modularity, there is now an
emergence of what can be called a modular supply chain; this is because modularity can be
seen to have an effect on each of the supply chain generic processes hence affecting the
decisions at each processa nd also affecting the internal and external supply chain
relationships ( Bonvoisin, et al., 2016; Khan et al., 2012, Doran, 2003, Lau, et al., 2009,
Rungtusanatham and Forza, 2005, Nepal, et al. 2012).

Nevertheless, the effect modularity has on the entire supply chain is more complex to
associate (Hoetker, 2006). The reason for this is that supply chains are becoming more
decentralised with globalisation being the norm in several major industries (automotive,
electronics, furniture). Therefore, companies mu st balance between being responsive while
managing risks associated with global supply chains. Such risks are directly amplified if

changes in product design or production processes become necessary (Holmstrom, et al.,

2006). However, what is clear is that modularity in product design reduces complexity in
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terms of managing such risks. Having a bill of material representing a modular product

DUFKLWHFWXUH ZKLFK LV GHVLJQHG LQ DOLJQPHQW ZLWK D VXSSO\ FK
supply chain risks as wella s offer increased supply chain responsiveness (Hvam, et al.,

2017). Doran et al. (2007) argued that by structuring a product family to have standardised

components, supply chain complexity is significantly reduced.

Ro et al. (2007) explained that modular ity in product design reduces complexity in supply

chains due to several reasons: First is that it allows companies to concentrate on their core

competencies and by doing so outsource their less strategic activities to suppliers. Second,

it redefines the r  oles of first tier suppliers who can now be responsible for producing entire

modules or systems and coordinate the network of suppliers in earlier tiers. Modularity in

product design leads to interface standardisation, which in turn allows for the realloca tion of

tasks so that a brand name firm develops the process and design for the product while the

manufacturing process itself is outsourced to a contract manufacturer (Doran, et al., 2007;

Sturgeon, 2003). Modularity in design also leads to extensive co -development in terms of a
SURGXFWTV DUFKLWHFWXUH EHWZHHQ WKH RULJLQDO HTXLSPHQW PDQ>
(Lau and Yam, 2005). Once the complete product design is defined, developments on a

modular level become the responsibility of that particular m RGXOHfV VXSSOLHU 5R HW D
2007).

The value transfer theory, which is a stream of literature in supply chain management

develops that for a firm to concentrate on its core businesses, a manufacturer transfers

non - core value adding activities further u p the stream to its suppliers (Schaltegger and

Burritt, 2014; Porter and Kramer, 2011). This creates a sort of chain reaction where the
first tier supplier re -organises its business  structure to accommodate for the increased
responsibilities in terms of production and management , and then inturnalso pass down
other value adding activities , which have become non  -core activities for the first tier
supplier, to the second tier supplier . Doran et al. (2007) argued that, modular product
design leads to the red istribution of value adding activities from being centralised within a

single organisation to being shared across the overall modular supply chain as modules

become outsourced to suppliers with the technical competence for modular development.

This allows each link in the supply chain to focus on its core value adding activities

enhancing the overall competitiveness of the chain

Sako and Murray (1999) suggested a different view on the concept of modularity where
they developed two different roles within WKH VXSSO\ FKDLQ WKH pLQWHJUDWRUY D
HPRGXODULVHUY ,Q WKH L Q Wetdntrdl YerRaihsWwih@hd OBMR G . In the

40



modulariser role, the OEM looks to transfer module control by outsourcing entire modules to

first -tier suppliers with the capabilities required to provide modular solutions.

Hvam et al. (2017) discussed the relation between modularity and the supply chain as well

arguing that there is a direct relation between modularisation and outsourcing. They

explained that increased modularity leads to simplifying the process of outsourcing the

manufacturi ng of product parts , since the decomposition of product system can be done in

such a way that the interfaces of the building blocks (modules) are specified and

standardised. In addition, it  also facilitates the creation of partnerships and inter -firm
learn ing between the supplier tiers within the supply chain (Mikkola and Gassmann, 2003 ;
Hult and Swan, 2003 ). By shifting the responsibility of building entire modules to suppliers,

the OEM also shifts the cost of innovation on the supplier. By allowing differ ent suppliers to
compete for the module leads to a more efficient and effective module design (Doran,

2003). Doran and Roome (2003) also argued that modularity in design develops relation

based intimacy between OEMs and suppliers of strategic modules. Dane se et al. (2011) also
supported this by arguing that modularity in product design is linked with significant

performance improvements as a result of enhanced supplier integration.

6HYHUDO DXWKRUV VXSSRUW 'RUDQTV WKHRU\ HP Sdeelbpd &t@geV KDW PR G
supplier relationships, which further stimulates the formation of a modular supply

organisation. Stephan et al. (2008) discussed that a modular supply organisation is

characterised by a relational and physical structure that mirrors that of WKH SURGXFWYV
modules. The supply chain structure itself is altered as a result leading to reducing the

number of suppliers, who in turn become responsible for the production of entire modules

Modularity in design is also attributed to the creation of st andardised decoupled interfaces

between the modules, which leads to improved communication within the supply chain

where the module becomes a common unit across the entire chain. This also preserves the
PDQXIDFWXUHUYY LQWHOOHFWXDO 8 &eBntertakidn\ofidie pkoduiet itdacX H W R WK
separated independent  (Schilling, 2000; Danese and Romano, 2004). By limiting the

discussion between the OEM and the supplier to a specific module, the OEM in this case can

control and segment what information to relay to the supplier and what information can

lead to the replication of the entire product design (Dube, Muyengwa and Battle, 2013).

Modularity in product design also affects assembly operations in the supply chain, allowing

for delaying the assembly of the en d item till the last stage in the supply chain before
delivery to the final customer (Nepal, et al., 2012) . This is better known as postponement,
which allows the supply chain to consider direct customer input on the product specifications

they require. Po stponement is also associated with mass customisation, which is defined by
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Piller (2005 , pg. 314 DV D pFXVWRIsktpedess of products and services that meet

the needs of each individual customer regarding FHUWDLQ SURGXFW IHDWXUHVY 7KH E
postponement can also be seen in improving supply chain responsiveness through a

reduction of finished goods inventory levels, which in turn reduces the p ossibility of obsolete

products, and allowing for the quick assembly of end items as per customer spe cification.

A modular design also means that a certain module can be interchanged without affecting
the functionality of the product. For example, a computer can run on an Intel processor or
on an AMD processor without losing functionality. From a supply chain perspective this

offers more security because the supply chain will not stop due to a missing module when

most modules are interchangeable, hence lower supply chain risk (Qrunfleh and Tarafdar,
2013) .
Another major  effect a modular design can have on supply chainis  found in product

recycling or in product returns. A product with a modular design can be taken apart and the
modules which are still functional refurbished and reused again with major benefits for the
environment and the resources that w ould have been needed to build the product again
from scratch.  This opens a path for closed loop supply chain management and green supply

chain management (Qiang, 2015).

Nepal et al. (2012 , pg. 322 ) sum up the effects that can be seen on a supply chain ne twork

as a result of modularisation:

x Simplified outsourcing process where there is a shift in the value creation process,
where suppliers become responsible for the production of entire modules

x Reducing the number of first tier suppliers and increased ddpacy and coordination
in the design and development of more components as modules.

x Decentralisation of the manufacturing process, where modularity leads to a shift in the
manufacturing process to first tier suppliers who in turn transfen-corevalue alding
processes to ® tier suppliers.

X Strategic partnerships between OEMs and module suppliers.

The next section will discuss the incorporation of sustainability within supply chain
management and identify the most common issues and problems supply chain s face when

shifting towards more sustainable operations.
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2.3 .6 Sustainable Supply Chain Management

This section aims to offer a critical state of the art review on the most influential literature
on SSCM with a view to define SSCM. This section will also present the requirements and

major obstacles faced by supply chains in order to integrate sustainability in their

operations.
Chopra and Me indl (2007) discussed the trade - off between responsiveness and efficiency
within the supply chain. They explain ed that responsiveness means increasing the supply

FKDLQYV DELOLW\ WR UHVSRQG WR FXVWRPHU GHPDQG ,Q PRVW FLUFX
responsiveness is costly to achieve and is usually targeted towards a differentiated

FRPSHWLWLYH VWUDWHJ\ ZK slfddds W sHallly ¥ivs@niRcP level] customization,

and fast delivery. Efficiency on the other hand means being able to add value from limited

resources and to reduce waste along the supply chain. Efficiency focuses on reducing cost

as a main target. Suppl y chains usually aim to target a balance between responsiveness and

efficiency depending on numerous conditions such as which market segment they target,

type of product, competition, etc. Discussions regarding sustainability have just recently

begun to ar ise. Wakeland, Cholette and Venkat (2012) discussed that in order for a supply

chain strategy to be effective it must also explicitly address sustainability

Sustainability has become a widely researched topic academically and widely sought after

SUDFWLFDOO\ 7KH ULVH LQ UHVHDUFK UHJDUGLQJ VXVWDLQDELOLW\ FI
ZKHUH WKH %XUWODQG &RPPLVVLRQ GHILQHG VXVWDLE&GDIRELOLW\N DV pGFH
needs of the present without compromising the ability of future generations to meet their

QHHGVY :RUOG &RPPLVVLRQ RQ (QYLURQPHQW DQG 'HYHORSPHQW

the most adopted and often quoted definition of sustainability (Carter and Rogers, 2008).

However, s ustainability means a number of different things depending on the perspective in

question . Taticchi et al. (2013) Defined that a sustainable firm is characterised by currently

and for the foreseeable future being able to produce and deliver its goods and services

without causing depletion or degradation to people, planet or profit. This definition was

based in part on  De Steiguer (1995) environmental economic theory, particularly that the

rate of consumption of any resource should not exceed the rate of replenishment. Also, that

the external effects and costs the operations of a firm have on its surroundings should be

FRQVLGHUHG LQ D ILUPTV GHFLVLRQ PDNLQJ SURFHVYV

The rise in research regarding sustainability developed from a number of drivers which will

be further discussed in detail in this section, however, these drivers can be summarised into
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an understanding that economic and profit focuses of a firm are no longer sufficient and

that a firm is required to take environmental and social responsibilities into account in order

WR UHPDLQ FRPSHWLWLYH DQG VXU Y &ustinal@itystiR @mDAifsinRd UNH W
dev elopmental stage;  therefore, itis quite expected not to have a single definition

encompassing all facets of the term (Carter and Rogers, 2008). Linton et al. (2007)

presented that sustainability has been defined differently depending on the scope and the

field of the research, where divergent definitions have been presented in operations

management, social science and engineering science. Table 2. 3 presents some of the most

acknowledged definitions for sustainability.

Table 2.3 Summary of most commonly us ed sustainability definitions
Author Definition
Carter and Rogers (2008 , pg. 363 ) Defined sustainability as the ability of

one or more entities, either individually

RU FROOHFWLYHO\ WR H[LVW
(either unchanged or in evolved terms)

for length y timeframes, in such a manner
WKDW WKH H[LVWHQFH DQG A
other collectivities of entities is permitted

at related levels and in related systems. T
Shrivastava (1995 , pg. 955 ) Defined sustainability as pffering the
potential for reducing long ~ -term risks

associated with resource depletion,
AXFWXDWLRQV LQ HQHUJ\ FR
liabilities, and pollution and waste
management.

Hassini, Surti, and Sea rcy (2012 , pg. 70 ) | Defined business sustainability gs the
ability to conduct business with a long -
term goal of maintaining the wellbeing of

the economy, environment and society. 1

All sustainability definitions presented have a common principle, which is that in order to

achieve sustainability an integration of the economic, environmental, and social a spects of
the organisation have to be taken into account simultaneously. The debate presented in the

literature currently is based around the trade -offs required to reach sustainability . Hoffman
and Bazerman (2005) argued that the most common trade -offs in sustainability generally
revolve around the fact that social and environmental investments do not necessarily have

to result in economic improvement. They also presented that as soon as this becomes

accepted between supply chain members the easier it will become to adopt a sustainable

approach towards managing the supply chain.

Meckenstock, Povoa and Carvalho (2016) discussed that sustainability should be viewed as
a wicked problem, which are a unique category of problems with specific characteristics.

Wicked problems lack an agreed problem definition and have no clear solution approaches
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(Rittel and Webber, 1973). They argued that due to the converging objectives of the
economy versus the environment versus society there are no easy win -win situations in

sustainable management.

Markman and Krause (2016) aimed to provide a stricter definition for sustainability by

arguing that sustainable management should not be equated with reducing environmental

harm, unethical conduct, trade - offs, or corporate social responsibility. They provi ded that in
order to truly become sustainable firms needed to re -assess the relationships between the
three pillars of sustainability. They therefore argued that the definition of sustainability

should not equate between the three pillars of sustainability and instead the environmental
pillar should receive more weight than the social pillar, which in turn should receive more

weight than the economic pillar.

Nevertheless , some supply chain activities do improve all three aspects (economic,

environmental a nd social) simultaneously and are therefore defined as sustainable. Figure

2.4 provides a graphical presentation for the definition of sustainability as presented by

Carter and Rogers (2008). They developed this model based on the integration of

(O NLQ BWLBO9)%riple bottom line accounting (TBL) system, where sustainability is

RITHUHG DV DQ LQWHJUDWLRQ RI WKH WKUHH 3V SHRSOH SURILW
environmental, and social aspects. This accounting methodology was presented as an

alternative to the singular profit focus to incorporate the environmental and social aspects

of the organisation within its performance measures. It went further than the traditional

accounting methods that focus solely on shareholder value or return on inve stment and

integrated environmental and social aspects (Slaper and Hall, 2011)

The development of the sustainability definition is based on not looking at the

environme ntal or social aspects as stand alone processes but integrating them along the
economi c aspect in order for an organisation to maintain its operations without harming the
environment, benefiting the society where it operates, and maintaining competitiveness and
profits economically.  Pagell and Shev chenko (2014) in their definition of sustai nability
provided that true sustainability cannot be equated to maintaining or simply reducing harm.

True sustainability needs to work on reversing or improving sustainable operations.

Genovese et al. (2017) discussed the overlapping of the definitions of sustainability and
circular economy. They argued that sustainability is a prerequisite in order to achieve a

circular economy, which they defined as the circular passage of material and energy

through our planetary system.
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Figure 2.4 Aspects of Sustain ability (Adapted from Carter and Rogers, 2008)

The direction of research that followed was based around how to integrate this defi nition of
sustainability with  supply chain management . This opened the door for research regarding
supply chain sustainability. Tate et al. (2010) proposed that the natural path towards

implementing sustainable initiatives in business is through the integration of sustainability

and supply chain management. This is due to the fact that in order for sustainability to be

truly effective it will require all supply chain members to take part in the implementation of

sustainable practices and cannot be limited to one company alone.
Supply chain sustainability h as been defined through numerous papers. Table 2. 4 presents

some of the most widely agreed upon definitions, which are most commonly repeated

through papers on supply chain sustainability.
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Table 2. 4 Summary of most commonly used definitions for sustainabl e supply
chain management

Author Definition

Carter and Rogers (2008 , pg. 368 ) '"H¢eQHG 6XVWDLQDEOH 6XSSO
Management (SSCM) as  the strategic,
transparent integration and achievement

Rl DQ RUJDQLVDWLRQTV VRFU
environmental, and economic goals in

the systemic coordination of key inter -
organisational business processes for

improving the long  -term economic
performance of the individual company

and its supply chains.

Seuring and Muller (2008 |, pg. 1700 ) 'H¢ QHG 66 & Othie mManagement of
PDWHULDO LQIRUPDWLRQ DQ
well as cooperation among companies

along the supply chain while taking goals

from all three dimensions of sustainable
development, i.e., economic,

environmental and social, into account

which are derived from cust omer and
stakeholder requirements. 1

Hassini, Surti, and Sea rcy (2012 ,pg. 70 ) | Defined SSCM as the management of
supply chain operations, resources,
information, and funds in order to
maximize the supply chain profitability
while at the same time minimiz ing the
environmental impacts and maximizing
the social wellbeing.

Research motivation towards the incorporation of sustainability within supply chain

management began with research into green supply chain management (Murphy and Poist,

2000). Winterand Knemeyer (2013) conducted a systematic review on the link between

supply chain management and environmental sustainability outlining several key areas
where both fields overlap such as: carbon footprint, green purchasing, remanufacturing,

supplier certifi cation, purchasing ethics, safety management and reverse logistics Focus on
the environmental aspect of sustainability can be attributed to a shift in legislative direction
of governments . For example, the (WEEE) directive 2002/96/EC on waste electrical an d
electronic equipment together with the (RoHS) Directive 2002/95/EC on restriction of
hazardous substances in Europe (European Union, 2003) are both legislative initiatives

within the European Union, which obligate supply chains to the safe disposal of pr oducts at

end of life. These initiatives appl y the waste hierarchy, employing the 3Rs: reduce, reuse

and recycl e. This has created a need for both manufacturers and researchers to investigate
options on how to  transform traditional operations into sustaina ble ones not just for one
entity, but also across all supply chain members (Brandenburg, et al., 2014).
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According to Seuring and Muller (2008) the literature showed that the term sustainable

supply chain management has been inconsistently defined and app lied in research.

I nvestigations from the logistics and supply chain management research perspectives into

issues such as the environment, human rights, safety have been made separately without

considering the potential integrating these topics together ca n produce (Carter and
Jennings, 2002). Brandenburg and Rebs (2015) further argued that most definitions on

SSCM focus primarily on the downstream or forward material flow within the supply chain ,
which presents a gap in most definitions that neglect the r everse material flow and closed

loop supply chain management effect on sustainability.

Carter and Rogers (2008) presented a systematic review on the term sustainability from the
perspective of supply chain management. From the literature they reviewed, th ey were able
to sum up that the term sustainability increasingly refers to an integration of social,

environmental, and economic supply chain responsibilities. Taticchi et al. (2013) also

support this through their definition of sustainable supply chains. From their point of view a
single entity cannot truly become sustainable due to the decentralisation and

interdependence of firms today in the development of a product or service. Therefore, the

supply chain including all its entities need to work together and implement sustainable

policies that include environmental and social criteria in addition to the traditional economic

criteria in order to transform traditional supply chain management to SSCM. What this

further implies is that supply chains aiming to become sustainable would have to meet

multiple and conflicting objectives, namely being able to maximise profit, while reducing

environmental harm and improving social wellbeing in their surrounding environment.

In their research Tat icchi et al. (2013) identify 30 papers approaching sustainable supply

chain performance management considering all the three dimensions of the TBL. However,
the question that arises is how to measure the TBL. Economic, environmental and social

criteria cannot be  represented in monetary terms and therefore lack a common

denominator. Profit is measured in dollars; however, social capital and environmental or

ecological dime nsions have effects that cannot be equated to numerical representations,

which makes it diffic  ult to come up with a common unit of measurement. Hence, a number

of authors advocate calculating the TBL in terms of an index (Slaper and Hall, 2011;

Hassan, et al., 2012). In this way, the incompatibility of the measures is eliminated.

However, in place  of measures, the development of the indices should follow a systematic
methodology, which would allow for comparisons on a supply chain, company, product,

project, or city level.
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Slaper and Hall (2011) considered the absence of a standardised accounting system for
sustainability as a strength at this stage of research development on the topi c. They argued
that this in turn provides the user with the flexibility in adapting the framework to the

different needs of the entities (businesses or non -profits ), d ifferent projects or policies
(infrastructure investment or educational programs), or different geographic boundaries (a

city, region or country ), or different scope (project or case specific).

Not all authors were proponents of the TBL however; Norman a nd MacDonald (2004)

argued that numerous companies claimed to be implementing the TBL to improve their

FRPSDQLHVY EUDQG LPDJH 7KH\ IXUWKHU FODLPHG WKDW UHSRUWLQJ "
transparency such as the Global Reporting Initiative (GRI), do not pr ovide tangible solutions

to measuring social or environmental impacts. While such developments are still to be

applauded, more effort is required in developing a unified methodology for reporting social

and environmental operational impacts.

In summary, t here are three major issues, which become apparent when conducting
research on sustainable supply chain management. The first issue is the broad scope of
sustainable supply chain management. In their review, Winter and Knemeyer (2013)

presented some of the  overlapping areas between sustainability and supply chain
management and summarised the following set of topics: purchasing ethics,

remanufacturing,  green purchasing, safety management, carbon footprint,  supplier
FHUWL,{FDWLRQ DQG UHY HghveslarOmlitatiddwans how brgad the topic of
sustainable supply chain management truly is. Therefore, most studies conducted so far

have usually taken a narrower sco pe of sustainability focusing only on one of the aspects of
sustainability instead of attempting to incorporate all three simultaneously (Pagell and
Shevchenko 2014; Reefke and Sundaram 2016 ; Ansari and Kant, 2017 ).

The second issue is the lack of practical initiatives towards integrating sustainability within

supply chain  management. Dubey et al. (2017) argued that there has been a considerable

increase in research towards integrating sustainability and supply chain management.

However, most of this research focused on developing theoretical models , Which portray the
effect sustainable management can have on supply chain management. Papers which

provide practical initiatives in terms of transforming a supply chain from a traditional

managerial perspective into sustainable supply chain management perspective are still quite

rare (Carter and Rogers 2008; Seuring and Muller 2008; Carter and Easton 2011; Dubey et

al. 2017). This issue can still be attributed to sustainability being in its early stages of

development and requiring more focus on the development of theory at this cu rrent stage.
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The third issue is the lack of a standard system accounting for the level of sustainability

within a supply chain. Even though there have been numerous attempts, offering

frameworks, developing metrics to measure the performance of sustainab le supply chain
management (Taticchi, Tonelli and Pasqualino, 2013; Hassini, Surti & Searcy, 2012;

Schaltegger and Burritt 2014; Reefke and Sundaram, 2016; Formentini and Taticchi, 2016)

there is yet to be a standard system. The problem remains in the natu re of sustainability

itself being difficult to find a common denominator across economic, environmental and

social aspects. M ost of the research conducted in this area however XVHV (ONLQJWRQYV
triple bottom line accounting philosophy as a basic gui deline with people, planet and profit

as the three main pillars for the development of the metrics.

2.4 PartB: The Integrative Review

Part B will present the integrative literature review as a systematic approach towards
identifying supply chain areas and processes that are affected by modularity in product

design.

The integrative literature review is a form of research that reviews, critiques, and

synthesizes representative literature on a topic in an integrated way such that new

frameworks and perspe  ctives on the topic  are generated (Carliner, 2011). Grant and Booth
(2009) discussed the integrative literature review under their SALS A classification scheme
(Table 2.5 ). Since the focus of an integrative literature review is not quantitative or

qualitati ve in nature, but on the research questions, it is labelled as a mixed review method.

What this means is that the integrative review does not solely focus on identifying the

number of papers, which discuss PDM and SSCM, but also on critically assessing the

arguments within these papers with the objective of developing new research themes.
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Table 2.5 : Mixed Studies Review (Integrative Review)

Label Description Search Appraisal Synthesis Analysis
Mixed Refers to Requires Requires Typically Analysis may
studies any either very either a both characterise
review/mixed combination sensitive generic components both
methods of methods search to appraisal will be literatures
review where one retrieve all instrument or presented and look for

significant studies or separate as narrative correlations

component separately appraisal and in between

isa conceived processes tables. May characteristics

literature guantitative with also employ or use gap

review and corresponding graphical analysis to

(usually qualitative checklists means of identify

systematic). strategies integrating aspects

Within a quantitative absent in one

review and literature but

context it qualitative missing in the

refers to a studies other

combination

of review

approaches

for example

combining

guan titative

with

qualitative

research or

outcome

with process

studies

Adapted from Grant and Booth (2009)

Most integrative literature reviews are intended to address two general kinds of topics:

mature topics, or new emerging topics (Torraco, 2005). Due to SSCM being in its
introductory stages , t his research follows the latter of the kinds of integrative literature
reviews that Torraco (2005) discussed. From the literature (Winter and Knem eyer, 2011;

Carter and Rogers, 2008; Seuring and Muller, 2008), it is recognised that there is a lack of
research for applicable initiatives in supply chain m anagement that would lead to SSCM. De
Brito and Laan (2010), discuss the procrastination between the integration of supply chain
management and sustainability. Hence, it can be argued that presenting product design

modularity as a means towards a more sust ainable supply chain can be considered a new or
emerging topic. The result of an integrative literature review on new and emerging topics is
usually an initial conceptualization of the topic (Bailey and Kurland, 2002). Integrative

reviews have been previou  sly used in a number supply chain management related fields

with a focus on reaching new conceptual frameworks in both emerging topics such as

incorporating modularity concepts in the service industry (Bask, et al., 2010); the effect of
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modularity on produ  ct offerings and customer satisfaction (Bask, et al., 2013) ; the
transition from traditional supply chain management into a three dimensional management

system integrating economic, environmental and social constraints in the decisions making

process (Gupt a, etal., 2013); and in mature topics  such as the use of demand management

to achieve improved supply chain agility (Gligor, 2014).

Torraco (2005) presented the integrative literature review writing process in the form of a
cycle, which begins with conce ptual structuring of the review, followed by a discussion of a

detailed explanation of how the review was conducted, and finally the writing focus of the

integrative review is on critical analysis and conceptual reasoning in order to reach new
theories and conce pts, as illustrated in Figure 2.5 below.

Figure 2.5 The Integrative Literature Review Process (Adapted from Torraco,
2005)

2.4 .1 The Conce ptual Structuring of the Review

Building on the previously discus sed definitions of SSCM and PDM provided in Part A,t he

conceptual structure for this thesis will be to integrate between PDM and SSCM across the
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three aspects of sustainability (economic, environmental, social) . This is illustrated in Figure
2.6 below . The concept is divided into two stages: Fir st, to identify the operations and
processes within the supply chain, which are affected by a modular product design. Second,
is to i dentify whether these operations and processes, when under a modular design, impact
economic, envir onmental, or social supp ly chain performance . This leads to the

development of three questions:

1. How does PDM improve economic supply chain performance?
2. How does PDM improve environmental supply chain performance?

3. How does PDM improve social supply chain performance?

Figure 2.6 The Conceptual Structuring of the Review

2.4 .2 How the review was conducted

This relates to the methodology of writing an integrative literature review. This section

explains how the literature was identified, analysed, synthesized, and reporte d. This section
focuses on the replicability of the research. Torraco (2005) presents a four -step guide
outlining how an integrative review is to be conducted illustrated in Figure 2.7 below

Figure 2.7: Methodology for Conducting the Review
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The strategy for selecting the literature followed the conceptual structure for writing the

review. The focus was to identify literature where PDM has an influential role in improving

the performance of the supply chain. However, this was not easy to condu ct due to the
nature of the topic articles were dispersed between journals with an engineering focus, and

others with a managerial focus, and others with a focus purely on sustainability. Therefore,
having a clear conceptual structure to begin with helped focus the search  strategy for

relevant articles.

The main keywords used were:

X Product design modularity
X Supply chain management

X Sustainability

The main databases used were:

X Science Direct ( |www.sciencedirect.com

X Scopus (|www.scopus.com

x Emerald Insights (  |www.emeraldinsights.com

These databases were selected on the merit of the availability of management related

articles as wel | as engineering related articles, which was vital to obtain wider range  of

results from both fields to present the integration between PDM and SSCM.

*LYHQ WKDW OLWHUDWXUH RQ VXVWDLQDELOLW\ EHIJIDQ WR HPHUJH LQ
to articles fromth H TV XQWLO 0D Wkrdattempted to include the most current

literature. The search began by first trying all three keywords simultaneously which

returned with no articles containing all three keywords.

The search was then conducted using t he first two keywords together (Product design
modularity and supply chain management), which returned with a total of 229 articles in

total from the respective databases.

The search was conducted again using (product design modularity and sustainability) , Which
returned 34 articles in total from the respective databases.

The inclusion criteria for using the articles in the review were:
x dZ &S] o fhustbeom product design
X The articlemusthave a managerial focus
x The articlemusthave a relationship between PDM and SCM (this relationship is then

further classified as to whether being economic, environmental, or social)
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The exclusion criteria for not using the papers in the review:

x If the article has a purely engineering focus
x If the articles focus was on organisational modularity
x If the articles focus was on service modularity

x Conferences and dissertations were also excluded

All articles were reviewed through two screening stages. The first stage consisted of a

review of the abs tracts and keywords of all search results. The second stage consisted of
thorough reading of full articles which were to be included in the review. A total of 194

articles out of the sum of 263 (229 the results from the first search string + 34 the results

from the second search string) were found to be out of the scope of this research; leaving a

total of 69 articles to be included.

The articles were then further classified according to whether the focus of the article was on
relating PDM to the economic, environmental, or social aspects of the supply chain. 43 of
the articles focused on linking PDM to operational improvements within the supply chain,

which can be linked to economic improvements in terms of cost reduction or profit
enhancement. 21 articles presented a link between PDM and environmental elements. 5
articles attempted to present a simultaneous view presenting two or three aspects
simultaneously, however from these five papers only three papers discuss effects, which can

be linked t o the socia | aspect. Appendix |  presents the articles included in this review. The
articles were classified according to whether the focus of the article was on relating PDM to

the economic, environmental, or social aspects supply chain management.

2.4 .3 Findings

This section will present the findings of the integrative literature review in the form of the

thematic development recognised through the collation of articles. The themes development

process was based on analysing the articles to identify which supply ch ain areas were
affected by modularity in design. The researcher used Nvivo and Excel to identify the

common relationships and develop the themes. The Excel sheets used in the structuring of

the thematic frame  work are provided in Appendix | . Articles discussing simi  lar supply chain
areas were grouped together and are represented by a singular theme . The section follows
the conceptual structuring of the review. Themes affecting economic performance of the

supply chain are grouped and presented together, while themes for the environmental and

social aspect s are also presented in a similar manner respectively.
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2.4 3.1 PDM and Supply Chain Design Economic Aspect

Inregardto PDM and the economic aspect of the supply cha in, the first theme in the
literature focused on  the dependence of mass customisation on PDM (refer to Table 2.6

a full list of references linking PDM to mass customization). Kumar (2005) defined mass
customization from two perspectives. The first bein g the focus on offering customers with
products, which are custom made to their requirements. The second, refers to the cost

aspect, with mass customization operations strive to offer products at a competitive price.
Through the division of final products into separate modules and components each with a
specific function allows for products offering different functions meeting differing customer
requirements. At the same time the eternal trade - off between increasing manufacturing
costs and increasing produc  t variety is solved. PDM allows for the standardization of the

components, which allows for economies of scale in the manufacturing process.
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Table 2.6  Articles linking PDM to economic supply chain

aspects

Literature Theme

Authors

Theme 1: Mass
Customisation

Economies of Scale

Zhang, et al. (2017); Chiu and Okudan (2014); Danese and Filippini (2013);

Nepal, Monplaisir and Famuyiwa (2012); Bush, Tiwana, and Rai (2010); Lau, Yam and Tang (2010); Kong, et

al. (2010) ;Brun and Zorzini (2009); Zhou, Sa n and Seng (2008); Zhang, Huang and Rungtusnatham (2008);
Ro, Liker and Fixson (2007); Huang, Zhang and Liang (2005); Jose and Tollenaere (2005) ; Kumar (2005);
Mikkola and Gassmann (2003); Doran (2003); Cantamessa and Rafele (2002); Kusiak (2002); Salvador,

Forza and Rungtusanatham (2002); Novak and Eppinger (2001); Ernst and Kamrad (2000); Duray, et al.

(2000);

Hsuan (1999); Hoek and Weken (1998);Gershenson and Prasad (1997); Ulrich (1995)

Product Variety

Danese and Filippini (2013); Pero, et al. (2010); Zhang, Huang and Rungtusnatham (2008); Ro, Liker and
Fixson (2007); Huang, Zhang and Liang (2005); Jose and Tollenaere (2005); Kumar (2005); Kusiak (2002);
Salvador, Forza and Rungtusanatham (2002); Ernst and Kamrad (2000); Duray, et al. (2000); Hoek and

Weken (1998); Gershenson and Prasad (1997); Ulrich (1995)

Inventory Cost
Saving

Lau, Yam and Tang (2010); Brun and Zorzini (2009); Zhang, Huang and Rungtusnatham (2008); Jacobs,

Vickery and Droge (2007); Huang, Zhang and Liang (2005); Jose and Tollenaere (2005); Kumar (2005);
Mikkola and Gassmann (2003); Doran (2003); Cantamessa and Rafele (2002); Kusiak (2002); Salvador,

Forza and Rungtusanatham (2002); Novak and Eppinger (2001); Ernst and Kamrad (2000); Duray, et al.

(2000); Hsuan (1999); Hoek and Weken (1998);  Gershenson and Prasad (1997); Ulrich (1995)

X  Supplier
Integration

X Manufacturing

Zhang, et al. (2017); Danese and Filippini (2013); Nepal, Monplais ir and Famuyiwa (2012); Danese,
Romano, and Bartolotti (2011); Ulku and Schmidt (2011); Lau, et al. (2010); Bush, Tiwana, and Rai (2010);
Lau, Yam and Tang (2010); Pero, et al. (2010); Antonio, Richard and Tang (2009); Lau, Yam and Tang

. Integration (2007) a; Howard and Squire (2007); Jiao, Simpson and Siddique (2007); Doran, et al. (2007); Ro, Liker

Theme 2: . . )
Supply Chain X Informapon and F|_)_<son (2007), . . .
Integration Integratlon V_oorduk, Meljboorr_l and Haan (2006); Lau and Yam (2005); Doran and Roome (2005); Huang, Zhang and

x Design Liang (2005);  Mikkola and Gassmann (2003); Dora n (2003); Cantamessa and Rafele (2002); Salvador, Forza

Integration and Rungtusanatham (2002); Novak and Eppinger (2001);
Ernst and Kamrad (2000); Hsuan (1999); Hoek and Weken (1998)

Simplified Lau, Yam and Tang (2010); Pero, et al. (2010); Khan and Creazza (2009); Jose and Tollenaere (2005);
Theme 3: Production and Mikkola and Gassmann (2003); Doran (2003) ; Kusiak (2002); Ernst and Kamrad (2000) ; Duray, et al.
Supply Chain Scheduling (2000); Hoek and Weken (1998); Gershenson and Prasad (1997)
Responsiveness Reduced Cycle Danese and Filippini (2013); Lau, Yam and Tang (2007) a; Lau, Yam and Tang (2007) b; Ro, Liker and

Lead Time Fixson (2007); Fixson (2005); Huang, Zhang and Liang (2005); Kusiak (2002); Salvador, Forza and

Rungtusanatham (2002); Duray, et al. (2 000); Hsuan (1999); Gershenson and Prasad (1997)
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This link becomes quite apparent when reviewing the literature, where PDM is directly linked

to achieving mass custo  mization, which s directly linked increasing product variety. PDM
DOVR DOORZV 2(0MV WR RIIHU FXVWRPLVHG HQG SURGXFWV 7KLV LV GL
offerings within their product range. PDM is linked to allowing supply chains to increase

product variety through mass customisation, however this on ly means the supply chain will
increase products with pre  -set options (Kumar, 2005; Zhang, et al., 2017) . A customised
end product means the original equipment manufacturer (OEM) will be able to employ

assemble to order manufacturing based on individual cu stomer order, which is also linked to
improving sales and increasing supply chain profit (Piller, 2005) . This answers the first
perspective of the definition presented by Kumar (2005). Through PDM mass customization

can be achieved offering a wider range of diversified products for the customers to choose

from and allowing for customization options. Several mobile phone manufacturers hav e
currently capitalized on this, offering separate modules for cameras or batteries or

additional memory  modules for thei r phonesthat can be easily configured to the original

mobile set (Shutkin , 2007; Kumar , 2005; Mikkola and Gassmann  , 2003).

PDM also standardizes the modules, and since standardization is directly linked to

economies of scale in the manufacturing process , this answers the second perspective of

the definition . Furthermore, PDM reduces inventory costs through the inventory pooling risk

effect (Jacobs, Vickrey and Dorge , 2007; Brun and Zorzini, 2009). In addition, PDM leads to
a reduced number of components per final product, which directly reduces inventory

requirements. Another aspect is that since end items can share the modules this allows for

one pool of inventory for a number of end items, which improves inventory availability and

reduces risks of stock  out. This allo ws companies to solve the trade - off between increasing
their product variety while maintaining competitive prices for their product offerings. Figure

2.8 presents a model for the identified relationships between PDM and mass customisation.

Figure 2.8 PDM and Mass Customisation

The second major theme (refer to Figure 2 .9) within the literature examined PDM and its
effect on supply cha in integration (refer to Table 2.6 or full list of references linking PDM to
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supply chain integration). Zhang et al. (2017) defined supply chain integration as the

process of integrating suppliers, customers and internal functional units in a supply chain

with the objective of optimizing the overall performance of the supply chain. Through PDM
the manufacturing process no longer need s be conducted under the umbrella of one
company. PDM allows for the manufacturing process to be divided on a number of suppliers

which can be in  different sup ply chain up stream tiers. Doran (2003) presented the
relationship between PDM and its effect on the idea of value transfer in the supply chain.
There is a current trend for firms to focus on their core competencies and outsourcing any
processes or compone nts not considered core to their competitiveness. By dividing the
PDQXIDFWXULQJ SURFHVV LQWR WKH GHYHORSPHQW RI VHSDUDWH PRG.
operations, which are not considered core, to upstream suppliers within their supply chain.
Meaning they tr ansfer part of the value creation processes with their suppliers. Jacobs,
Droge and Vickery (2011) argued that PDM facilitates information sharing between supply
chain entities through having a common language of communication, which is the module
itself. They also discussed enhanced manufacturing integration, where the production and
scheduling of the various supply chain tiers have to be coordinated simultaneously to ensure

the right levels of production and inventory are maintained across the entire supp ly chain.

Through improving information and manufacturing integration across the supply chain, PDM

also directly affects the integration between supply tiers in the development of new

products. Through having separate modules in the production process, new products can be
developed without requiring an overhaul of the entire design of the product. Through

changing a limited number of modules, a new product design can be achieved. Hence, a
considerable amount of literature also relates PDM to new product development (Lau, et al.,
2010; Pero, et al., 2010; Danese and Filippini, 2013; Zhang et al. 2017).

Figure 2.9 PDM and Supply Chain Integration

The third theme (refer to Figure 2.10 ) within the literature discussed the effect PDM has on
supply chain re sponsiveness (refer to Table 2.6 for full list of references). Bush, et al.
(2010) linked PDM to improved supply chain responsiveness through arguing that PDM

reduces production cycle lead times. When implementing PDM in manufacturing processes a
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postponem ent strategy is usually applied as well. This allows for moving the decoupling
point in the supply chain as close as possible to the customer, where most elements
(components/modules) of the product have already been manufactured and usually only the
assem bly of the product remains. PDM also greatly reduces the number of components
required in the manufacturing of a product, which leads to simplified scheduling and
planning in the supply chain. Reduced production cycle lead times and simplified production
and scheduling are seen to have a direct positive relationship with supply chain

responsiveness (Sharifi et al. 2006; Danese and Filippini 2013).

Figure 2.10 PDM and Supply Chain Responsiveness

The previous literature discussion led to the development of two propositions, which present

the relationship between PDM and the economic aspect of the supply chain.

Proposition 1 (P1): PDM allows for cost savings in the supply chain.

Proposition 2 (P2): PDM allows for increasing supply chain profi t.

PDM can be directly linked to economies of scale, and inventory cost savings in the supply

chain, which directly lead to cost savings.

PDM is also directly linked to mass customization and increasing product variety offerings in
a supply chain, which s directly linked to improved sales and increased profit (Gershenson,
etal., 2004) . Table 2.7 presents a summary of PDM effects on supply chain operations that

have an economic nature.
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Table 2.7 Relationship framework between product design modul arity and the
supply chain economic aspect

1. Increase in sales due to product
variety based on modular design.

2. Increase in sales due to the availability
of a customized end product based on
modular design.

3. The ability to pool modules used for
different products which leads to
inventory cost savings.

Economic 4. Mass production or mass purchase of
modules, which leads to savings due to
economies of scale.

5. Cost savings allowed from the
outsourcing of modular products.

6. Reduction of supplierlead  -time
uncertainty also leading to lower
inventory and out of stock costs.

7. Lower set up and holding costs.

8. Simplified planning and scheduling
leading to lower inventory and out of
stock costs.

2.4 .3.2 Product Design Mo dularity and Supply Ch ain Design
Environmental Aspect

Several literature streams (refer to Table 2 .8 for full list of ref  erences) have linked between
PDM and environmental aspects of the supply chain across several themes (referto  Figure
2.11). Product design is quite essential when implementing supply chain strategies aimed at

reducing environmental harm. Beginning with choosing the raw material for the product, to

green sourcing options, and product disposal considerations. A major driver for t his stream
of research can be attributed to proposals in legislation such as the WEEE directive

2002/96/EC on waste electrical and electronic equipment together with the RoHS (reduction
of hazardous waste)  Directive 2002/95/EC in Europe (European Union, 20 03). Within these
proposals the waste hierarchy was applied, employing the 3Rs: reduce, reuse and recycle,

which forced both manufacturers and researchers to explore options on how to improve the
sustainability of operations across the entire supply chain (jomah , etal. 2007). Yan and
Feng (2013) also investigated the difficulties of extending the supply chain to include issues

such as remanufacturing, recycling and refurbishing, which added complexity to supply

chain design together with a set of potenti al strategic and operational issues.

$QRWKHU PDMRU HQYLURQPHQWDO GULYHU IRU PRGXODULW\ LQ GHVLJC

which makes original equipment manufacturers (OEMs) and other forward supply chain
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actors responsible for take  -back and reco very of their products once discarded by their last

users (Toffel, 2003). Through a modular design the process of recovery and disposal of the

product is simplified due to the ability to break down the product into components and the

possibility of being a  ble to reuse, refurbish, and recycle more components of the product. A

modular design method for achieving components reuse and recycle in inverse

manufacturing is proposed to reduce environmental burden (Kimura , et al. 2001), which
performs commonality an  alysis to identify the modules shared by different product. A multi -
viewpoint modular desigh method for engineering design reuse is developed to respond to

market and new regulation requirements quickly to allow for the OEMs to gain the

maximum benefits fr  om the disposed products (Meehan , etal. 2007; Kristianto and Helo ,

2015; Aydinliyim and Murthy , 2016).

Table 2 .8 Articles linking PDM to en vironmental supply chain aspect
Literature Theme Authors
Theme 4: DFE/DFR/ECM Kristianto and Helo ( 2015); Yan and Feng (2013);
The 6R Yu et al., (2011);
Concept Kuik, Nagalingam, and Amer (2010); Jayal, et al.

(2010); Qian and Zhang (2009); Tseng, Chang and

Li (2008); Umeda et al. (2008); Kasarda et al.

(2007); Meehan et al. (2007); ljomah et al. (2007);
Newcomb, Rosen and Bras (2003); Gershenson,

Prasad and Allamneni (1999); Gu and Sosale

(1999)

LCA Beske and Seuring (2014); Seuring (2013); Yu et

al. (2011);

Tseng, Chang, and Cheng (2010); Umeda et al.
(2008); Kasarda, et al. (2007); Newcomb, Rosen
and Bras (2003); Gershenson, Prasad and

Allamneni (1999); Gu and Sosale (1999)

CLSC/RL Aydinliyim and Murthy (2016); Bask, et al. (2013);
Seuring (2013);

Taticchi , Tonelli and Pasqualino (2013); Huang, et
al. (2012); ligin and Gupta (2010 ); Tseng, Chang
and Li (2008)

Gu and Sosale (1999) presented one of the earliest literature streams linking PDM to
environmental sustainability. They discussed specific design strategies such as design for
environment (DFE), design for recycling (DFR) fo r environmentally conscious manufacturing
(&0 3'0 QDWXUDOO\ DVVLVWV LQ WKHVH VWUDWHJLHV %\ KDYLQJ D Sl
modules, which can be easily separated and interchanged, t he focus changed from recycling
an entire product to recycling on e module. Meaning that only one module would need to be
replaced for the product to continue to remain functional, which reduces the bulk of the
material that needs to be recycled. Another aspect is through modular design it becomes

easier to change the mo  dules, and to choose greener modules without necessarily changing
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the entire design of the product with the change being concentrated to one module only
(Yu, etal., 2011).

DFE and DFR have also been closely linked with product life cycle assessment (LCA ) (Qian
and Zhang, 2009). Umeda et al. (2008) defined LCA as a design methodology, where a

designer develops a life cycle scenario for the product by assigning life cycle options, such

as maintenance, upgrading, recycling, and reused for different stages t KURXJK D SURGXFWTV
life.
From the literature , it becomes apparent in the arguments presented , the changing nature

in the design process from a focus on product life cycle to a focus on modular life cycle (Yu

et al., 2011; ljomah et al., 2007). Where the life expectancy of a product can be greatly
extended through a modular design. Chopra and Mei  nd| (2007 ) presented the case of Xerox
copiers and how they were able to answer a lifelong customer complaint through elongating
WKHLU SURGXFWVYT O LgiHg fo\d-roHul&\prbdA& Qesign. Kasarda, et al. (2007)

argued that through PDM products are generally composed of independent components,

which can be easily separated and changed without affecting the overall functionality of the

product. Hence, the mai  ntenance and repair operations of products become easier. This has
also assisted in changing the customer mentality to focus on changing the damaged module

instead of a focus on changing an entire product.

Another stream of literature (refer to Table 2 .8) presented the relationship between PDM
and closed loop supply chains (CLSC) and reverse logistics (RL) (llgin and Gupta, 2010;

Seuring, 2013; Bask, et al., 2013). Where they defined CLSC as supply chains , Which
manage and integrate the forward and reverse flows for material. They argued that through
a modular design the processes of recycling and reusing components of a product are

greatly improved, which naturally assists in the integration between the forward and

reverse material flows within a supply chain (Krikke et al., 2003).

More recent literature (refer to Table 2 .8) has attempted to integrate all of the previously

mentioned themes (DFE, DFR, ECM, LCA, CLSC) with the 6R concept. Joshi et al. (2006)

first presented the 6R concept as a tra nsformation from the tradition 3R model, which only

focused on reduce, reuse and recycle to also include recover, redesign and remanufacture.

<DQ DQG )HQJ GLVFXVV WKH UHODWLRQ EHWZHHQ PRGXODULW\ DQ
reuse as the means thatap roduct or its components could be reused in the similar product.

Recycle mainly focuses on the process of converting material such as metal to improve the

reuse of potentially useful materials (USEPA 2008). Recover involves the process of

collecting used p roducts at the end of life, and then disassembly, sorting, and cleaning for
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utilization (Joshi et al., 2006). Reduce is to use less of any non -renewable resource through
focus on reuse, recycling, and recovering activities. Redesign is to improve next gene ration
products through innovative techniques to make them more sustainable, while

remanufacture involves the reprocessing of used products or components through

innovative techniques without loss of functionality (Joshi et al., 2006).

Figure 2.11  PDM and the 6R Concept

The previous literature discussion led to the development of the third proposition for this
thesis ZKLFK OLQNV 3'0 WR D VXSSO\ FKDLQTY HQYLURQPHQWDO DVSHFW

Proposition 3 (P3): PDM can be used to reduce environmental harm within su pply chains.

A considerable amount of the literature presented the effect PDM has on improv ing a

combination of, or all of the 6Rs process es within a supply chain. This effect is then further

linked to one of the previously mentioned themes (DFE/DFR, LCA, CLSC/RL) to argue the

SRVLWLYH UHODWLRQVKLS EHWZHHQ 3'0 DQG D VXSSOVTablEMA QY HQYLU
presents a summary of the effects PDM has on supply chain operations where there is

potential for reducing environmental harm.

Table 2.9 Relatio nship framework between product design modularit y and the
supply chain's environmental aspect

1. Reuse of returned modules in the
production process.

2. Reduction in the purchase of new non -
renewable resources. (Due to the pooling
effect)

Environmental 3. Remanufacturing and refurbishing of
modules from returned products.

4. Recycle

5. Recover

6. Redesign
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2.4 .3.3 Product design modularity and social supply chain aspects

The integrative literature review provided no direct link between PDM and the social aspect

of sustainability, with most of the literature focusing mainly on the effect modularity has on

operational or environmental enhancements. The literature did not att ribute modularity as a

IDFWRU WKDW DIIHFWYVY DQ\ VRFLDO PHDVXUHY RI D VXSBaveverkDLQTV SH
number of papers do hint towards certain effects product design can have indirectly on

certain social aspects that are generally linked to e conomic aspects, such as employee

productivity for example. A summary of such articles is presented in table 2.10.

Nevertheless, a relationship can be induced linking modularity to social performance

WKURXJK PRGXODULW\fV HIITHFW RQ VX®&65\ddsigD EvileBad thatsqply Q G

chain design and process design are both affected by product design is grounded in the

concept of three -dimensional concurrent engineering (3DCE) (Fine, Golany and Nas eraldin,

2005; Ganand G runow , 2013; Kremer, et al. , 2016). 3DCE as a concept proposes the

integration of the decision making process for product design, process design, and supply

chain design, so that all three decisions are made simultaneously (Ellram, Tate and Carter,

2007). Opting for a modular produc t design will therefore have an effect on decisions for

process design and supply chain design (Fine, 1998; Fixson, 2005; Fine, Golany and

Naseraldin , 2005). The next section will discuss 3DCE in more detail providing a brief

discussion regarding concurren t engineering and the development of 3DCE. A section that

discusses the effect of PDM on supply chain design focusing on how the social aspect of the

VXSSO\ FKDLQYY SHUIRUPDQFH LV DIIHFWHG ZLOO IROORZ WKLV )LQDO
of PDMo Q SURFHVY GHVLJQ DOVR IRFXVLQJ RQ WKH VRFLDO DVSHFW RI D

performance will follow.

Three Dimensional Concurrent Engineering

Zhang et al., (2008) discussed how that the common order for the decision making process
used to be the developmen  t of product design, followed by process design and then
reaching supply chain design sequentially in a linear approach. However, this method is no
longer effective and cannot keep up with shortening product life cycles and increasing
consumer demand forv  ariety (Daie and Li, 2016). Fine, Golany and Naseraldin (2005)
discussed how this serial sequencing created design constraints for each following design
stage. They explained that once the product design was set its parameters were used as
constraints for  the process design and once both product and process design were set they
were considered constraints for the supply chain design. This sequential process led to

suboptimal design solutions and a long lead -time. Hence, the need for integrating the
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decision process became apparent (Fine, 1998; Rungtusanatham and Forza, 2004). This

began with concurrent engineering, which is identified in the literature as the integration of

product design and process design so that decisions concerning product and process mi ght
be made simultaneou sly (Ellram, et al., 2007 ). The main objective of concurrent

engineering in combining the design decisions is to foresee problems and take advantage of
processing opportunities (  Gan and G runow , 2013; Fine, Golany and Nas eraldin , 2005 ;
Forza, et al., 2005 ).

Numerous papers also discuss the integration of product design and supply chain design

decisions presenting the concept of design for supply chain (DFSC) (Sharifi, et al., 2006;

Gan and G runow , 2013; Gokhan, et al., 2010; Kremer, et al., 2016). Rungtusanatham an d
Forza (2005 ) argue d that when planning for the supply chain, merely coordinating

manufacturing process design decisions with product design decisions (i.e., concurrent

engineering) or coordinating supply chain design decis ions with product design decision is

not enough (i.e., DFSC).

Fine (1998) argued that all three domains (product, process and supply chain) possess
architecture; and matching these architectures is key to the success of three -dimensional
concurrent engin  eering. Fixson (2005) argues that a comprehensive product architecture
assessment methodology can serve as a base that links decisions from all three domains

together.

However, a major trade - off does exist when implementing 3DCE. The benefit of integrating
the decision making process of all three domains presents itself in the form of improved

time to market, reduction of re -design and re -work, and increases the chances of smoother
production. This is mainly due to the flexibility of the decision making process since no
design is yet fixed making changes possible to any of the three domains. The downside,

however, comes in the form of the complexity of the process, which will require joint

optimisation of multiple objectives with the added constra ints from each domain

(Blackhurst, et al., 2005 ; Gan and G runow , 2013).

Having a modular product design goal will therefore directly influence the supply chain
design and on the process design objectives and constraints. The next two sections will
discus s this in more detail focusing on how modularity affects supply chain design and

process design to induce the effect PDM has on the social performance of a supply chain.
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Table 2.10 Articles linking PD M to social supply chain aspect

Literature Theme Authors
Theme 5: Modular Brandenburg, et al. (2014); Gan and Grunow
Concurrent Clusters/ (2013); Liao , Tu and Marsillac (2010);
Engineering Employee Shamsuzz oha (2011); Fixson and Park (2008);
Learning Curve Jacobs, Vickery and Droge (2007); Ellram, Tate

and Carter (2006); Fine, Golany and Nas eraldin
(2005); Forza, Salvador and Rungtusanatham

(2005); Gershenson, Prasad and Zhang (2004) ;
Fine (1998)

PDM and Supply Chain Design

It has become very rare in our current age to find a company tha t produces the entirety of

its product offerings. Instead of spreading their resources on developing an entire product,

companies today focus instead on their core competencies and outsource the remainder of

the processes (Daie and Li, 2016). Product modul

arity facilitates the concentration on core

competencies, and the outsourcing of less strategic activities to suppliers. Modularity also

triggers are -definition of the role of the first

-tier suppliers (Doran et al., 2007, Ro et al.,

2007), who can produce entire modules and systems, while coordinating the network of

component suppliers.

Sturgeon (200 3) also supported this discussing how product modularity and interface

standardisation enable reallocation of tasks, in a way that the brand name firm conduc ts the

development process whereas the contract manufacturer carries out production. Modularity

can also lead to extensive co  -development efforts between the OEM and suppliers to define
the product architecture (Lau and Yam, 2005). Once it is defined, modu OHVY VXSSOLHUV PDN

the detailed module development (Ro et al., 2007).

The ability to outsource entire modules to suppliers further upstream also resulted in a

major change to supply chain networks. Manufacturing operations of a product no longer

needed to be centralised in one location. The flexibility in locating the manufacturing

process has been the main cause towards the restructure of supply chain networks

(Sturgeon, 2003). In order to achieve further optimisation and efficiency in their supply

chai ns many product producers opted to locate their manufacturing facilities to areas with

cheaper resources (natural resources, labour) (Lei, 2009). Each module can be produced in

a different location and assembly can take place in an entirely different locat ion. Even

though modularity presents numerous benefits in terms of supply chain efficiency, the

decentralisation of the manufacturing process translated into more complex inventory
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calculations and transportation modelling. In turn this noticeably added to supply chain

complexity.

Daie and Li (2016) presented a supply chain hierarchy model to compute supply chains with
least complexity based on two main variables: 1. The number of different product offerings.
2. The demand for each product offering. They argued that modular product design has
become common practice for many automotive and electronics supply chains where there is
increased demand for product variety and shortening product life cycles. However, they also
discussed how modular  design adds to the complexity of supply chain structures through
the spatial dispersion of the manufacturing process. At the same time, modularity also

helps define the role of suppliers since each module will have a standardised interface fit

within a gr eater scheme, which is the product architecture ( Nepal, Monplaisir and
Famuyiwa, 2012). This enabled the division of the manufacturing process to pre -set
modules, which makes the outsourcing process of shifting the manufacturing p rocess to a

supplier less complex .

Wang, Aydin and Hu (2009) also proposed a complex ity measure for assembly supply
chains where they compare between the supply chains network complexity in relation to the
cost saving potential of that particular network. They argued that modular ity in product

design led to the development of modular assembly supply chains.

Through solving supply chain models with an objective of reducing complexity resulted in
what is known as modular (industrial) clusters. Baldwin and Clark (2000) defined modu lar
clusters as a group of firms and markets for (goods, labour, and capital) which emerged in

direct relation to the adaptation of product design modularity. Lei (2009) presented the

same concept, however, giving modular clusters the name industrial clust ers instead. The
clustering of firms assisted in the emergence of well -developed transportation routes for
inbound and outbound material as well as a pool of skilled labour. Porter and Kramer (2011 )

GHILQHG LQGXVWULDO FOXVWHUYV DV gibdiRodidterS KchrimBozddorBdamdd P D W H
and associated institutions in a particular field, linked by commonalities and
FRPSOHPHQWDULWLHVY

The restructure of supply chain networks and the development of industrial clusters due to

modular product design is whe re certain social aspects of a supply chain are affected.

Thomsen and Pillay (2012) examined literature on the relation between corporate social
responsibility (CSR) and industrial clusters. They argued that the effect of industrial clusters

on promoting ¢ orporate social responsibility remains an under investigated area of research.

They explained that this is due to a lack of systematic studies that empirically assess the
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links between CSR initiatives and broader economic, social, and environmental effects in
developing countries. They discussed that the initial debate started in the 1990s.

Porter (1998) investigated the role of the clustering of small and medium sized enterprises

(SMEs) into geographically proximate and interconnected enterprises on pove rty reduction
concerns in developing countries. This co -location of SMEs would thus lead to enhance flow
of knowledge between enterprises, sharing of ideas and innovation in products and business
processes, trained workers, service providers, transportatio n companies, and specialised
suppliers. This would lead to reducing transaction costs for individual firms as they form

part of the cluster allowing SMEs a better opportunity to compete locally and globally

(Schmitz and Nadvi, 1999). However, attempts towa rds assessing the social impacts of such
industrial clusters in developing countries are very fragmented and often more related to

economic aspects.

Thomson and Pillay (2012) presented a number of social benefits, which can be attributed
to industrial ¢l  usters, dividing them into passive and active benefits. They argued that the
passive benefits included: availability of a trained pool of workers, transportation
companies, specialised input suppliers, local training institutes, and consultants to help

gui de the SMEs towards running a more competitive business. The active benefits were
mainly associated in the ability of SMESs to band together to address external threats.
Schmitz and Na dvi (1999) also argued that SMEs would be more able to engage in joint
action through their industry associations and/or in cooperation with national or
international support agencies that would allow SMEs mitigate numerous risks challenging

their future survival.

From a social perspective this is beneficial for developing cou ntries because a factory
opening ther e means work opportunities and skills development programs for the populous.
Hence, an important factor comes into play here, which is the stage of development of a

country. If a country is considered a developed countr y this usually means that it has high
standards of living  and usually have a high minimum hourly wage to support this standard

of living. On the other hand, if a country is considered a developing country this is usually
quite the opposite with the minimum hourly wage being considerably lower (Thomsen and

Pillay, 2012).

Nadvi and Barrientos (2004) conducted a study in collaboration with UNIDO (United Nation
Industrial Development Organisation) to address the relationship between industrial clusters

and poverty in developing countries. They combine a value chain mapping and capabilities
approach as their methodology to develop a poverty and social impact ass essment for

cluster development programs. They provided that there is substantial evidence that
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clusters generate employment and incomes for the poor in the developing world. However,

they also discussed that clusters have a varying effect where certain ty pes of clusters have
a more direct effect on poverty. These include clusters in rural areas and in the urban

informal economy, clusters that have a preponderance of SMEs, micro -enterprises and
homeworkers, clusters in labour intensive sectors and clusters that employ women,

migrants and unskilled labour.

Through a critical assessment of literature on the effect of industrial clusters on social
development resulted in another insight. It appears that there is a division of labour where

the higher value add ing part of the global manufacturing chain (branding, marketing, and
supply chain management functions) are controlled by western buyers and developing

country clusters are mainly in charge of lower value adding activities related to labour

intensive manuf acturing of industr  ial products (Schmitz and Nadvi, 1999; Nadvi and
Barrientos, 2004; Lei, 2009; Thomsen and Pillay, 2012).

Therefore, it can be argued that PDM affects the structure of a supply chain through the
decentralisation of the manufacturing proc ess and the formation of industrial clusters. This
restructure can result in improving certain social aspects in terms of unemployment,

standard of living, and skill learning (Nadvi and Schmitz, 1994; Nadvi and Barrientos, 2004;
Thomsen and Pillay, 2012). However, this is only true if certain criteria (cheap resources,

supply chain processes) are met.

PDM and Process Design

A main element in supply chain design is capacity allocation (Chopra and Meindl, 2007) . The
human element in terms of skills require d and labour hours required to complete a certain
task are critical parts in terms of capacity planning. Fixson (2005) discussed how

organisational structures for product development are found to mirror the product

structures for products they develop. As Fixson explained this is due to the task structure
being dependent on the product structure. A major part of decisions within the process

design domain include the selection of the number and type of processes that will be used

to manufacture the product. The number of components, the complexity of individual
components, the extent components can be used across different products within a product
family or across different product families, the number of product variables, are all major

design decisions wit  hin the product domain that will directly have an effect on the process
design domain (Gan and Grunow, 2013; Zhang, Huang and Rungtusanatham, 2008; Fixson,
2005).
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The integration of product and process design decisions, even though quite established in
regard to the economic and operational benefits, neglects to examine the social benefits of

such integration. However, some literature does hint to some extent on certain socio -
economic benefits of combining product and process decisions specifically when m odularity

in product design is present.

Jacobs, Vickery and Droge (2007) discussed the effect of PDM on improvements in

employee skill learning curves. They explained that through module specialisation and
standardisation process times, errors, and the p roduct reworks are greatly reduced. Their
discussion was mainly from an operational point of view, nevertheless it did present some
insight into the effect modularity in design has over process design through the skill

learning curve of employees.

Fixso n (2005) also argued that since modularity in production is based on the use of

common modules and a manufacturing process that is composed of a hierarchy of assembly

steps, this will then lead to a simplified work path and gives the firm flexibility in me eting
demand uncertainty. This work paths simplification is generally linked to increasing

production efficiency due to decreasing human error and reducing the number of product

reworks.

Liao, Tu and Marsillac (2010) examined the effect of modularity based manufacturing

SUDFWLFHVY 0%03 RQ RUJDQLVDWLRQDO OHDUQLQJ 7KH\ H[SODLQHG W
NQRZOHGJH DQG WHFKQRORJ\ GHSHQGV RQ WKH ILUPTVY DEVRUSWLYH FI
continuous learning. Absorptive capacity is infl uenced by organisational communication,

which is greatly improved through MBMP. MBMP standardise business processes allowing a

much accelerated learning curve and easier integration between different inter -

organisational departments. This also allows for s imple change over processes that allow

different product modules to be made simultaneously with assembly occurring at later

stages in the manufacturing process. The simultaneous production of modules provides

wider learning opportunities where employees ac quire knowledge and skills pertaining to an

entire product family instead of being specific to a limited number of products. Figure 2.12

presents the relational effect of PDM on supply chain design and process design from a

social perspective
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Figure 2.1 2 PDM and Three Dimensional Concurrent Engineering

Sturgeon (2003 ) presented a different perspective on the relation between modularity

product design and process design. Sturgeon discussed how modularity in design is used as

the basis for manufacturing au tomation. This is due to modularity in design clearly dividing

the final product into standardised components. Thus, the process design for manufacturing
such components can also be standardised. From a social perspective this would lead to loss

of jobs an d higher unemployment rates since automated manufacturing results in more

efficient production. However, the output of the company needs to be high enough to justify

the capital investment required for automation.

Therefore, to critically examine the rol e modularity in product design has on the social
performance of a supply chain it is clear that there is no obvious answer and certain criteria
need to be taken into consideration before reaching an answer. On the one hand modular

clusters reduce the unemp  loyment rate of their surrounding areas since the skills learned in
one organisation can easily be transferred to another within the same cluster or a similar

cluster. So, by learning one skill set a worker is hence eligible to work in more than one

organi zation. Also, the learning time required by the worker to learn more skill sets is

hugely reduced. At the same time employees can master different skill sets easier due to

the work path simplification, which leads to more efficient employees resulting in r educed
worker release and provides the opportunity to work more hours leading to higher incomes

and an improved standard of living. On the other hand, modularity is also considered a

stepping stone towards reaching automated manufacturing, which results i n unemployment

due to machines replacing human labour.

So, even though the main incentive for implementing a modular design is based on

economic motives to reduce operational cost, certain social aspects of the supply chain are

also affected (Lei, 2009). There is quite a fine line where modularity is actually beneficial in

WHUPV RI WKH VRFLDO DVSHFW RI D VXSSO\ FKDLQYYVY SHUIRUPDQFH
producing at high enough levels to justify automation and if the company chooses to locate

its manu facturing processes to a developing country, then this would result in social

benefits for that country in terms of job opportunities and skills gained by the workers.

Nevertheless, locations that meet such criteria (having low labour cost and skilled labo ur)

become prime locations for companies to outsource their manufacturing processes to. Such
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locations develop into modular clusters or industrial clusters, which results in more job

RSSRUWXQLWLHY DQG HPSOR\HHVY DELOLW\ WR HQKsEa@eBrdoD QG GHYHOR
living ( Nadvi, 2007; Baldwin and Clark, 2000 ; Thomsen and Pillay, 2012). Table 2.11

presents a summary of the effects of PDM on social supply chain sustainability.

Therefore, there are three main criteria that need to be met for PDM to have a positive

effect on social performance in supply chain management:

X Production output (automation VS manual labour)
x Country development (high minimum wage VS low minimum wage)

x SQprocesslabour intensivég

Accordingly, the fourth proposition for this thesis is:

Proposition 4 (P4):  PDM improves social wellbeing of supply chain employees.

Table 2.11 Relationship framework between product design modularity and the
supply chain's social aspect

Social 1. Employee skills acquired from process
modularity
2. Increased Job Opportunities

2.5 PartC. The Conceptual Framework

This framework  (Figure 2.13) has been developed through evaluating current literature

relating product design modularity with various elements within a supply chain . The

integrative literature review allowed for the development of the thematic design of the

conceptual framework. Each of the themes was identified based on a string of literature that

connects PDM to supply chain processes through certain relationships. The mass

customisation theme links PDM to improved economic performance in a supply chain

WKURXJK HQKDQFLQJ D VXSSO\ FKDLQYVY DELOLW\ WR RIIHU D YDULHG U
supply chain to offer customised end items (Jacobs, et al., 2011; Danese a nd Filippini,

2013; Zhang, et al., 2017). Both these relationships present opportunities for the supply

chain to increase its profits through increasing product sales. Literature on mass

customisation also provided that standardising modules within a produ ct family leads to

economies of scale and reducing inventory costs. Both these relationships are linked with

UHGXFLQJ D VXSSO\ FKDLQTY RSHUDWLRQDO FRVWY /DX <DP DQG 7DQ.
2014; Zhang, et al., 2017).
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The supply chain integration t heme collates the literature linking PDM and supply chain

integration and  classifies the specific areas where PDM enhances supply chain integration.

The literature provided that PDM improves integration between supply chain members

based on enhanced suppli  er, manufacturing, design, and information integration (Nepal,

Monplaisir and Famuyiwa, 2012 ; Danese, Romano, and Bartolotti, 2011; Ulku and Schmidt,

2011). The literature here also supported that improved supply chain integration leads to

reducingoperati RQDO FRVWY DQG LQFUHDVHYVY D VXSSO\ FKDLQYVY SRWHQWLD
(Pero, et al., 2010 ; A ntonio, Richard and Tang, 2009).

7KH VXSSO\ FKDLQ UHVSRQVLYHQHVYV WKHPH ZDV LGHQWLILHG WKURXJk
simplifying production and schedulin g operations within a supply chain entity and between

supply chain members (Lau, Yam and Tang, 2010; Pero, et al., 2010; Khan and Creazza,

2009 ). PDM was also linked to reducing production cycle lead time, where both these

relationships are seen to increas H D VXSSO\ FKDLQYVY DELOLW\ WR UHDFW WR PDU
(Jacobs, Vickery and Droge, 2007 $FFRUGLQJO\ LPSURYLQJ D VXSSO\ FKDLQTV L
LV OLQNHG WR D VXSSO\ FKDLQVY DELOLW\ WR PLWLJDWH ULVNV DQG F

from changing ma rket demands.

The 6R concept theme was derived from three strings of literature. The first one discussed

the adoption of PDM to alter normal manufacturing strategies to become more

environmentally conscious through increasing the recycling, reuse, and re manufacture

processes within a supply chain (Kristianto and Helo, 2015; Yan and Feng, 2013; Yu et al.,

2011). The second string of literature discussed how designers integrate modularity in

GHVLJQ WR KHOS WKHP LQ SODQQLQJ D SUR Gpgrawailty,naintenBnideOH RSWLRC
and repair, and end of life stages (Beske and Seuring, 2014; Seuring, 2013). The purpose

of this was also to increase the recycling, reuse, remanufacture, redesign, and operations

within a supply chain by shifting the focus from FRQVLGHULQJ D SURGXFWY{V OLIH F\FO
FRQVLGHULQJ D PRGXOHTfV OLIH F\FOH LQVWHDG 7KH WKLUG VWULQJ R
PDM in enhancing closed loop supply chain management and reverse logistics through

simplifying the recover, recycle, reus e, and remanufacture processes within a supply chain

(Aydinliyim and Murthy, 2016 ). A common element between all three strings of literature

ZDV WKH DGRSWLRQ RI 3'0 LQ RUGHU WR UHGXFH D VXS &0awakeDLQTV GH
natural resources and energ  y consumption during manufacturing through increasing these

six operations: recycle, reuse, reduce, recover, redesign, and remanufacture within a supply

chain.
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The three dimensional concurrent engineering theme was based on the collation of literature

th at looked at how PDM affects supply chain design and process design (Fine, Golany and
Naseraldin, 2005). PDM was seen to affect supply chain design through allowing for the
development of industrial clusters ( Navidi and Barrientos, 2004; Lei, 2009; Thomsen and
Pillay, 2012 ). Supply chain entities working on separate modules for the same industry

usually operate in the same geographic locations called industrial clusters. The development

of industrial clusters is further associated with increasing job opport unities and improving
the standard of living for people living in proximity to the clusters. PDM was also seen to

affect process design through simplifying the work path for the manufacturing processes

(Liao, Tu and Marsillac, 2010 ). This was in turn linke G WR HQKDQFLQJ HPSOR\HHVY VNLC
development, reducing the amount of product reworks, and overall was linked to increasing

employee retention and work stability.
Based on the above themes the researcher developed four propositions, which aim to

assess whether the effect of PDM on the supply chain leads to improve economic,

environmental, and social performance.

75



Figure 2.13 PDM and SSCM Conceptual Framework
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2.6 Chapter  Summary

This chapter was divided into three sections. Section A focused on presenting a critical

review of the three separate fields of study (supply chain management, product design
modularity and sustainability) within this thesis . This was done with a view to assess each

of the fields separately. The findings of the critical review outline the research gaps that this

thesis focuses on. The  main research gap identified  was in the literature on sustainability

and sustainable supply chain management where there is agreement that supply chains are
still facing a hard time transforming from traditional supply chains into sustainable supply

chains. The main reasons for this can be summed up into the following four points.

x Conflicting objectives between economic, environmental and social aspects of
sustainability make it quite difficult to develop a solution that improves all three
dimensions simultaneously.

x Companiesre foasing more on core value adding activities and transferring non value
adding activities to suppliers further up the supply chain. This supply chain trend is
causing supply chains to become more decentralised furthermore increasing the
difficulty in implemating sustainable practices and policies across all supply chain
entities.

x Inflexibility of supply chains once they are operational due to long term supply chain
decisions such as facility locations, long term supplier agreements being difficult to
change.

x Difficulty in assessing sustainability within supply chains due to the absence of a
universally agreed upon sustainable supply chain management performance

measurement system.

Literature on product design modularity addressed a number of these issues. M odularity in
design helps in addressing economic and environmental supply chain issues. Integrating
sustainability from the product design stage also helps overcome the problem of supply

chain inflexibility. Modularity in design was also found to offer a ¢ ommon language for
supply chain companies to have a unified unit that helps them integrate their supply chains.
Therefore , it became clear to the researcher the need to identify all supply chain processes

affected by modularity in design and further classi fy the effect modularity in design has on

the supply chain into economic, environmental or social.
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Section B presented the integrative literature review, which aimed at identifying all the

overlapping areas in previous work where modularity in design w as seen to have an effect

on the economic, environmental or social performance of a supply chain. The purpose of the
LOWHJUDWLYH UHYLHZ ZzDV WR DQVZHU WKH ILUVW Howldaes\RDRMQ IRU WKLYV
affect SSCM? { The integrative review lead to th e development five main literature themes

linking PDM to SSCM . The development of the themes was through combining interrelated

supply chain processes . Therefore, each theme is namely a combination of interconnected

supply chain processes that are affected by modularity in design.

Section C presented the conceptual framework for this thesis, where all themes and

processes are integrated into one framework. Accordingly based on the identified themes,

four propositions are introduced (refer to figure 2.13) . Testing these propositions would

SURYLGH DQ DQVZHU WR WKH VHFRQG TXHVWL RdeZRPOWHKda@tomhsreV WKHV LV
VXVWDLQDEOH HFRQRPLF HQYLURQPHQWDO DQG VRFLDO VXSSO\ FKDLC

Therefore, the next  chapter will present the research methodology which will be developed

based on the conceptual framework identified within this chapter in order to test each of the

specific relationships under each of the five themes. The objective of the next chapter is t o]
provide a systematic methodology for testing each of these relationships to be able to

assess whether modularity in design had a positive or negative impact on the sustainability

of supply chain operations.
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Chapter3 5HVHDUFK OHWKRGRORJ\

3.1 Introduction

In the following chapter the research methodology will be presented. The objective of this
chapter is to give an overview about research methodology as a process and apply this
process on the researc  h questions asked in the introduction chapt er to present a

methodology for how to answer these questions through systematic means.

The previous chapter (Chapter Two) evaluated the link between PDM and the economic,
environmental and social aspects of sustainability from a supply chain perspectiv e. The
chapter concluded with the development of five main themes that were identified in the
literature linking PDM to the economic, environmental and social aspects of sustainability

from a supply chain perspective. The themes were then used in the devel opment of four
main propositions that aim to link PDM to enhancements in supply chain operations across

the three aspects of sustainability. The themes and propositions are used in this chapter as

the main structure for the development of the research fram ework. Please see Figure (3.1).

This chapter will first begin by presenting the research questions and link them to the

themes and propositions developed in Chapter Two. T his chapter will  then present the
research process in the  form of five stages, which leads up to the research design
developed for answering the research question. For each of the stages the different

research choices are analysed and justification for the chosen research path is provided.

The first stage is the research philosophy, whi ch will discussthe UHVHDUFKHUTfY RQWRORJL
epistemological perspectives for this research. The second stage will analyse the most

suitable approach for this research and provide an analysis of deductive v ersu s inductive

versu s abductive reasoning. Th e third stage will discuss and provide justification for the

chosen research method. The fourth stage will present the different research strategies

available and the chosen research strategy for this dissertation. Finally, the research design

and data col lection methods are presented. The last section will discuss the ethical
considerations for the data collection process. Therefore, the structure for this chapter is as
follows:

3.2 Research Questions
3.3 Research Philosophy
3.4 Research Approach
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3.5 Research Method
3.6 Research Strategy
3.7 Research Desig n
3.8 Data Collection
3.9 Research Ethics

3.2 Research Questions

Ghauri and Grgnhaug (2005) discuss ed research to be composed out of two essential
elements. The first element being an objective to inc rease knowledge, which they further
explain suggests that you have a clear purpose that you want to find out. The second

element is that in order for the process of increasing knowledge to be considered research,

it has to be conducted in a systematic way. Systematic suggests that research is based on
logical relationships and not just beliefs. As part of this, the research will involve an

explanation of the methods used to collect the data, will argue why the results obtained are
meaningful, and will expla  in any limitations that are associat ed with them (Saunders, Lewis
and Thornhill, 2009). The term methodology refers to the theory of how research should be
done (Vandeven and Johnson, 2006). The objective of this chapter is to present the logical
relation ships between the choices the researcher has made at each stage during the
research process. Starting with the research question all the way to the research design and

data collection to ascertain that the research will be conducted in a systematic way.

This research aims to  identify all areas in a supply chain that are affected by modularity in

design and answer whether product design modularity enhances supply chain sustainability

7KH ILUVW TXHVWLRQ IRU WKLV WKHYV bBE &0 Rhe parRddd/of3hid gpddtiem W

was to identify the economic, environmental, and social implications modularity in design

has on supply chain operations. This has been answered through the development of the

conceptual framework at the end of Chapter Two. From the literature discussed in Chapter

Two, it is understood that to achieve a sustainable supply chain, improvements in the

economic, environmental, and social aspects of the supply chain must be accomplished

simultaneously in order to improve the overall TBL. Hence the second research question for

WKLV WKHVLY ZKLFK LV p'RHV 3'0 OHDG WR PRUH VXVWDis@EDH VXSSC

accordingly:

x How does PDM affect the economic performance of a supply chain?
x How does PDM affe@nvironmental performance of a supply chain?

x How does PDM affect social performance of a supply chain?
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Inregard to the economic aspect, the integrative literature review conducted in Chapter

Two provided three main themes in the literature that link PDM to economic performance of
a supply chain: mass customisation, supply chain integration, supply chain responsiveness.

These themes are then used as the basis for the development of two propositions linking

PDM to economic performance enhancement in a suppl y chain.

Proposition 1 (P1): PDM can increase supply chain profit

Proposition 2 (P2): PDM can reduce supply chain operational costs

The environmental aspect had a singular theme, which is the 6R concept, with literature

streams being divided between life cycle assessment, design for environment/recycling, and
closed loop supply chain management/reverse logistics. This has led to the development of

the third proposition linking PDM to environmental performance enhancement in the supply

chain.

Proposi tion 3 (P3): PDM can  reduce environmental harm resulting from supply chain

operations.

As for the social aspect, the literature presented the link between PDM and social

performance in the supply chain through the concurrent engineering theme. PDM is seen to
influence supply chain design through the development of modular clusters. PDM is also

seen to affect process design, influencing skills learning curve for employees. This has led to

the development of the fourth proposition.

Proposition 4 (P4): PDM  im proves social wellbeing of supply chain employees.

The themes and propositions development from the literature analysis have been integral in

the development of the research framework (Figure 3.1) . It has been the aim of the

researcher from the beginning to provide a complete picture regarding the integration of

PDM and SSCM. The literature analysis provided the basis for the relationship between PDM

and each of the aspects of sustainability from a supply chain perspective. The next stage for

this disserta tion will be to provide empirical evidence as to the practical applicability of PDM

in enhancing SSCM.  The ter m empirical means MHYLGHQFH GUDZQ IURP FRQFUHWH VL'
opposed to arguments developed either from purely theoretical bases or from experim ents

(Mutch , 2004 :74 ). Where a major gap in previous researches conducted has been the lack

of practical initiatives towards the operationalistaion of sustainability in the supply chain,
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research conducted for this dissertation aims to empirically assess i f PDM enhances supply
chain sustainability. Another major gap viewed in the literature is a narrow focus, where

research usually only considers a singular aspect of sustainability at a time (Brandenburg,
etal., 2014; Ta ticchi, etal., 2013) . The research conducted for this dissertation will

therefore also aim to provide empirical evidence as to whether PDM enhances sustainability

in the supply chain across all three aspects (economic, environmental and social)

simultaneously.

The research conducte d fort his dissertation is applied/ explanator y in nature. This is

because the objective of the research is to offer PDM as a practical solution towards

achieving higher levels of sustainability within a supply chain. Hence, giving the research an

applied nature. The research also aims to analyse whether there is a positive relationship

between PDM and sustainability through examining relationships between PDM and a supply
FKDLQTY HFRQRPLF HQYLURQPHQW DThe @IgtiGnstipsra\@ Oedd Yie\H F ib\sly
identified in the literature as presented in Chapter T wo, currently there is very limited

research answering whether PDM influences overall sustainable performance in a supply

chain. Therefore, this  research will have an explanatory nature by testin g these

relationships through an empirical research to identify whether PDM helps achieve improved

economic, environmental, and social performance from a supply chain perspective.

This chapter aims to present the methodology followed to obtain the data required to test

these relationships.
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Figure 3.1 Research Framework

3.3 Research Philosophy

Research philosophy is considered the fi rst phase in the research process. This phase

focuses o n the values of the researcher. Blaikie (2000) presented the research philosophy

stage asthe foundation of the research process, where the philosophical views of the

researcher will influence all the methodological choices to be made at later stages in the

research process . Creswell (2009) argued that researchers must think through the

philosophical worldview assumptions that they bring to the study. What Creswell recognised

as worldviews are  more commonly known as research paradigms (Lincoln and Guba, 2000)

or as ontology, epistemology and axiology of the research (Crotty, 1998).  Ontology is
PDLQO\ FRQFHUQHG ZLWK WKH UHVHDUFKHUfVY YLHZ RQ UHDOLW\
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HSLVWHPRORJ\ LV FRQFHUQHG ZLpiiKkt et od kbw HridwlédigeHdctiedted

(Eriksson and Kovalainen, 2008). Axiology is conc erned with the values of the researcher

(Saunders, Lewis and Thornhil, 2009). Gill and Johnson (2010) argue dthat D UHVHDUFKHUTYV
pre -understanding of the research question being asked holds answers to the research

design the researcher will develop.

There have been numerous classifications and categorisation of research philosophies and
paradigms over the years (Saunders et al., 2009; Ritchie and Lewis, 2003) . Even though
this non -uniformity does present quite a maze to researchers, there seems to be

agree ments towards the broad concepts (Knox, 2004 ; Flowers, 2009; Mkansi and
Acheampong, 2012). An objective ontological stance is usually accompanied by a positivist
epistemological paradigm, where the researcher would view the reality of the world as being
independent of any social actors and would only rely on hard facts obtained through natural

science to create knowledge. While a subjective ontological stance is usually accompanied

by an interpretivist epistemological paradigm, where the researcher views th e world as
being created through interactions with social actors within it and knowledge can be created

through social sciences. These two philo sophical stances present the extremes , with many
authors being proponents to one or the other while arguing towards the advantages of

following a positivist philosophy v ersu s an interpretivist phi  losophy and vice versa (Morgan,
2007; Kelemen and Rumens, 2012).

A third paradigm is also presen ted known as pragmatism ( Morgan, 2007; Bertilsson, 2004).
The pragmatic view takes a different perspective than both the positivist and interpretivist

views in that the focus of the researcher is on the research questions asked. Instead of

narrowing the sc  ope of the research to an objective or subjective view of reality, the

pragmatic view is flexible to use both depending on the research question asked ( Kelemen
and Rumens, 2012 ). Tashakkori and Teddlie (1998) argued that it is more appropriate for a

resear cher to consider the positivism and interpretivism as a continuum rather than

opposite positions. In their view one should not be limited to conducting research in one

way. Guba and Lincoln (1994) also supported this argument explaining that a top down

app roach, where a researcher begins through setting one epistemological belief can in turn

limit knowledge generation through fixating on a certain approach or certain methods for

data collection in the following stages. Sinclair (2011) argued that scientific truths on their
own do not provide a clear picture in making judgemental decisions. Sinclair goes on to

explain that moral ~ arguments require more than just scientific guestioning and are best
answered by an interpretivist philosophy accompanied by a more subjective view of

knowledge creation
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However, a pragmatic view does pose a risk for the researcher , Where the researcher needs
to be quite acquainted with both quantitative and qualitative data collection and analysis

methods (Knox, 2004; Mkansi and Ach eampong, 2012) . Morgan (2007) also argued that

the actual research process is never as neat as to fit within the positivist or interpretivist

views, with the actual research process usually going back and forth between both on a

regular basis.

This is al so the belief of the researcher, where the research er will adopt a pragmatic view

throughout the research . The research question developed for this dissertation is considered

a complex question, which in order to answer was divided into three sub questions . Each

sub question aims at relating PDM to one of the aspects of sustainability. It is the

UHVHDUFKHUYY EHOLHI WKDW LQ RUGHU WR DQVZHU VXFK TXHVWLRQV I
limit the knowledge that can be generated and that through viewing the wo rid from both

perspectives (as a reality independent from social actors and as social actors shaping

reality) simultaneously can provide much richer data to help in answering the questions.

This research will view the product design process, supply chain m anagement related

processes, and reverse logistics related processes objectively. However, the human element

YHU\ PXFK DIITHFWV D QXPEHU RI FULWLFDO HOHPHQWYV ZLWKLQ WKLV Ul
influence to changing product design and customer demand behav iour to the product

designers view of the product and the employees building the product. Therefore, this study

will also focus on the human element and develop a research design to obtain both

objective and subjective data.

3.4 Research Approach

The res earch approach is dependent on the order of the theory development for a given
topic of research. If the research begins with the theory and follows through developing
hypotheses and a structured methodology to test these hypotheses this would be
considere d a deductive approach. An inductive approach, on the other hand, would begin
with the data collection and develop the theory as a result of analysing the data (Saudners,
Lewis and Thornhill, 2009). The deductive approach will generally follow a

positivist /objectivist worldview with an overall aim to be able to test the theory and reach
generalisable results. An inductive approach would naturally lend itself to the
interpretivist/subjectivist worldview where the focus of the research would be on gathering
data from social actors to develop relationships and theories between their interactions and
the reality of the world from their perspective (Bryman and Bell, 2015; Saunders, Lewis and

Thornhill, 2009).
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The third approach, which integrates with the pragma tic view, is the abductive approach.
Morgan (2007) explained that the abductive approach is flexible to move back and forth

between induction and deduction. Where the researcher can first convert observations into
theories and then analyse the theories thr ough action. Or theories can be tested at first and
depending on the assessment further theories can be inferred (Bertilsson, 2004) . Both
options to the reasoning would depend solely on the research question and how the

approach fits best in answering the research question and the knowledge development

process (Servillo and Schreurs, 2013)

This research will follow an abductive approach to allow the researcher to be able to use

both deductive and inductive reasoning. The research originally began through inductive
reasoning with a view to develop a theory regarding the effect PDM has on SSCM , Which
was the first research question . The next stage in the research will follow a more abd uctive
approach in testing this theory through empirically assessing the identified relationships

between PDM and the economic, environmental, and social aspects within the supply chain
through obtaining both quantitative and qualitative data to best answer the research

question .

3.5 Research Method

Newman and Benz (1998) de  scribe quantitative and qualitative approaches as different
ends on a continuum. A study would then tend to be more qualitative than quantitative or
vice versa. Mixed methods research resides in the middle of this continuum because it

incorporates elements  of both qualitative and quantitative approaches (Bazeley, 2015)

Qualitative research:  is characteristically consistent with an interpretivist philosophy along

ZLWK DQ LQGXFWLYH DSSURDFK WR UHVHDUFK gsotexplorigevwiLYH UHVHDUF
under standing individuals or groups within the context of a social or human problem.

Research relies on inductively building and analysing data from particulars to general

WKHPHY EDVHG RQ WKH UHVHDUFKH éaviing @am ithe Solkekted Dad L R Q TheR |

final written report has a flexible structure. Those who choose this form of research usually

aim to produce in depth understandings that result in theory development rather than

numerical generalisation ( Creswell and Creswell , 201 7).

Quantitative research: portrays the other end of the research continuum , Which focuses on
testing of objective theories . This is done by evaluating relationships between specific
variables. These variables are measurable , so that numbered data can be analy sed using

statistical procedures. The final written report has a set structure consisting of introduction,
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literature and theory, methods, results, and discussion ( Creswell, 2009 ). Quantitative
research is consistent with a positivist or realist philosophy and a deductive research
approach. The objective here is to be able to generalise and replicate findings through

numerical and statistical proof.

This research will incorporate a mixed methods approach to inquiry that combines or
associates both qualita tive and quantitative forms. It will involve the use of both qualitative
and quantitative approaches and the mixing of both approaches within this  study. A mixed

method approach naturally follows the abductive approach as a logical continuation to the

prag matic philosophy (Cameron, 2011) . Thus, it is more than simply collecting and

analysing both kinds of data; it also involves the use of both approaches simultaneously so
that the overall strength of a study is greater than either qualitative or quantitativ e research
(Creswell and Creswell , 2017 ).

-RKQVRQ HW DO GHILQHG PL[HG P HWhKRpe uf rdsdardh bwkiech DV p
a researcher or team of researchers combines elements of qualitative and quantitative

research approaches (e.g., use of qualitative and quantitative viewpoints, data collection,

analysis, inference techniques) for the purposes of breadth and depth of understanding and

corroboration

Molina - Azorin and Cameron (2015) outlined four ways in which using mixed methods can
bene fit business research: preliminary qualitative data can provide a deeper understanding
of context to inform context -specific studie s; attention to both process and outcome
through mixed methods benefit theory -building; study of complex organizations would
benefit from analyses that are integrated across micro and macro levels; and use of mixed
methods helps to bridge the academic - practitioner divide through enhancing the

interpretation and communication of results.

It became clear to the researcher at an early point in the research that the complexity of
the research question will require both quantitative and qualitative data. To investigate
sustainability  within the context of supply chain management, data relating to economic,

envi ronmental and social s upply chain performance criteria would be required.

For the economic aspect, the data requirements will be mainly to support the propositions

3 DQG 3 7KH GDWD WR EH FROOHFWHG VKRXOG UHIOHFW WKH HIIHFW
economic performance. T he data will need to focus on the three themes identified in the

literature (Figure 3.1). For the economic aspect, data such as sales records, inventory

records, purchase orders, production cycle times and production schedules will be required.
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This data w ill mainly be quantitative in nature. However, data regarding customer
SUHIHUHQFHYV LQ SURGXFW GHVLJQ DQG PDQDJHUTY RSHUDWLRQDO SHL
This data is qualitative in nature and would need to be collected through qualitative

methods .

For the environmental aspect, the data requirements will be to support P3. The data to be

FROOHFWHG VKRXOG UHIOHFW WKH HIIHFW RI 3'0 RQ D VXSSO\ FKDLQTV
The data will need to provide evidence as to whether PDM enhances the 6 59V &RQFHSW 'DWD
such as the maintenance and repair operations and any records for recycling and

refurbishing would be required. This data is mainly quantitative in nature. However, data

UHJDUGLQJ WKH SURGXFW GHVLJQHUYV YLHZVcklg agsésemehtbHFW R1 3'0 RQ
the integration of PDM in design for recycling/environment will also be required. This data is

mainly qualitative in nature and would need to be collected through qualitative methods.

For the social aspect, the data requirements will be to support P4. The data to be collected

VKRXOG UHIOHFW WKH HIIHFW RI 3'0 RQ D VXSSO\ FKDLQYVY VRFLDO SHU
to provide evidence linking PDM to the development of modular clusters and skills

development in employees. This data wil | be part qualitati  ve and part quantitative. T he skills
development in employees can be obtained through obtaining the opinions of the employees

(qualitative) or through obtaining records of line product errors or cycle productions times

(quantitative). As  for modular clusters the data can also be obtained through official

governmental records of the number of companies operating in the same field open in a

certain area (quantitative) or through records from employees as to their working history

and whether they worked in related fields before in neighbouring companies (qualitative).

3.6 Research Strategy

Every type of empirical research has an implicit, if not explicit, research strategy, in the

most elementary sense, the strategy is the logical sequenc e that connects the empirical

GDWD WR D VWXG\TV LQLWLDO UHVHDUFK TXHVWLRQWGID&mE XOWLPDWHC
Johnson, 2010 :144).

For this research a multi case study methodology will be used. Case study research requires

the researcher to study a phenomenon without affecting the study subject at all (Bengtsson,

1999). Gerring (2008) discussed some of the major advantages of case study research:

X can be used for both quantitative and qualitatiresearches.
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x usually requires crossase analysis. Meaning the researcher would have had to conduct
severalevaluations prior to choosing a case best fit for his/her research. Thiscasses
analysis provides a more focused research and deeper levehbfagion and analysis.

X is quasiexperimental in nature. This is because the experimental ideal is often better
approximated within a small number of cases that elasely relatedratherthan by a

large sample ofieterogeneousinits.

Bengtsson (1999) id  entified there are three kinds of case studies: descriptive, explorative
and confirmative studies. First, a descriptive study is when a phenomenon is studied to

make the description available to others. Second, an explorative study is when we want to
study a phenomenon to gain understanding about its nature and the problems related to the
particular phenomenon. Finally, a confirmatory study is when we have one or more

hypothesis to investigate in the context of the phenomenon we think it is applicable. This
research will be based on a confirmative/explorative study as to assess the nature of the
relationship between product design modularity and sustainability in supply chain

management.

However, t he strength of conclusions from the case studies is not very high, and it is
claimed that the use of multiple cases yields more robustness to the conclusions from the

study (Yin, 1994). Therefore , to overcome this, the researcher opted for using a multi case
study strategy. The multi case study strategy enhances t he validity of the research and
overcomes some of the disadvantages associated with the single case study research
(Gerring, 2008; Bengtsson, 1999).

Bengtsson (1999) also discusses that the selection of the cases for multiple case study is
categorized into two types of selection. The literal replication means that the cases selected
are similar and the predicted results are similar too. The theoretical replication means that

the cases are selected based on the assumption that they will produce contradictory results.

For this research the aim is to achieve a literal replication in order to achieve a basis for the
relationship between product design and sustainability in supply chain management.
According to Robson (1993) the goal is not statistical generali zation, but analytical

generalis ation instead.

The case itself , or what Gill and Johnson (2010) identif ied as the unit of analysis, will focus

on tw o modules within the same product family with varying degrees of modularity
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6DQGHORZVNL DOVR H[SODLQHG WKLV SURFHVV DV pFDVLQJ WKH U

point of focus is provided for the research.

One module will  be at the modular end, wh ile the other will be at the integral end of the

design spectrum 7KH GHJUHH RI PRGXODULW\ ZLOO EH EDVHG RQ 80OULFK¢YV
modular design  where a module with a one to one relationship between physical and

functional attributes is considered more modular than a module with a one to many

UHODWLRQVKLS 8OULFKYVY GHILQLWLRQ LV FRQVLGHUHG D SUHUHTXLVL
modularity including combinability, transferability, and separability of the components. This

definition therefore  considers the effect one module has on the entire design of the product.

After the first case study will be carried out comparing the first two modules to each other,

the study itself will be repeated on another set of two modules. The researcher will th en
attempt to analyse the results to obtain analytical generalization. The analysis process will

be structured to assess the four propositions that were made at the end of Chapter Two.

Through this analysis the researcher can then develop an answer to each of the sub

questions, which in turn will answer the main question for this research.

Therefore, t he logical path for the research process leading to the research design for this
dissertation will follow a pragmatic philosophy that will develop knowledge through
answering the research questions following an abductive approach and mixed research

methods (Figure 3.2)
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Figure 3.2 The Research Process

3.7 Research Design and Data Collection

For this research a multi case study methodology will be used as the main strategy to be

supported by interviews and archival research. The interviews are to be conducted at the

preliminary stage of the research to assess the availability of the data and the willingness of

the firm to cooperate in sharing their data . Once approval is gained from a firm, archival

UHVHDUFK ZLOO EH FRQGXFWHG WR JDLQ UHFRUGV IRU WKH ILUPTV VRX
stock control process (inventory records), maintenance and repair process; as well as

identifying the reports asso ciated with these processes. Finally, a focus on two modules

ZLWKLQ WKH ILUPYV SURGXFW IDPLO\ ZLOO EH WKH PDLQ FDVH IRU DQD
how modularity in design can affect the economic, environmental, and social performance of

the firm.

The first stage of the research strategy will entail conducting one on one interviews with

supply chain personnel in relevant industries (industries known to have modular product

91



design such as automotive or electronic). With a focus on procurement speci alists, inventory
specialists, production planners, and supply chain managers, because based on the

relationships gathered from the literature these positions will be the most suited to have the

data required in assessing the relationship between PDM and S SCM. An interview is a
purposeful discussion between two or more people (Kahn and Cannell , 1957). T he use of
interviews will  help the researcher to gather valid and reliable data relevant to the proposed
research questions and objectives (Saunders, et al., 2009). The interviews are to be semi -
structured in nature to give the interviewee an opportunity to elaborate on the nature of

operations within their firms yet have a structure to confirm with answering the objectives

of the research.

Huberman and Mile s (2002) discussed four types of questions used in qualitative interviews

depending on the objective of the research:

MERQWH[WXDO LGHQWLI\LQJ WKH IRUP DQG QDWXUH RI ZKDW H[LVWYV
Diagnostic: examining the reasons for, or causes of, what exits

Evaluative: a ppraising the effectiveness of what exists

6WUDWHJILF LGHQWLI\LQJ QHZ WKHRULHVY SROLFLHV SODQV RU DFWLR

For this research , the questions lie within the evaluative and contextual questions. This
research aims to evaluate the effect of PDM on sustainabi lity within a supply chain context.
Therefore, the questions aim to evaluate the effectiveness of modularity in design in terms

of achieving sustainability through assessing the current operations of the case company.

The objective of these  interviews is to:

1. Accurately identify the availability of the data required and the willingness of the
company to participate in the research.

2. Gain an understanding of their sourcing process, ordering process, stock control
process, maintenance and repairocess; as well as identifying the reports associated
with these processes; and how modularity plays a role in all of these.

3. Gain an understanding of their process design and production process.

Archival research  makes use of administrative records and documents as the principal
source of data.  Archival research gathers data to answer research questions, which focus

upon the past and changes over time to be answered, be they exploratory, descriptive or
explanatory (Saunders, et al., 2009). Archival resea rch will be used to gain data regarding

WKH ILUPYV SURGXFW DUFKLWHFWXUH OLVW RI PRGXOHVY LQFOXGHG LC
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inventory records, sales records, maintenance and repair operations, returns and recycling,

refurbishing records.

The se cond stage in the research design process will be to develop a multi -case study. The

case itself will focus on two modules within the same product family as illustrated in Figure

3.3. Jiao, Simpson and Siddique (2007) discussed that in order to view the ef fect of

modular product design the focus of the research cannot be limited to a single product or a

comparison between two products, however the research must encompass a product family.

By considering the range of product offerings within a product family the effect of

modularity is more significant by viewing the transferability, combinability, and separability

of the modules across the range of product offerings within that product family. However,

one module will have a more modular design than the othe r. The degree of modularity will

EH EDVHG RQ 80OULFKTV GHILQLWLRQ RI PRGXODU GHVLJQ ZKLFK KI
modularity being based on the functionality of the module where a one to one module to

function relation presents a more modular desig n vs. a one to many module to function

relation offers a less modular design. Accordingly, a module that is shared or is common

between more end items within the same product family can be identified as more modular.

The commonality of the module signifies WKH FRPSRQHQWYV DELOLW\ WR EH WUDQV
combined, and separated within the product family. It would also comply with the definition

presented by Ulrich (1995), where a common module in a product family would have a low

component to function ratio. This means that since the component has a limited number of

functions it can be separated from the end item without affecting overall functionality of the

end item and furthermore can be transferred and combined with other end items.
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Figure 3.3  Product Architecture with Modules

The objective will be to see how these two m odules (for example Module A versus any of
the other modules, since Module A is the common module) are shared across the different

products within this product family with a vie w to:

x Understand the procedure in which these modules are reordered or remanufactured to
gain an understanding of the economies of scale obtained through quantity discounts,
reduced setup costs, inventory pooling, and reduced inventory levels.

x Observe the different product varieties achievable through modular design by obtaining
records of the number of end items sharing these same modules.

x ldentify whether the modules are outsourced to get a view of the relationship with the
supplier. This caalso lead to an understanding of how the modular design affects
supply chain integration between the supply chain members.

x Observe the modular life cycle of the particular modules taken within the case to record
the percentage of returns recycles, refurtes, reuses.

x Understand the process design required for those particular modules. If there are
certain skills required or a particular process, which the workers need to learn and if
that skill can be transferred or reused in other industries which cash te@ncreasing

§Z A}EI E+[ u%o0}C Jo]3CX

3.8 Data Collection

The data collection process will begin as the second stage in the research design process
after preliminary interviews with prospective case companies. This stage will begin after
finding a case company developing products with a level of modularity in design that would

be willing to cooperate with the researcher and agree to participate in the research.
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The literature review analysed in Chapter Two presented a set of  relationships between PDM
and each of the three aspects of sustainability from a supply chain perspective. This section

will develop the data collection requirements to test these relationships within the case

study research strategy. Therefore, each of th e said relationships will be presented

separately along with the data required to test each of the relationships. The data collection

process is divided into two stages. The first stage will be to identify the case modules (unit
of analysis) for comparison . The second stage will be to collect the data required to test the
relationship between PDM and the aspects of sustainability through the comparing the effect

each of the case modules has on the relationships identified in the literature.

Stage 1: Ident ifying the case modules  (unit of analysis)  for comparison

The research design developed in this dissertation will follow a case study strategy. The

study will compare between two modules within the same product family. The modules
themselves will be chose  n based on the element of commonality, where one module will be
shared and common between many end items and the second module will be shared across
a limited number of end items. The study will be comparative in nature focusing on

identifying the differen  ce in operations between the effects Module A (M1) (which will be
considered more modular, being shared across more end items) has on the supply chain in
comparison to Module B (M2) (which will be considered less modular, being shared across a

limited numb er of end items).

Therefore, after reaching a company willing to agree to take part in the study , t he first

stage in the development of the case study will be to identify the modules for comparison.

The data required for this stage is the bill of materia | (BOM) for a product family currently

EHLQJ SURGXFHG DQG VROG E\ WKH FRPSDQ\ 7KLV ZLOO JHQHUDOO\ EH
database and considered as archival data of secondary nature. The BOM of a product family

will show the number of end items off ered by the company. The BOM will also present the

modules and components required for the assembly of each end item displaying the

common element of the modules, w  here it will be easy to assess which modules are more

commonly shared across the end items w ithin that product family.

After identifying afew probable modules that can be used as the case modules, an interview
will be conducted with the product design engineer in charge of the design process for

products within that product family. The intervie w will focus on developing a deeper
understanding of the design process through semi -structured questions to give the
interviewee the freedom to express his/her experience in the product design process. The

interview will also provide further validation fo r the choice of the two case modules for
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comparison. The interview will also focus on identifying if there is a relationship between
product and process design, and to what degree are both integrated with supply chain

design.

Interview questions for the p roduct design engineer:

x Can you please describe in as much detail as possible the product design process for
(the end item products in the product family)?

X From your experience, which two modules would you choose in order to portray the
effect modularityin design has on supply chain operations? Why these two modules?

x From your experience, what is the relationship between product design, process design

and supply chain design?

Stage 2: The comparison process

After identifying the two case modules for comparison the next stage will be to compare
between both modules across each of the relationships identified in the literature. The next
part of the data collection process is divided into three sections. Each section will discuss

the data required to tes  t each of the relationships identified in the literature across the

economic, environmental, and social aspects respectively.
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3.8.1 PDM andt he economic supply chain aspect

Table 3.1 below provides the full list of relationships between PDM and t he economic aspect

of supply chain management.

7TDEOH (I THFW RI 3'0 RQ D VXSSO\ FKDLQTVY HFRQRPLF VXVWDLQDELOL

1. Increase in sales due to
product variety based on modular
design.

2. Increase in sales due to the
availability of a customized end
product based on modular

design.

Theme 1: Mass Customisation 3. The ability to pool modules
used for different products which
leads to inventory co st savings.
4. Mass production or mass
purchase of modules, which leads

Economic to savings due to economies of
scale.
1. Supplier Integration
Theme 2: Supply Chain 2. Manufac_turing Integration
Integration 3. Infor_matlon Integ_rauon
4. Design Integration
] 1. Simplified production and
Theme 3: Supply Chain scheduling
Responsiveness 2. Reduced production lead time
3.8.1.1 Theme 1: Mass Customisation

x Product Variety

The first relationship presented in the literature focused on the relation between PDM and

product variety where modularity in design can lead to increase in the range of product

offerings to meet more customer demand (Zhang, et al., 2017; Chiu and Okudan, 2014;

Danese and Filippini, 2013). Through this relationship there is an implicit understanding that

modularity in design would lead to an increase in sales affecting the profit of the company

positively. The data required for this relationship will be ma inly secondary in nature. The

GDWD ZLOO PRVW OLNHO\ EH DYDLODEOH LQ WHetefore) it ddRPSDQ\fV GDW

requirements to test this relationship will be mainly archival data.

o0 The bill of material (BOM) for a product family, which would shownin@ber of
end items offered by the company. The BOM will also present the two case

modules (M1, M2) and the number of end items M1 VS M2 is a part of.
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o Sales records for the product family for a minimum period of 12 months to be
able to conduct the compatave study to assess the effect each of the two case

modules had on the sales of the end items respectively.

X Customised End Product

Mass customisation is also directly linked to PDM in the literature through arguments that it

is easier to customise a prod uct by changing certain modules instead of changing the
complete product design with every new customer order (Pero, et al., 2010; Zhang, Huang

and Rungtusnatham, 2008; Ro, Liker and Fixson, 2007). Mass customisation can also be

linked to improved sales an  d enhancing profit from one perspective as well as reducing
operational cost through production economies of scale from another perspective (Nepal,
Monplaisir and Famuyiwa, 2012; Bush, Tiwana, and Rai, 2010). The economies of scale
relationship, however, w ill be discussed as a separate relationship. Therefore, for this
relationship, the focus is on linking mass customisation to company sales and identifying if

there is a positive relationship between them and whether this positive effect is caused by

PDM. T he data requirements for this relationship will be dependent on interviews with the
FDVH FRPSDQ\YV VXSSO\ FKDLQ PDQDJHU WKHUHIRUH WKH GDWD ZLOO
The supply chain manager is considered the most appropriate candidate to answer the

questions required at this stage due to his/her understanding of the concepts in question, as

well as having the authority to provide the data required and offer practical insights from

previous experience. The interview questions asked will focus on iden tifying whether the
company offers customized product offerings or not. If yes, then archival data can be

obtained with records of sales of end items that have been customised displaying a

relationship between the case modules and their effect on the sales levels. Therefore, if
available, the archival data will be of a secondary nature. If not, however, the data will be
gathered through interview questions to the supply chain manager focusing on interpreting
his/her experience  regarding the relationship bet ween PDM, mass customisation and sales.

0 Interview questions:
™ Does your company provide an option to customise end products?
™ From your experience how would you describe the relationship between
PDM and mass customisation?
™ |f PDM can be considered a mainver for mass customisation, then
would you consider there being a relationship between PDM, mass

customisation and sales levels?
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x Inventory Cost Saving

Inventory is considerably one of the major costs in any supply chain (Brun and Zorzini,

2009) . PDM allows for modules to be shared across different end items within the same

product family  (Zhang, et al., 2017) . In other words, instead of requiring separate inventory

for each end item and separate safety stock for each stock -keeping unit (SKU) in the

inventory, modularity in design allows for inventory that is shared across different end items

to be pooled together. The pooling effect would then lead to lower inventory holdings

average per end item, which would lead to lower inventory costs (Lau, Yam a nd Tang,

2010 ; Brun and Zo rzini, 2009 ; Zhang, Huang and Rungtusnatham, 2008; Jacobs, Vickery

and Droge, 2007 ). The data required for this relationship will be mainly secondary in nature.

7KH GDWD ZLOO PRVW OLNHO\ EH DYDLODEOH L @n#&\ddrdsDVH FRPSDQ\TV

Therefore, the data requirements to test this relationship will be mainly archival data.

o The BOM for the product family to identify the number of end items each
module is a part of.

o Inventory records of M1 VS M2 for a minimum period of Iéhths. The total
inventory of M1 will then be divided by the total number of end items M1 is a
part of in order to calculate the average amount of inventory held of M1 per end
item. The same process will then be repeated for M2 and a comparison between

both averages can be conducted.

X Economies of Scale

PDM focuses on the development of modules that can easily be shared across different end

items within the same product family. If the company produces its own modules this would

lead to economies of scale in the production process leading to reducing overhead costs

(Chiu and Okudan, 2014; Danese and Filippini, 2013 ; Nepal, Monplaisir and Famuyiwa

2012). If the company purchases the modules from suppliers this would also lead to

economies of scale since the m  odule is shared across a range of end items (Doran, 2003)

This would lead to the quantities purchased from the same module to increase usually

leading to quantity discounts from suppliers. The data required for this relationship will be

mainly secondaryi Q QDWXUH 7KH GDWD ZLOO PRVW OLNHO\ EH DYDLODEOH 1
database and records.  Therefore, the data requirements to test this relationship will be

mainly archival data.
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o Purchase orders for M1 and M2 for a minimum period of 12 months. A
compaison between the amounts ordered for M1 VS M2 will be conducted as

well as a comparison between the unit prices of each.

3.8.1.2 Theme 2: Supply Chain Integration

X Supplier Integration

PDM allows companies to focus on their core competencies through dividing the end product
into a set of modules, which can be easily outsourced. The process of outsourcing certain

modules to upper tier suppliers in the supply chain requires close coordination between both

supply chain members  (Danese, Romano, and Barto  lotti, 2011 ; Ulku and Schmidt, 2011) .
The advantages of the outsourcing process itself come from the opportunities the original

equipment manufacturer (OEM) will have with the resources that are not tied up in the

manufacturing of the outsourced module (Doran, 2003) . T he data required for this
relationship will be gathered through semi - structured interviews with the supply chain
manager of the case company. Therefore , the data will be primary in nature.

0 Interview questions
™ How does PDM affect your make or kascision?
™ Would you consider PDM advantageous for your company in focusing on
its core competency? Why?
™ What is the nature of agreements you currently have with suppliers for

the M1 and M2 modules; T1 and T2 modules?

X Manufacturing Integration

PDM requires companies to develop integrated production schedules (Jacobs, Vickery and
Droge, 2007; Gershenson, Prasad and Zhang, 2004) . The manufacturing of the end item as

a process is developed through different stages at separate suppliers in the supply chain,

whi ch all require to work according to the same schedule for the manufacturi ng process to
be complete. This process necessitates companies to share their production schedules
together for an integrated and seamless manufacturing operation. This is required to

achieve service levels promised to the customer and to reduce out of stock costs. The data

required for this relationship will be gathered through semi -structured interviews with the

supply chain manager of the case company. Therefore, the data will be pr imary in nature.
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o0 Interview questions

™ How do you integrate your manufacturing process with your suppliers?
What is the role of PDM in this process?

™ Do you share your yearly production schedule with your suppliers? Is this
in part to achieve synchronisgatoduction with your module suppliers?

™ How often are there changes made to the yearly production schedule?
Does modularity in design allow for such changes to be more accepted by
your suppliers?

™ What are the cut off dates for changes on orders for M1 k& T1 and
T2?

X Information Integration

PDM allows companies in the same supply chain to have a common language for
communication. In this case the module itself becomes the common element where any

company in the supply chain can identify (Doran, etal., 2007 ). This leads to easily
integrating databases of different companies in the same supply chain using the same

module name. These databases are usually uploaded on enterprise resource planning (ERP)
systems, allowing for orders to be automated (Jacobs, Vickery and  Droge, 2007) . This

reduces ordering cost in general and problems associated with the ordering process. The

data required for this relationship will be gathered through semi -structured interviews with
the supply chain manager of the case company. Therefore, the data will be primary in
nature.

o0 Interview questions
™ What kind of effect would you say PDM has on information integration?
Why?
™ Do you currently have an ERP system that is integrated with your
suppliers? How would you say thiseadts your ordering process,

production schedule and inventory control?

x Design Integration

PDM also requires a high level of integration between suppliers and the OEM for the

development of new products (Voordijk, Meijpoo m and Haan, 2006
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Lau and Yam, 2005; Doran and Roome, 2005; Huang, Zhang and Liang, 2005 ;
Mikkola and Gassmann, 2003; Doran, 2003) . Product design becomes a collaborative
process between the OEM and the suppliers to develop the new design, however, PDM
provides a basis for communication . Where old modules can still be used in the new design
or slight changes can be made to previous modules achieving new designs. This reduces the
overall cost of new product design. This is due to PDM allowing for numerous variations of

products to be deve loped through changes to a number of modules without requiring a

complete change of the entire product design (Jiao, Simpson and Siddique, 2007 ). The data
required for this relationship will be gathered through semi - structured interviews with the
product d esign engineer of the case company. Therefore, the data will be primary in nature.

o Interview questions
™ How often are product designs changed within this product family? What
is the effect of PDM on this process?
™ How often are new products introduced withthis product family? What
is the effect of PDM on this process?
™ How often are modules from old designs integrated into the new

designs? Can you provide examples?

3.8.1.3 Theme 3: Supply Chain Responsiveness

x Simplified Production and Scheduling
PDM can help si mplify the production and scheduling process through

1. Reducing the overall number of suppliers (Danese and Filippini, 2013; Doran, et al.,
2007; Doran, 2003)

2. Reducing the number of components per end item (Lau, Yam and Tang, 2010; Pero, et
al., 2010; Khaand Creazza, 2009; Jose and Tollenaere, 2005).

3. Counterbalancing forecasting errors through the inventory risk pooling effect (Pero, et

al., 2010; Khan and Creazza, 20QBan, Christopher and Creazza, 2012

A focal characteristic of modularity is that e nd items would share modules. Instead of every
end item requiring separate inventory, which either needs to be produced or outsourced for
every component, PDM reduces the number of components managed in a product family.

The data required for this relation ship will be mainly secondary in nature. The data will most
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OLNHO\ EH DYDLODEOH LQ WKH FDVH FRPSD QHd¢fafore,Divliat® VH DQG UHFRU

requirements to test this relationship will be mainly archival data.

o The BOM for the end items, which share Ed M2 to obtain the total number
of modules for the end items sharing M1 and M2. Calculate the average number
of modules per end item for the group of end items sharing M1 VS the average

number of modules per end item for the group of end items sharirzg M

X Reduced Production Cycle Lead Time

PDM can have a direct effect on the process design of a product. Through having

standardised modules in production or in assembly this should make the process design for

the end items more efficient. The standardisati on process in the manufacturing or assembly
of the modules can allow for opportunities of automation as well as more efficient

employees able to provide higher production volumes due to decreased production cycle

lead times (Danese and Filippini, 2013; Lau , Yam and Tang, 2007 a; Lau, Yam and Tang,
2007 Db; Ro, Liker and Fixson, 2007; Fixson, 2005) . The data will most likely be available in
WKH FDVH FRPSDQ\TV GDWD E Oreref@e) GhéJddta ReguBevnents to test this

relationship will be mainly archi val data.

o The data required for this relationship will be the production man minutes for
eachend item that shares either M1 or M2. A calculation of the average man
minutes required for the production of end items sharing M1 VS the average
man minutes required for the production of end items sharing M2 can be

conducted.

3.8.2 PDM and the environmental supply chain aspect

The relationship between PDM and environmental aspect of supply chain management

focused on a main theme in the literature. This is presented as the fourth theme titled the

6R concept through the literature analysis conducted in chapte r two of the literature review.

This is due to the literature revolving around the effect modularity in design has on the

VXSSO\ FKDLQYVY DELOLW\ WR PDQDJH LWV UHXVH UHF\FOH UHFRYHU |
remanufacture processes. PDM is seen to have a posi tive effect on these six processes,

which leads to enhancing the environmental position of a supply chain. This is due the

supply chain requiring less material for production and reducing the energy requirements
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for product development. The literature prov ided this relationship across three main points.

The first point being the options PDM provides for environmentally conscious manufacturing

(ECM) where modularity is seen as a key element in design for the environment (DFE) and

design for recycling (DFR) ( Kristianto and Helo, 2015; Yan and Feng, 2013; Yu, et al.,

2011). The second point discussed how PDM is seen to influence the 6R concept through

LPSURYLQJ D SURGXFWTV OLIH F\FOH :KHUH D SURGXFW¢fV OLIH F\FOH
through modularity by r  eplacing certain modules instead of replacing the entire product

(Beske and Seuring, 2014; Seuring, 2013; Yu, et al., 2011; Umeda, et al., 2008). The third

point discussed in the literature focused on how modularity in design can lead to closing the

loop i n supply chain management and improving reverse logistics operations (Aydinliyim

and Mur thy, 2016; Bask, et al., 2013; Seuring, 2013; Taticchi , Tonelli and Pasqualino,
2013).
Table 3.2 below provides the full list of relationships between PDM and the envi ronmental

aspect of supply chain management.

7DEOH (ITHFW RI1 3'0 RQ D VXSSO\ FKDLQYY HQYLURQPHQWDO VXVWDL

Environmental Theme 4: 6R Concept 1. DFE/DFR/ECM
2. LCA
3. CLSC/RL
3.8.2.1 Theme 4: 6R Concept

x DFE/DFR/ECM

PDM is seen as a design strategy, which can be used to enhance environmentally conscious

manufacturing (Gu and Sosale, 1999; llgin and Gupta, 2010). This is mainly due to

modularity being a main element in DFE and DFR (Yan and Feng, 2013; Jayal, et al., 20 10).

Through environmentally conscious manufacturing, DFE and DFR, PDM can then be further

OLQNHG WR LPSURYLQJ D VXSSO\ FKDLQYY UHXVH UHF\FOH UHFRYHU |
remanufacture processes. This generally leads to supply chains requiring less mate rial for

production and reducing the energy requirements for product development. The data

requirements for this relationship will be gathered through semi -structured interviews with

WKH FDVH FRPSDQ\TV SURGXFW GHVLJQ HQJLQHHU ble\h thélcase DV DQ\ UHF
FRPSDQ\fY GDWDEDVH UHODWLQJ WR LWV UHXVH UHF\FOH UHFRYHU U
remanufacture processes. Accordingly , a mix between primary and secondary data will be

required.

0 Interview questions
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™ Do you consider PDM as a design strategyEiCM? If so, how can PDM
enhance ECM?

™ Have there been cases where you changed suppliers of module designs
to achieve a greener product?

™ Do you link between PDM, reducing the number of components in
products, and reducing the amount of material requiragroduction?

™ Specific questions related to M1 and M2, T1 and T2?

x Life Qycle Assessment

3'0 LV RQH RI WKH PDLQ FRQVLGHUDWLRQV ZKHQ GHYHORSLQJ D SURGX
(LCA) (Qian and Zhang, 2009). LCA is a design methodology where a designer deve lops a

life cycle scenario for the product by assigning life cycle options, such as maintenance,

XSJUDGLQJ UHF\FOLQJ DQG UHXVH IRU GLIITHUHQW VWDJHV WKURXJK D
et al., 2008). Modularity in design is seen as a main contributor t 0 enhancing all of these

processes. Maintenance becomes easier where components can be separated and changed

without affecting the overall functionality of the product (Yu, et al., 2011). The same

argument can be developed for upgradability. Where products can be upgraded through

changing outdated modules with new ones without requiring replacing the entire product

(Beske and Seuring, 2014). The data requirements for this relationship will be gathered

through semi - structured interviews with the case company TV SURGXFW GHVLJQ HQJLQHHL
ZHOO DV DQ\ UHFRUGY DYDLODEOH LQ WKH FDVH FRPSDQ\YV GDWDEDVH
recover, reduce, redesign and remanufacture processes. Therefore, a mix between primary

and secondary data will be required.

o Interview questions

™ What is the effect that PDM has on the life cycle assessment for the end
items that share M1 and end items that share M2?

™ What is the effect that PDM has on the maintenance and repair
operations for end items that share M1 and end items tblaare M2?

™ What is the effect that PDM has on the life expectancy of end items
sharing M1 and end items that share M2?

™ What is the effect that PDM has on the upgradability of end items that

share M1 and end items that share M2?
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™ Has there been a shift in fas from a product life cycle focus to a module

life cycle focus within your company?

X dosedLoop Supply Chain/ReverselLogistics

PDM is also acknowledged to increasing opportunities for supply chains to close the loop

through integrating forward and rever se material flows (Krikke, et al., 2003). The ability to

break down a product into specific components without affecting the overall functionality of

the end item allows for many of these components to be reused or refurbished. This means

that after the mo  dule has gone through the normal forward flow in the supply chain, it

returns through reverse flow and can then be refurbished or remanufactured as part of a

similar or the same product type closing the supply chain (Bask, et al., 2013; Seuring,

2013). The data requirements for this relationship will be gathered through semi -structured
LOWHUYLHZYV ZLWK WKH FDVH FRPSDQ\fV VXSSO\ FKDLQ PDQDJHU

$V Zt

LQ WKH FDVH FRPSDQ\YY GDWDEDVH UHODWLQJ WR LWV Usigxahd UHF\FO

remanufacture processes. Hence, a mix between primary and secondary data will be

required.

0 Interview questions
™ How do you generally manage your returns?
™ What kind of after sale services do you offer?
™ What is the effect that PDM has on yaewverse logistics operations?
™ Does PDM help you achieve a closed loop in your supply chain for end

items that share M1 and end items that share M2?

For all three points discussed, archival data in the form of records of the case compan \TV
maintenance and  repair operations (MRO) for the end items which share M1 as well as the

MRO records for the end items which share M2 will be required. These records will be used

to calculate the percentages for reuse, recycle, recover, reduce, redesign and

remanufacture for each of M1 and M2.

3.8.3 PDM and the social supply chain aspect

Even though the literature did not provide a direct link between PDM and the social supply
chain aspect, it did however provide a link between PDM, process design and supply chain

design. The integration of product design with process design and supply chain design is
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more commonly identified as three -dimensional concurrent engineering (Fixson, 2005;

Tatic chi, 2013; Fine 1998; Rungtusanatham and Forza, 2004). PDM is seen to influence the
develo pment of more modular process design, where the design process is segmented

following the same structure as the modules production (Fixson, 2005). The segmentation

of the process design is further linked to the skills development of the workers. Therefore,
the main stakeholders in the development of this relationship will be the line workers. The

second aspect of concurrent engineering is the effect product design has on supply chain

design (Rungtusanatham and Forza, 2004). PDM allows supply chain members t o focus their
resources on their core competencies shifting non -core processes to upstream members in

their supply chains (Doran et al., 2007 , Ro et al., 2007). This has le d to the development of
modular supply chain clusters (Baldwin and Clark, 2000). Whe re supply chain members
dependent on each R W K Hiddes generally operate within the same regions in order to

reduce associated logistics costs and also due to the availability of skilled work force within

that region (Baldwin and Clark, 2000).

Table 3.3 below provides the full list of relationships between PDM and the social aspect of

supply chain management.

7TDEOH (ITHFW RI1 3'0 RQ D VXSSO\ FKDLQYVY VRFLDO VXVWDLQDELOLW\

Social Theme 5. Three 1. Employee skills acquired
Dimensional Concurrent from process modularity
Engineering 2.Increased Job
Opportunities
3.8.3.1 Theme 5: Three Dimensional Concurrent Engineering

X Modular Clustergincreased job opportunities)

PDM allows supply chain members to focus on their core competencies and outsource all
non -core processes to upstream supply chain members (Doran et al., 2007, Ro et al.,

2007). This creates a level of dependency between supply chain members leading to what is
known as modular clusters (Baldwin and Clark, 2000). Where dependent companies
operating in the same field usually open their facilities in close proximity to each other. The

main reasons for this is the availability of a skilled work force and reducing associated

logistical costs.  Modular clusters are generally associated for increasing job opportunities in
their surrounding geographical locations. This would mean increasing income and living

standards of workers in such clusters (Thomsen and Pillay, 2012). The data required for this
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relationship will be gathered through s emi - structured interviews with the supply chain

manager of the case company. Therefore, the data will be primary in nature.

0 Interview questions
™ Has PDM helped in the development of modular clusters in your area?
™ Do you consider that there is a relationghietween PDM and the
number of facilities you have and the number of employees you hired

and their standard of living?

x Employee Learning Curggmplified work path)

PDM leads to a more modular process design, which is developed according to the modular

structure of the product. The process itself becomes more structured with a simplified work

path (Gershenson, Prasad and Zhang, 2004). This leads to employees being able to acquire

the skill sets of more than one process. It also leads to lower errors and reworks in the
production cycle (Jac obs, et al., 2007). The data required for this relationship will be

gathered through semi  -structured intervie  ws with the Product Design Engineer of the case

company. Therefore, the data will be primary in nature.

o Interview questions
™ Do you think PDM has an effect on employee learning curve?
™ How does the relationship between product and process design affect

the skill set requirements for the line workers?

It was also deemed important to get insight from the line workers regarding their

experience in dealing with the assembly process of modular products, since they are the

focal stake holder regarding the effect of PDM on the social aspect of sustainability in supply

chain management. Therefore, a focus group interview wi Il also be conducted with the line

workers. The main aim of focus group interviews is to understand, and provide explanation

for the meanings, beliefs and cultures, which affect feelings, attitudes and behaviours of

individuals (Rabiee, 2004). Thomas, et a @) GHILQHG IRFXV JURXS BQWHUYLHZV
technique involving the use of in -depth group interviews in which participants are selected

because they are a purposive, although not necessarily representative, sampling of a

specific population, this group beLQJ pPIRFXVHGY RQ D JLYHQ WRSLFY ,W LV LGHDC
exploring complexity within the context of lived experience and encourages the participants

to engage positively with the process of research (Rabiee, 2004). Richardson and Rabiee

(2001) discussed that participants in this type of research are selected based on their
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knowledge of the topic, or that they are in some way affected by the topic in question. So,

even though the line workers might not know much about modularity in product design, it is

aVVXPHG WKDW WKH\ DUH DIIHFWHG E\ LW WKURXJK 3'0V HIIHFW RQ SU
important in order to present a complete picture to gain the perspectives of both the

employers and employees. Therefore, t he focus will be to identify:

™ Theiremployment history to assess a pattern of work in related industries in related
areas to give evidence to the presence of modular clusters (This question is divided into
part relating to the nature of work and part relating to the location of the job).

™ Thar opinions on working on the development of modular products versus integral
products in terms of the learning environment in one versus the other.

™ On site trainings offered by the case company related to the production of products that

share M1 and prodets that share M2.

Focus group questions:

Question 1: Please provide your employment history in the company in number of years

and months?

Question 2: Please provide your total employment history working in a related assembly
operation?

Question 3: Plea se state in yes or no response if your previous employment history was also

in an industrial zone?

Question 4: How many training sessions has each of you received from the case company?
Question 5: Have these trainings assisted you in increasing your knowl edge and skill set?
(Yes/N o)

Question 6: Do you think that the skill sets you have gained from working in the case

company will assist you in further d eveloping your future career? (Yes/N 0) (Why ?)
Question 7: Which do you consider better to work on, produc ts with modular components
(M1, T1) or products with integral components (M2, T2) ? (Why ?)

Question 8: Do you consider that working in this industry has impr oved your standard of

living? (Yes/N o) (Why ?)

3.9 Research Ethics

It was identified from the literature review that the nature of the data required to assess the

effect of PDM on the aspects of sustainability within a supply chain would be of a sensitive
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nature. Data such as inventory records, purchase records, and suppl y chain partnerships,

which are considered highly sensitive to the competitive position of the company would be

required to give evidence towards how PDM affects SSCM. The most difficult part of this

research was to obtain approval from a case company to p rovide the data required for the

DQDO\WVLY GXH WR WKH GDWDYfV VHQVLWLYH QDWXUH 7KH UHVHDUFKHU
WKDW FDQ EH FRQVLGHUHG 2(0V WR EH DEOH WR VHH WKH HIIHFW RI P
design and its effect on supply chain integ ration where the OEM can be considered the focal

point where the modules are gathered for final assembly operation and the output is a

finalised end item. The researcher also focused on contacting companies where modularity

in design is common practice suc h as automotive companies and electronic appliance

companies. Overall the researcher attempted to contact twelve companies, five in the

automotive field and seven in the electronics appliances field. An appointment and company

visit were arranged withal WZHOYH FRPSDQLHV 7KUHH RI WKH YLVLWYV ZHUH ZL
operations manager, five of the visits ZHUH ZLWK WKH FRP S Daaimriaehagex arglio \

IRXU RI WKH YLVLWY ZHUH ZLWK WKH FRPSDQLHVY FKLHI HIHFXWLYH RII

includ ed copies of the information sheet (Appendix | I) in English and translated in Arabic,
copies of organisational consent forms (Appendix Il 1), and copies of pers  onal consent forms
(Appendix IV ). All companies were clearly notified from the beginning that all data shared

would be considered confidential and that they would have the freedom to withdraw any or

all parts of the data at any point in time. From the twelve mentioned companies, only one

company agreed to participate in the research. Therefore, any da ta obtained from the
interviews conducted during the visits with the other eleven companies were not included as
part of this research. The main decision for refusal was generally due to the nature and

sensitivity of the data required. Three of the compani es agreed in the beginning then

withdrew their consent shortly after agreeing after reviewing the data requirements.

7KH FRPSDQ\YV FKLHI HIHFXWLYH RIILFHU VLJQH ®f M¥erber20lldHPHQW RQ
The data itself would be stored in a password -prot HFWHG IROGHU RQ WKH UHVHDUFKHU
well as backed up on a password -protected flash drive owned by the researcher. The

LOWHUYLHZY ZHUH FRQGXFWHG DW WKH FRPSDQ\TV SURGXFWLRQ IDFLO
LQWHUYLHZHHYTV RIILFH 7 Kdffesdd the Gppdrtnityto Adve a tour within the

production facility as well as observe the manufacturing operations while at the facility. All

interviews were recorded in notes by the researcher and later transferred to word files

within the password -pURWHFWHG IROGHU 'DWD IURP WKH FRPSDQ\TfVY GDWDED
obtained from the procurement department and the planning department through the

authority of the supply chain manager. Table 3.4 provides the interview schedule.
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The focus group interview was FRQGXFWHG GXULQJ WKH OLQH ZRUNHUYV EUHDN
questions were translated and asked in Arabic. The answers were also in Arabic and

translated by the researcher to English.

Table 3.4 Interview Schedule

Date Position

3/11/2016 Chief Executive Officer

10/11/2016 Supply Chain Manager

17/11/2016 Supply Chain Manager

20/11/2016 Product Design Engineer
25/11/2016 Supply Chain Manager

4/12/2016 Product Design Engineer

Accordingly , all research conducted within this dissertation compl ied and conformed to the

ethical regulation of the University of Huddersfield. An Organisational consent form was

obtained from the case company, as well as personal consent forms from the chief

executive officer of the company, supply chain manager, produ ct design engineer, and all
employees within the focus group study. Through the negotiations with the case company a
condition of confidentiality was agreed upon, where the researcher will not mention the

name of the company, and all module names will be e ncoded for the purpose of this
research. It was also agreed that the case company has the right to withdraw their consent

and the information provided at any stage within the research.

3.10 Chapter Summary

The previous chapter discussed the research design for this thesis. It presented the

UHVHDUFKHUYY ORJLF DQG MXVWLILFDWLRQ IRU DQVZHULQJ WKH UHVHI
means . The researcher opted for a pragmatic philosophy with abductive reasoning to

provide an answer combining bot h quantitative and qualitative data elements through a

mixed approach. The researcher also chose a case study research strategy with the unit of

analysis for the case as the module. The focus of the case study is on the depth and quality

of the data requir ed to provide justification for the multiple relationships identified under the

5 main themes identified within the literature. The logic for the case study will be to build a

comparison between two modules where each module would have a different degree o f

modularity. This comparison will focus on specific supply chain processes and observe the

performance of the supply chain within that particular process for the both modules. The

111



module that provides improved performance for the supply chain process woul d then
provide justification towards whether modularity or integrality in product design leads to a

more sustainable supply chain. The same case study strategy will then be repeated again

for two different modules also with differing degrees of modularity in order to achieve
analytical generalisation and overcome some of the limitations of the case study strategy.

The chapter also discussed the appropriate data required to answer the research question

and the appropriate data collection method for each kind of data according to which supply
chain processes this data will relate to. The next chapter will present the data findings as

obtained from the company that agreed to participate in the research.
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Figure 3.4 Methodology Chapter Summary
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Chapter4 )LQGLQJV

4.1 Introduction

In this chapter the data collected will be presented and analysed to assess whether there is
evidence to support the propositions made in Chapter Two. The chapt er will follow the
research design scheme presented in sections 3.7 and 3.8 in Chapter Three. This chapter
will be divided into six main sections. The first section will present the case company

providing the data. The second section will discuss how the m odules (unit of analysis) for
each of the two cases were chosen. The following sections will aim to answer one of the

main sub -questions presented in Chapter One. Each of these sections will first provide the
relationships as identified in the literature r eview conducted in Chapter Two and then
present the data required for the analysis of that particular relationship. This will then be

followed by the actual analysis, which will be conducted for both cases within this study.

Therefore, the sectionsinthis chapter are:

4.2 The case company

4.3 ldentifying the case modules (unit of analysis)

4.4 The effect of PDM on the economic performance of a supply chain

4.5 The effect of PDM on the environmental performance of a supply chain
4.6 The effect of PDM ont he social performance of a supply chain

4.7 Conclusion: The effect of PDM on SSCM

As discussed in Chapter Three, this research follows a pragmatic approach. Therefore, the
focus of the research is on answering the research questions with some relationship s linking
PDM to SSCM requiring qualitative and others quantitative data. The data collected for each

relationship depended on two main factors:

1. The nature of the relationship between PDM and the aspect of sustainability.

2. The availability of the data &he case company.

Quantitative data collected consisted generally of operational reports from the case

FRPSDQ\ ZKLOH TXDOLWDWLYH GDWD FRQVLVWHG RI LQWHUYLHZV FRQ(
supply chain manager and product design engineer. A focus group interview is also

FRQGXFWHG ZLWK WKH FDVH FRPSDQ\fVY OLQH ZRUNHUV
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Due to the diversity of the nature of the collected data, the researcher was required to use

a number of analytical tools to integrate all findings to answer the research questions.

For relationships tha trequired quantitative data, the researcher presents the data sets of
the operational reports as provided by the case company. This is followed by an
interpretation and discussion of the significance of such data in relation to the effect of PDM

on the re spective aspect of sustainability and in relation to the research propositions.

For relationships that required qualitative data semi - structured interviews were conducted.
The interview questions are all based on the structure of the relationships and th emes
identified in Chapter Two. Therefore, as most analysis of semi -structured interviews begins
with the creation of themes from interview transcripts (Leech, 2002 ), for this research the
themes were already identified through the integrative literature r eview. The interviews
were conducted with a view to obtain the experience and perspective of the interviewees in

terms of working with PDM in the context of the relationships identified in Chapter Two. The

basis for most of the common forms of analysis for interviews consists of the development
of themes through a form of thematic or content analysis to help in the decoding and

organising of the interview transcripts (Piercy, 2004; Kulatunga, Amaratunga and Haigh,

2007; Burnard, et al., 2008). Yin (2003) di VFEFXVVHG WKDW WKH UHVHDUFKHUTV UROF
LV WR ORRN IRU VHTXHQFHY RU SDWWHUQV WKDW FDQ EH XVHG LQ VXS
propositions. Pope, Ziebland and Mays (2000) explained that the development of categories

or themes could either be indu ced, where the researcher gradually identifies commonalities
through the interview transcripts; or the themes could have been developed at an earlier

stage in the research. The purpose of interview data in the case where the themes are

predefined would be  to provide evidence or confirmation for the nature of the relationships

within the themes and act as validation for the effect of PDM on SSCM. For analysis of

interview data where the themes are predefined the Framework Approach is usually
suggested (Pope, Ziebland and Mays, 2000; Smith and Firth, 2011; Burnard, et al., 2008;
Huberman and Miles, 2002). Smith and Firth (2011) discussed that the Framework
Approach is best suited when the researcher works with highly focused aims, objectives and

a structured t opic guide. For such cases the Framework Approach provides systematic
means for the researcher to explore the data in depth while maintaining a transparent guide

to how the data was analysed (Ritchie, et al., 2013 ). Burnard, et al. (2008) reasoned that
within the Framework Approach the researcher imposes their own structure or theories on

the data and then uses these to analyse the interview transcripts, which is useful in studies

where researchers are already awar e of probable participant responses.
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Hence, since the themes and relationships connecting PDM to sustainable supply chain
management were already identified as a result of the integrative literature review

conducted in chapter two, the researcher deemed it best fit to apply the Framework
Approach for analysis of the semi -structured interviews (Smith and Firth, 2011; Huberman
and Miles, 2002).

The Framework Approach consists of five main stages:

1. Familarisation: this stage consists of thorough review stady of interview transcripts

to identify key ideas and issues.

For this stage, the researcher went through all interview transcripts to identify key practices

and processes within the case company that reflect the effect of PDM on SSCM.

2. ldentifying athematic framework: this stage focuses on developing key issues and
concepts within the data which are derived from the questions developed from the aims
and objectives of the study in combination with issues raised by the respondents and
their experiencesThe result of this stage should be an indexing scheme to enable the

researcher to manage the data.

This stage of the research is based in part on the integrative literature review. The

researcher was able to develop themes within the literature based on common relationships
integrating PDM and SSCM across the three aspects of sustainability. The researcher used

Nvivo and Excel to identify the common relationships and develop the themes. The Excel

sheets used in the structuring of the thematic frame work a re provided in Appendix| . The
result is a thematic framework, which was used in the development of interview questions

that target the specific relationships to identify the effect modularity has on a particular

process and how this in turn affects the su stainability of the supply chain.

3. Indexing: in this stage the researcher applies the thematic framework to systematically
index all the data. This is done by going through the data and marking areas that relate
to a certain theme and then indexing thenitivcodes that relate to that particular

theme.
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Since the researcher had already divided the interview questions based on the specific
relationships, the indexing process was quite simple. The interview transcripts were already

divided based on the rela  tionship in question.

4. Charting: in this stage the researcher rearranges the data based on the part of theme to
which they relate. Charts are usually developed that link the themes to the summaries

of the views and experiences obtained from the interviews

Within this stage the researcher developed charts linking specific relationships to the main
themes. Each relationship beneath a specific theme is then presented with supporting
literature discussion followed by the interview question for the respective re lationship and

transcripts of the respective answers.

5. Mapping and interpretation: Through the charts, the researcher should be able to find
associations between themes and use this to provide explanations for the findings. The

interpretations should beimked with the original research questions and objectives.

With the help of the developed charts, the researcher presents an interpretation for each

relationship. The interpretation is based on three elements:

1. Literature background on each specific r elationship
2. Data of processes and practices within the case company

3. Experience and opinions of respondents.

Qualitative and Quantitative data presented in this chapter are used in the following chapter

as inputs for the AHP analytical model. Hence , the purpose of this chapter is to validate the
relationships, which are the basis for the criteria in the AHP model. Quantitative data

regarding the effect of PDM on the different relationships is used to calculate the weights for

the pairwise comparison matrices. Interview data interpretations from the respondents are
provided as supporting evidence to the subjective weights given by the respondents to also

be used as inputs in the pairwise comparison matrices in the AHP model.

4.2 The case company

The case company was chosen based on a number of factors. First the chosen company
needed to be in a developing country in order to conform to the constraints presented in

section 2.4.3.3 of the literature review so there would be no conflict between economic and
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social criteria . Accordingly, Egypt was deemed a suitable location that fits the previous

constraint. Second, the company would also have to be an OEM where the end item is

produced in order to view the intricate relationships the company has in contr olling the end

LWHP GHVLJQ 7KLUG WKH FRPSDQ\fV RSHUDWLRQV VKRXOG EH PDLQO\
that the social criteria can be tested. Finally, the company  should be producing a product

that can be modular in nature preferably a company within the electronics, automotive or

furniture industry.

The first stage of the research began with conducting preliminary interviews with the

FRPSDQ\YV &KLHI ([HFXWLYH 2IILFHU DQG ZLWK WKH FRPSDQ\TJV 6XSSO\
interviews were more of informal mee tings, which focused on explaining the research

questions, aim and scope of the dissertation to the interviewees. The interviews also aimed

to identify the availability of the data and willingness of the company to participate in the

research. The intervie  w with the Chief Executive Officer was mainly to obtain approval to be

allowed to collect data from the company and the Organisational Consent Form (Appendix

I'1) was signed. During the second interview with the Supply Chain Manager the specific

relationshi ps were discussed as well as the data required for assessing each relationship.

7KH 6XSSO\ &KDLQ 0ODQDJHU SURYLGHG DQ LQWURGXFWLRQ IRU WKH FR
ILHOG RI LQGXVWU\ 7KH &RPSDQ\ SURYLGLQJ WKH GDWD LV D SURGXF
GooGVY :KLWH JRRGVY DUH LGHQWLILHG DV KRPH DSSOLDQFHV ZKLFK ZH
such as fridges, heaters, ovens, and washing machines. The company started as a family

business and is still owned and operated by the family. The company is 100 percen t

Egyptian, unlike a number of competing companies operating in the same field that

generally operate under the umbrella of foreign international brands. The company currently

has four manufacturing facilities in the main industrial zones of Egypt. The com pany is an

OEM and its main market is Egypt, where it sells its products under its own name. The

company also exports to a number of Gulf Countries and African Countries under different

brand names.

The product family  used for the analysis is washing mach ines, which provides an example of
a product with a modular design. The decision to choose washing machines as the product

family was based on discussions with the Supply Chain Manager whom suggested this

product family in particular to have most of the re quired data discussed. The (Company)
currently produces 39 different models of washing machines, which are sold both locally and

exported to other countries in the Middle East region.
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4.3 ldentifying the case modules (unit of analysis)

For this resear ch a multi case study methodology was decided upon as discussed in section
3.6 in Chapter Three. The aim is to achieve a literal replication from the two cases within

this study to achieve a basis for the relationship between product design modularity and
sustainability in supply chain management. Therefore, it was decided to conduct two

separate cases and compare the results of each case at the end. This is done with a view to
increase the validity of the findings and achieve analytical generalisation depe nding on

whether literal replication is achieved through the analysis (Robson, 1993).

Jiao, Simpson and Siddique (2007) discussed that the best way to view the effect

modularity in design has on supply chain operations, the research has to encompass an

entire product family. They also discussed that the research cannot be limited to a certa in
product or a comparison between two products. This is due to the endless variables that can

affect the research if the focus is on the products. For example, issues such as marketing

and promotions for each product can have an effect on supply chain ope rations and thus
have an effect on the results of this research. Therefore, it was important for this research
to find a unit of analysis where a comparative study can be carried out excluding such

variables, which can  influence the analysis. As discussed previously in section 3.6 the unit of
analysis for this research will be the modules within the product family. The study will

compare between two modules with one of the modules being more modular in design and

the other less modular. By choosing the modu les instead of the products as the unit of
analysis the researcher aimed at eliminating the possible variables that can affect the

results of this research.

The first stage in the design of the multi case study was to isolate the modules within the

produ ct family to assess the effect modular design has on the supply chain sustainability for

this product family. To identify which modules would be most suitable for each of the two

cases, an analysis of all the modules within the product family had to be con ducted. Hence,
based on the definition of modularity (Ulrich, 1995; Schilling, 2000) the module, which is

more common across the end item products in the same product family can be identified as

the more modular component (Salvador, 2007). Following the sa me logic, the module which
is shared the least across the end items would be the least modular or most integral.

Accordingly , the analysis will compare between the effects each of these modules has on

the identified relationships integrating PDM to SSCM.
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The company currently uses an ERP system to manage the different aspects of its supply
chain operations. All forms of archival data provided by the company were in the form of

Excel sheets exported from the ERP system.

The (Company) provided a mul ti-level BOM for the 39 different models of the washing
machines. The multi  -level BOM included the modules required for each of the 39 different
models. The multi  -level BOM demonstrated how the modules are shared across the 39
models. In order to choose th e modules for analysis a two stage methodology was
implemented. The first stage consisted of identifying the modules that are shared across the
end items, which represent the element of commonality. These modules were then arranged
according to the number of end items that they are a part of in descending order. From a
total of 674 modules shared across the 39 end items, 14 components were shared across all
39 models. However, upon further investigation these items were found to be screws and
rubber parts, which as components cannot be considered modules since they are too

simplistic, and it is only natural for screws to be shared across all the models.

Hence, the second stage consisted of an interview with the product design engineer, who

advised on choosi ng more complex items to be the modules for analysis . From the interview
the product design engineer discussed a number of complex modules, which are shared

across the different washing machine models. The module categories discussed during the
interview w ere (motors, timers, rubber pipes, wirings) out of a total of 30 categories. Please

refer to Figure 4.1 Module Categories.

Module Categories
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Further investigation was carried out with a focus on the motors modules category. There
aretwokin GV Rl PRWRUV ZLWKLQ WKH ZDVKLQJ PDFKLQHVY SURGXFW IDPL
washing (RW), while the other is for draining (D) the water out of the clothes. There are 10

(RW) motors and 7 (D) motors (Table 4.1 Motor Module Types).

Table 4.1 Motor Module Types

No of Wa shing Motor
Motor Modules Machines Type
Motor 1 1 RW
Motor 2 4 D
Motor 3 1 RW
Motor 4 1 D
Motor 5 2 D
Motor 6 2 RW
Motor 7 3 RW
Motor 8 4 RW
Motor 9 2 RW
Motor 10 13 D
Motor 11 2 D
Motor 12 2 RW
Motor 13 4 RW
Motor 14 4 D
Motor 15 5 D
Motor 16 5 RW
Motor 17 15 RW

Out of a total of the 10 (RW) motors, it was found that a certain rotational washing motor
module (Motor 17) (M1) is shared across 15 washing machine models out of the 39, while
another rotational washing motor module (Motor 9) (M2) is shared between 2 washing
machine models out of the 39 (Figure 4.2 RW Motor Modules). The second case identified
was that within the timer module category. Out of 8 different timer modules, one timer
module (Timer 1) (T1) is shared across 20 washing machine models out of the 39, and
another timer module (Timer 4) (T2) is only shared across 5 washing machine models out

of the 39 (Figure 4.3 Timer Modules).
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Figure 4.2 RW Motor Modules

Figure 4.3 Timer Modules

Through focusing the study on one module category this provided further validity for this
research. Unifying the category of the module provides less variability when conducting the
comparisons to assess the eff  ect each has on the sustainability perspectives within the

FRPSDQ\TV VXSSO\ FKDLQ

Hence, within this product family two cases have been identified. The first case would be

the two motors and the second case would be the two timers.
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The second stage of the research as discussed in the research methodology chapter was to
conduct a comparison between the two modules identified in each case respectively. The

first case will be to conduct the comparison between the two motors (M1 and M2), and the
second cas e will be to conduct the same comparison between the timers (T1 and T2) and

analyse the data from both cases.

Each case will compare the modules across the economic, environmental, and social
relationships previously identified in an attempt to present em pirical evidence to support the

four propositions presented previously in the literature review chapter.

4.4 The effect of PDM on the economic performance of the supply chain

The integrative literature review conducted in Chapter Two developed three main themes,
which summarise how PDM affects the economic performan ce of a supply chain (Figure 4.4
Effect of PDM on Supply Chain Economic Performance).

Data collected, and analysis conducted for the relationships identified within these themes

will be used to  support the first two propositions:

P1: PDM increases supply chain profit

P2: PDM decreases supply chain cost
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Figure 4.4 Effect of PDM on economic supply chain performance

4.4.1 Mass Customisation

PDM is considered one of the main pre -requirements to achieve mass customisation (Pero,

et al., 2010; Zhang, Huang and Rungtusnatham, 2008). Kumar (2005) defined mass

customisation from two perspectives. The first perspective focuses on the effectiveness o f

the supply chain and its ability to offer customers with products custom made to their

UHTXLUHPHQWY 7KH VHFRQG SHUVSHFWLYH IRFXVHV RQ WKH VXSSO\ F|
customisation operations strive to reduce cost and offer customised products ata

competitive price.

PDM is connected to mass customisation across four main relationships. Inregard to the

VXSSO\ FKDLQYY DELOLW\ WR PHHW FXVWRPHUYV LQFUHDVLQJ GHPDQG
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3'0 LV GLUHFWO\ OLQNHG WR LQFUHDVLQJ D FRPSDQ\YV SURGXFW RIIHU
product variety (Zhang, et al., 2017; Chiu and Ok udan, 2014). PDM also allow s for the

customisation of end items through changing certain modules instead of changing the

complete product design for each customer order (Pero, et al., 2010; Zhang, Huang and

Rungtusnatham, 2008; Ro, Liker and Fixson, 2007). Therefore, for the first t wo

relationships, this study will test the effect PDM has on improving sales through increasing

product variety and allowing for customised end products within the washing machines

product family. Data  gathered, and analysis conducted for the first and sec ond relationships

will be used as evidence supporting the first proposition (P1): PDM increases supply chain

profit.

TKH VHFRQG SHUVSHFWLYH RI . XPDUTfV GHILQLWLRQ FRQFHUQLQJ WKH V
operational cost, the literature connected PD M to mass customisation through inventory

cost savings and economies of scale. PDM reduces the number of modules per end item.

PDM also allows for the pooling of modules, where more than one end item shares the same

module for production leading to invento ry cost savings (Brun and Zorzini, 2009; Zhang, et

al., 2017). For this relationship, this study will analyse the effect PDM has on the inventory

levels of the two motor modules for the first case and the two timer modules for the second

case.

As for th e economies of scale relationship, PDM develops standardised modules that can

easily be shared across different end items within the same product family (Chiu and

Okudan, 2014; Danese and Filippini, 2013). This means that quantities purchased or

produced f rom the same module would increase leading to quantity discounts and reduced
overhead costs. For this relationship the study will analyse the cost of producing or

acquiring the motor and timer modules and compare between the costs of M1 vs M2 for the

first case and T1 vs T2 for the second case. Data gathered, and analysis conducted for the
third and fourth relationships will be used as evidence supporting the second proposition

(P2): PDM decreases supply chain cost.

44.1.1 Product Variety

Modularity in design al  lows the company to produce different products through changing
certain modules without the need to develop an entirely different product design (Danese
and Filippini, 2013; Pero, et al., 2010; Zhang, Huang and Rungtusnatham, 2008). This

allows the company to easily increase its product variety and increase its product offerings.
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For the washing machines product family, the company is able to offer 39 different washing
machines. Product variety in the offerings is mainly due to the different washing capac ity in
terms of kilograms for each machine, also in the location of the hatch door, which is either

at the top of the washing machine or at the front of the washing machine.

Case 1: M1 vs M2

For the washing machines product family, it was identified thr ough the multi -level BOM
provided by the company that within the motors category (M1) is shared across 15 different
washing machine models, while (M2) is shared across 2 washing machine models (refer to

Figure 4.3).

The company also provided the sales re cords for the entire product family including the
sales records of the 39 washing models across a period of 23 months (all of 2015 and 2016

until November).

This relationship aims to connect the effect PDM has on increasing product variety to

improved sa les within the company. Th us, to test this relationship, the researcher analysed
the total sales for the 15 models that M1 is a part of in comparison to the total sales for the

2 models, which M2 is a part of. Since M1 being more modular is shared across a wider
range of product offerings than M2, therefore M1 should be associated with more sales than

M2.

M1 was found to be associated with 493,696 sold models out of total sales of 1,123,740
washing machines, which is considered 44% of total sales over the 23 months period of
analysis. M2 was found to be associated with 140,546 sold models, which is considered 12%

of total sales over the 23 months period (Figures 4.5).
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Figure 4.5 M1 and M2 as a Percentage of Total Sales

M1 being more common than M2 in t hat it is shared across 15 washing machine models,
while M2 is only shared across 2 washing models leads to M1 resulting in 44% of total sales
in comparison to M2 only 12% of total sales within the 23 months period of analysis. The

logic behind this can be  associated to customer behaviour, where given more variety to
choose from the probability that customers will purchase one of the washing machine

models that share M1 increases in comparison to the washing machine models sharing M2.
This is proven through the evidence within this case study where sales for the washing
machines sharing M1 amounted to 493,696 models in unit sales while washing machines
sharing M2 sold a total of 140,546 models only. Hence, this acts as validation for the first
relationship, which proposed that product modularity achieved through modularity leads to

more sales.

Case 2: T1vs T2

For the washing machines product family, it was identified through the multi -level BOM
provided by the company that within the timers category (T1) is shared across 20 different
washing machine models, while (T2) is shared across 5 washing machine models (refer to

Figure 4.3).

This relationship aims to connect the effect PDM has on in creasing product variety to
improved sales within the company. Therefore, to test this relationship, the researcher
analysed the total sales for the 20 models, which (T1) is a part of in comparison to the total

sales for the 5 models, which (T2) is a part of. Since (T1) being more modular is shared
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across a wider range of product offerings than (T2), therefore (T1) should be associated

with more sales than (T2).

T1 was found to be associated with a total of 594,885 sold models out of total sales of
1,123, 740 washing machines, which is considered 53% of total sales over the 23 months
period of analysis. T2 was found to be associated with 391,675 sold models, which is

considered 35% of total sales over the 23 months period (Figures 4.6).

Figure 4.6 T1 an d T2 as a Percentage of Total Sales

The purpose of the second case study is to increase the validity of the findings for this

research. This is done through conducting a reiteration of the study and a comparison of the
findings between the first and second studies. By obtaining similar results to the first study,
the findings of this research can then be argued to be more reliable. For the timer modules,
T1 being more common than T2, is shared across 20 washing machine models, while T2 is
shared across 5 wa shing models. This led to washing models sharing T1 resulting in

594,885 washing machine unit sales, while sales in units for washing machines sharing T2
were 391,675 units. Hence, it can be argued that the second case provides more validity
regarding this  relationship. Where through T1 being more modular and being shared across
20 different washing machine models increased the probability of increasing company sales
and can be associated with 53% of total sales while T2 is only associated with 35% of total

sales.
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Therefore, it can be more solidly argued that increased product variety resulting from a

more modular design leads to higher sales in units.

4412 Customised End Products

7KH DELOLW\ RI D FRPSDQ\ WR SURGXFH SURGXFWYV VSHFLILFDOO\ FXVW
requirements is directly linked to increasing sales (Nepal, Monplaisir and Famuyiwa, 2012).

SUIXPHQWY LQ WKH OLWHUDWXUH SUHVHQWHG 3'0Vde@hsLQ RITHULQJ
through making it easier to customise a product by changing certain modules instead of

redesigning the entire product (Pero, et al., 2010; Zhang, Huang and Rungtusnatham,

2008). Offering customised end items is quite different from the product variety

relationship. In the product variety relationship, the focus is on offering a wider range of

product offerings for the customer to choose from. However, for the customised products

relationship, the company would have to have direct communication w ith the end customer

to obtain the specifications for the product and then develop a product to meet the

FXVWRPHUVY UHTXLUHPHQWY 6R LQVWHDG RI FKRRVLQJ IURP D IL[HG

would allow the customer to create a custom fit product.

The case company only offers its customers a fixed set of washing machine models to

choose from without the customisation option. However, through the interview conducted

with the Supply Chain Manager, he was able to identify a link between PDM and custo mised
product offerings from a different perspective. Even though the case company does not

offer customised products to its end customers, it does supply customised products to other

companies that outsource their production facilities to the case company . These companies
usually have specific requirements for their washing machines. The requirements are mainly

in changing the logo and brand of the washing machines as well as minor changes to the

exterior hull design of the washing machines in the plastic modules. The interiors of the

washing machine models, however, are largely unchanged.

So, when asked regarding his experience concerning the relationship between PDM and

mass customisation, he discussed the role PDM plays in developing custom fit product sto

PHHW WKHVH FRPSDQLHVY UHTXLUHPHQWY 7KH DELOLW\ RI WKH FRPSD
components and to offer customisation options through changing a limited number of these

components without requiring an overhaul of the entire design of the end product has

ERRVWHG WKH FDVH FRPSDQ\YV DELOLW\ WR GHYHORS FXVWRP ILW SUR
outsource their production to the case company. The supply chain manager also confirmed

that through his experience he has noticed a direct relationship between PDM an d

HQKDQFLQJ D FRPSDQ\YfV DELOLW\ WR RIITHU FXVWRPLVHG HQG SURGXFV
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WKURXJK KLV ZRUN ZLWK WKH FXUUHQW FRPSDQ\ KH KDV EHHQ DEOH W
VDOHV WKURXJK RITHULQJ FXVWRPLVHG SURGXFWYVY WR FRPSDQ\TV ORRN

production to the case company.

The washing machines that are supplied for other companies under different brands are
exported and not sold in Egypt. Therefore, the Supply Chain Manager provided the company
sales records for the exports over the past 23 months period. Based on the data provided,
the analysis for this relationship will be to compare the number of units of exported washing
machines M1 contributed to versus M2 for the first case and the number of units of exported

washing machines T1 contrib  uted to versus T2 for the second case.

Case 1: M1 vs M2

Through the sales records for the exported washing machine models of the case company,
the researcher identified that M1 is part of 6 different export washing machine models. M2,
on the other hand, is only used in one of the exported washing machine models. M1
contributed to the sales to a total of 177,281 exported washing machines out of a total of
362,788 making up 49% of total exports. M2 contributed to the sales to a total of 44,716

exported wash ing machines making up 12% of total exports as is illustrated in Figure 4.7.

Figure 4.7 M1 and M2 as a Percentage of Total Exports

Even though the company does not provide customised washing machines as an option to
the end customer, it does however provide the customisation option to companies that want

to outsource their production facilities. In doing so the company offers to manuf acture the
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washing machines according to specific requirements of the purchasing companies. The

findings provided that M1 is shared across 6 washing machine models, which are exported

by the company under different brand names, while M2 is only used for on e of the exported
washing machines. The sales in units from the 6 exported washing machine models sharing

M1 were 177,281 units, while sales for the exported washing machine model sharing M2

were 44,716 units.  Hence, it can be argued that through modularit y in design the case
company was able to offer customisable washing machines to companies looking to

outsource their production facilities through changing a limited number of modules. It can

also be argued that M1 being more common can easily fit within m ore washing models, due
to the interfaces between the components being more compatible, making it easier to

customise these models according to the purchasing company requirements without

changing the entire end product designs. This resulted in M1 being a ssociated with 49% of

total exports while M2 is only associated with 12% of total exports.

Regarding the second relationship, it can be argued that the evidence from the findings
supports that modularity in design leads to mass customisation, which in tur n leads to

improved sales.

Case 2: T1lvsT2

Through the sales records for the exported washing machine models of the case company,
the researcher identified that T1 is part of 9 different export washing machine models. T2,

on the other hand, is only us ed in two of the exported washing machine models. T1
contributed to the sales to a total of 193,460 exported washing machines out of a total of
362,788 making up 53% of total exports. T2 contributed to the sales to a total of 73,025
exported washing machin  es out of a total of 362,788 making up 20% of total exports as is

illustrated in Figure 4.8.
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Figure 4.8 T1 and T2 as a Percentage of Total Exports

The findings from the second case provided similar results with T1 being shared across 9 of
the exported washing machine models, while T2 is only shared across 2 of the exported
washing machines. Therefore, the same argument can be made in that T1 being more
common across the different washing machines makes it easier to customise the washing
machines without  requiring a complete overhaul of the end product design. This is due to
the standardised interfaces between the components making it possible to use T1 across the
different washing machine models. As the findings show this resulted in T1 being associated
with a total of 193,460 in export unit sales summing up to 53% of total export sales, while

T2 was only associated with 73,025 summing up to 20% of total export sales.

It can be argued that the second case, having similar results to the first case, provi
higher reliability for the findings within this study. The second case also supports the second
relationship in that PDM is used for achieving mass customisation, which in turn leads to

higher sales.

4.4.1.3 Inventory Cost Savings

Modularity in design is ba  sed on the standardisation of inputs that are able to produce a
variety of outputs through different combinations (Sanchez, 1995; Salvador, 2007). The
concept of input standardisation, or in other terms component commonality across a
product family is crit  ical in order to reduce operational cost (Jacobs, Vickery and Droge,

2007; Zhang, et al., 2017). PDM allows for inventory that is shared across different end
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items to be pooled together instead of requiring separate inventory for each end item and
separate safety stock for each SKU. The pooling effect leads to lower inventory holding

average per end item (Lau, Yam and Tang, 2010; Brun and Zorzini, 2009).

The pooling effect will be the basis for testing this relationship. Through calculating the total

inve ntory of M1 and dividing this total by the number of end items that share M1, the

average inventory of M1 will be obtained per end item. The same calculation will be done for

M2 to compare between both averages. The same method will be used for the second case

to compare between the average inventories for T1 VS T2.

Case 1: M1 VS M2

This relationship aims to connect the effect PDM has on reducing inventory levels to
HQKDQFLQJ WKH FRPSDQ\TV RSHUh&veforeQ DoQedt this relatd @Ry, the
researcher analysed the inventory for M1 as an average of the 15 washing machine models
that share M1 in comparison to the inventory of M2 as an average of the 2 washing machine
models that share M2. Since M1 being more modular possess a higher degree of

commonality than M2, therefore M1 should have a lower inventory average than M2.

For the 23 months period of analysis the company had a total inventory of 401,838 units for

M1. When dividing this total by the number of washing machines, which share M1, the
result is that for each washing machine 26,790 units approximately of M1 were kept on

hand. As for M2, the company had a total inventory of 149,256 units. When dividing this

total by the number of washing machines, which share M2, the result is that fo r each
washing machine 74,628 units of M2 were kept on hand. Meaning that on average the

company holds three times as much inventory for M2 in comparison to M1 per end item. So,

even though it was established within the previous relationships that M1 leads to more sales

than M2, it still shows a lower on hand inventory in comparison to M2.

Therefore, the findings provide evidence in support of the first relationship between mass
customisation as a theme and PDM leading to supply chain operational cost redu ction. With
inventory cost being part holding cost and part order cost, this relationship focuses on the

holding cost aspect of inventory cost. A lower number of inventory units held on hand for

every end item means that the inventory cost incurred by the company for keeping the
component M1 on hand is lower than M2. The findings for the case of M1 VS M2 provides

that the company keeps on hand three times the amount of inventory for M2 (74,628) for

each washing machine model sharing M2 in comparison to M1, where the company only

keeps (26,790) units in inventory for every washing machine model that requires M1. Which
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means that through the findings it can be argued that PDM leads to reducing total inventory

cost.

Case 2: T1lvs T2

This relationship aims to connect the effect PDM has on reducing inventory levels to
HQKDQFLQJ WKH FRPSDQ\TV RSH UD#veforReQ DoQedt this rElatdo@kip, the
researcher analysed the inventory for T1 as an average of the 20 washing machine models
that share T1in co mparison to the inventory of T2 as an average of the 5 washing machine
models that share T2. Since T1 being more modular possess a higher degree of

commonality than T2, therefore T1 should have a lower inventory average than T2.

During the same period th e company had a total inventory of 384,614 units for T1. When
dividing this total by the number of washing machines, which share T1, the result is that for
each washing machine 19,231 units approximately of T1 were kept on hand per end item.

As for T2, the company had a total inventory of 398,377 units. When dividing this total by
the number of washing machines, which share T2, the result is that for each washing
machine 79,676 units approximately of M2 were kept on hand per end item. Meaning that

on averag e the company holds five times as much inventory for T2 in comparison to T1. So,
even though it was established within the previous relationships that T1 leads to more sales

than T2, it still shows a lower on hand inventory in comparison to T2.

The second case provides similar results improving the validity of the data for this
relationship. For T1 VS T2 the findings provided that on average the company holds five
times more inventory for T2 per washing machine model in comparison to T1. This means

that th e relationship between PDM and inventory cost reduction is further validated.

4414 Economies of Scale

Economies of scale is the second relationship that links PDM to operational cost efficiency

(Chiu and Okudan, 2014; Danese and Filippini, 2013). This relat ionship is also linked to the

standardisation of inputs. Previously, in the production era, the focus was on the

VWDQGDUGLVDWLRQ RI ILQDO SURGXFWYVY WR DFKLHYH HFRQRPLHV RI1 VF
demand for product variety and customised products this was no longer viable. PDM offers a

solution to balance the trade - offs between increasing product offerings and achieving mass

customisation while still being able to reduce manufacturing costs (Nepal, Monplaisir and

Famuyiwa, 2012). This is achieved t hrough the standardisation of inputs into
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interchangeable modules with standardised interfaces, or in other terms modularity in

design.

Whether the company manufactures the modules or purchases the modules, economies of

scale are still achieved. If the ¢ ompany produces its own modules, then economies of scale
are achieved through reducing the overhead costs of manufacturing and quantity discounts

from the purchase of raw material. For the second case, if the company purchases the

modules readymade , then e conomies of scale are achieved directly through quantity

discounts from suppliers. By standardising the inputs, then there is increased demand for

the modules through the pooling effect. This allows the company to have more bargaining

power when ordering f  rom suppliers and leads to quantity discounts.

For the case company, both the motor modules and timer modules are outsourced and
readily purchased from suppliers. The two case motors M1 and M2 are both purchased from
the same supplier. The same applies f or T1 and T2, which are also purchased from the
same supplier. To demonstrate the effect PDM has on economies of scale, the researcher
compared between the purchase orders for the modules as well as the unit price per

module.

The supply chain manager als R SURYLGHG LQVLJKWY UHJDUGLQJ WKH FRPSDQ\TV
7KH RUGHULQJ SURFHVVY LV GRQH WKURXJK WKH FRPSDQ\YV (53 VA\VWHP
WKH VXSSOLHUYV (53 <HDUO\ IRUHFDVWYVY DUH GHYHORSHG DQG VHQW
changes being update d on the ERP system. The cut off period to changes being made is

three weeks, which includes the production and transportation lead times needed by the

supplier.

Case 1. M1 vs M2

The company provided its purchase records for the case modules over a peri od of 23

months (all of 2015 and 2016 until November). The company also provided the unit prices
of the case modules for 2015 and 2016 (Table 4.2).
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Table 4.2 Module Purchase Unit Prices 2015 & 2016

Module 2015 2016 Saving %

M1 6.79 5.22 -1.57 -23.12
M2 6.94 5.57 -1.37 -19.74
T1 1.07 0.9 -0.17 -15.88
T2 0.95 0.98 0.03 +3.15

For M1 the company ordered a total of 449,769 units over the 23 months period. Unit price

for M1 in 2015 was 6.79 EGP per motor, while in 2016 unit price went down to 5.22 EGP per

motor marking approximately 23% year over year unit price reduction.

For M 2 the company ordered a total of 154,953 units over the 23 months period. Unit price

for M2 in 2015 was 6.94 EGP per motor, while in 2016 unit price went down to 5.57 EGP per

motor marking approximately 20% year over year unit price reduction.

What can be seen from the findings is that M1 resulted in year over year unit price

reduction. This is mainly due to an increase in the purchase orders for M1 by the company

in comparison to M2. Where the increased purchase quantities led the company to obtain

quan tity discounts from the supplier resulting in approximately 23% savings per unit price

in comparison to unit price in the previous year. As for M2 the purchase orders increased as

well, however, not as significantly as for M1, which resulted in only 5% sav

ings per unit

price in comparison to unit price in the previous year. The findings within this case can then

be argued to support that PDM results in economies of scale and lead to supply chain

operational cost savings.

Case 2: T1vs T2

For T1 the compa ny ordered a total of 438,900 units over the 23 months period. Unit price

for T1 in 2015 was 1.07 EGP per timer, while in 2016 unit price went down to 0.9 EGP per

timer marking approximately 16% year over year unit price reduction.

For T2 the company ord

ered a total of 377,680 units over the 23 months period. Unit price

for T2 in 2015 was 0.95 EGP per timer, while in 2016 unit price went up to 0.98 EGP per

timer marking approximately 3% year over year unit price increase.

The findings for the second case

provided similar results to the first case. Where

purchase orders of T1 being significantly higher than T2, the company is able to obtain
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quantity discounts from the supplier leading to a 15% year over year purchase unit price
decrease. Where, on the other hand, in comparison to T2 there actually is a 3% year over
year price increase. Therefore, it can be argued that through the empirical evidence gained,

PDM is seen to reduce supply chain operational cost through economies of scale.

This sect ion presented and discussed the four relationships connecting PDM to the literature

theme mass customisation. The first two relationships focused on the effect PDM has on

improving company sales through increasing product variety and allowing for customise d
end products. For the first two relationships the researcher provided empirical evidence for

two separate cases. In each case two modules with differing degrees of modularity were

compared in relation to the amount of sales of the washing machines that s hare one module
resulted in comparison to the amount of sales of the washing machines the other module

resulted in. The findings for both the first case (M1 VS M2) and the second case (T1 VS T2)

within both relationships were similar providing evidence tha t support the first proposition in

this study (P1), which is that PDM leads to increasing supply chain profit.

The third and fourth relationships focused on the effect PDM has on reducing supply chain
operational cost. The third relationship linked PDM to inventory cost savings where the
researcher calculated the average on hand inventory for one module with a high degree of
modularity in comparison to a second module with a low degree of modularity, once for M1
VS M2 and then again for T1 VS T2. The resul ts obtained from both cases provided that
components with a higher degree of modularity required lower amounts of inventory to be

held on hand by the company leading to overall inventory cost reduction. The fourth
relationship focused on the role of PDM in achieving economies of scale. Findings for this
relationship were obtained from the company purchase order records, where a comparison
between the purchase quantities of the component with the high degree of modularity was
compared to the component with t he low degree of modularity. The researcher also
compared between the purchase price for the component with the high degree of modularity
in comparison to the module with the low degree of modularity. The comparisons for both
cases (M1 VS M2) and (T1VS T2 ) provided that the component with the high degree of
modularity led to year over year purchase unit price reduction due to economies of scale
obtained from the purchase quantities. The findings from both cases for the third and fourth
relationships can th  erefore be argued to support the second proposition in this study (P2),

which is that PDM leads to supply chain cost reduction.
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4.4.2 Supply Chain Integration

The second major theme identified in the literature regarding the effect of PDM on a supply
FKDLQYV HFRQRPLF SHUIRUPDQFH LV VXSSO\ FKDLQ LQWHJUDWLRQ 7KH
Two presented several papers that discussed the relation between product design and

supply chain management through the design for sup ply chain (DFSC) concept (Sharifi, et
al., 2006; Gokhan, et al., 2010; Gan and G runow , 2013; Kremer, et al., 2016). This concept
develops the importance of integrating product design and supply chain design from an

early stage due to the dependency of one on the other. Supply chain integration can only be
achieved through coordinating between product design decisions and understanding the

impacts they have on shaping supply chain design. Product design can affect critical

decisions within the supply chain s uch as supplier selection, transportation routes, inventory
levels, make or buy decisions, and information sharing between supply chain tiers (Danese

and Filippini, 2013; Jacobs, Vickery and Droge, 2007).

Lau, et al. (2010) defined supply chain integrati on as the process of integrating suppliers,
customers and internal functional units in a supply chain with the objective of optimising the
overall performance of the supply chain. Optimising the performance of the supply chain as
discussed by most of the |  iterature on supply chain integration is mainly linked with
increasing supply chain profit and reducing operational costs (Zhang, et al., 2017; Ulku and
Schmidt, 2011; Danese, Romano, and Bartolotti, 2011). Therefore, findings in this theme

will also be us ed to support the first and second propositions:

P1: PDM increases supply chain profit

P2: PDM decreases supply chain cost

Through the integrative literature review conducted in Chapter Two, PDM is seen to

contribute to achieving supply chain integratio n across four distinct relationships, which are:
supplier integration, manufacturing integration, information integration, and design

integration. The data collected for this theme was purely primary in nature through semi -

structured interviews with the Su pply Chain Manager and Product Design Engineer.

4.4.2.1 Supplier Integration

Doran (2003) described the supply chain as being a value chain with members in the supply
chain each contributing to increasing the value of the end item that will reach the consumer.
In order to remain competitive, companies have forsaken the ideology of attempting to

produce everything internally. Instead, companies have evolved focusing their resources on
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their core competencies, while outsourcing the processes that are not core to offering a

competitive advantage.

PDM naturally fits into this new busi ness model. PDM allows the design of the product to be
divided into set modules where each module can be independent from the actual end

product. This allows the original equipment manufacturer (OEM) to not tie down resources

in the manufacturing of module s, which are not core to their business (Nepal, Monplaisir,
and Famuyiwa, 2012; Lau, et al., 2010; Doran, 2003). In most cases, what usually happens

is that the OEM will outsource the production of certain modules to upper tier suppliers

(Lau, Yam and Tang , 2010; Antonio, Richard and Tang, 2009; Doran, et al., 2007). This in
turn promotes closer collaboration between supply chain members, whom now each share

part of the value creation process for the end item.

Data for this relationship was obtained thro ugh a semi -structured interview with the Supply
Chain Manager of the case company. The interview was conducted with the supply chain
manager in particular because it lies under his managerial responsibilities to select suppliers

and sign on supply agreemen  ts.

Inregard to the effect PDM has on supplier integration three questions were asked. These
three questions in particular represent the effects of PDM on supplier integration as

identified through the integrative literature review conducted in Chapter Two.

The first question asked the effect PDM has on the make or buy decisions the case company
makes for the washing machines product family. Below is the transcript of the Supply Chain
ODQDJHUTVY UHVSRQVH

Modularity in design has had a deep impact on t he white electronic goods sector especially
in Egypt. It has allowed companies to add more product offerings and even add entire

product families to their production. As for the washing machines product family that we

produce, PDM greatly affects the make or buy decision. For every part we produce we have
to consider if there are suppliers available that can do the same thing for a better price than

us. This question has created many cases where we have decided to stop producing a

certain module and outsour  ce it and a number of cases where we decided to build our own

modules.

A case where we have decided to insource rather than outsource has been for our plastic
components. Over the past 5 years we have been able to build our own facilities for the

manufact ure of all plastic modules since a lot of our products rely heavily on such
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components. The facilities now supply all of our plastic needs and cover the demand for all

our product families.

At the moment we still outsource a number of modules for the wash ing machines product
family. A major module category that is still completely outsourced is the motor category,

which is more economic to outsource at this stage.

Of course, there are considerations other than cost that need to be taken into account such

as lead time, supplier flexibility in handling our orders, availability of more than one supplier

to reduce supply risks. However, having a product that consists of a set of independent

modules allows for the flexibility to make such decisions. Where, on t he other hand, if the
design for the product was made in such a way that it was difficult to separate components,

we would either have to purchase the entire product from a supplier or build it all on our

own.

7KLV TXHVWLRQYTV IRFXV ZDV WFORCHQWRVW.WKRQ@ERKHQ LW FDPH WR LQ\
outsourcing decisions, which will directly affect the supplier selection process. Through

integrating product design decisions with supply chain design decisions, the company will be

able to isolate the compon  ents that it wants to outsource VS the components it plans to

insource. Accordingly, once the outsourced components are identified, the company will be

DEOH WR EHJLQ WKH VXSSOLHU VHOHFWLRQ SURFHVY 3'0V UROH LQ W
company to h ave pre-set standardised components with standardised interfaces. This allows

the company to have the flexibility to make such insourcing VS outsourcing decisions

without worry that outsourced components will not fit with the current product design. It

also enables the company to have the flexibility to choose between a range of suppliers

EDVHG RQ WKH FRPSDQ\fV VXSSOLHU VHOHFWLRQ FULWHULD ,W DOVR |
identify the components, which its manufacturing process is most heavily dependen ton.

%DVHG RQ WKH VXSSO\ FKDLQ PDQDJHUYY DQVZHU WKH FRPSDQ\ KDV D
it has already identified the components that it is most heavily reliant on and has already

implemented plans to have more control over the production of such comp onents through

insourcing and opening manufacturing facilities dedicated to such components. The Supply

Chain Manager also indicated that there are some components, which the company relies on

outsourcing due to the ability of the suppliers to provide high er quality components at lower

costs such as the motor and timer modules. For such components, it is more favourable for

the company to create strategic partnerships and enhance the integration of supply chain

processes between itself and its suppliers. Th is is done with a view to im prove operational

performance.
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The second question asked was if the Supply Chain Manager considered PDM to be
beneficial for the case company in allowing it to focus on its core competency. Below is the
transcript of the Suppl \ &KDLQ ODQDJHUYV UHVSRQVH

KXUUHQWO\ WKH FDVH FRPSDQ\TV FRUH FRPSHWHQF\ KDV EHHQ LQ EHL
with changing market demands. For example, a while ago the new craze in the market was

for digital screens on all the white electronic go ods from washing machines to water

heaters. Some of our competitors found it hard to keep up to such changes, because they

have their manufacturing facilities fixed and it would cost them a lot to have these facilities

and not use them. It has been our str ategy from a very early stage in this company to only

focus our resources on long  -term investments. Meaning we only invest in the standard

components, which we are sure will be used in more than one product family. However,

when it comes to components that are specific to only one product family or to a few set of

products we always opt to outsource from suppliers. Another case is when as a company we

GRQTW KDYH WKH UHTXLUHG NQRZ KRZ WR SURGXFH D VSHFLILF FRPSR(
we require. In su  ch cases as well the ability to outsource these components allows us to

remain competitive within this industry. And we are able to do this knowing that due to the

standardised interfaces in PDM they will fit within our current designs without requiring an y

changes. So to answer your question, yes, | think PDM has played a large role in helping the

FRPSDQ\ IRFXV RQ LWV FRUH FRPSHWHQFLHV 1

The focus of the question aimed to highlight the role PDM has on allowing the company to

focus on its core competencie s through having the flexibility to outsource non -core

processes to suppliers. This question provides basis for the benefits of outsourcing through

allowing the company to focus its resources on core stra tegic activities. This resource

focused approach wil 1in turn create dependencies on the suppliers for the non -core

SURFHVVHYV 7KH VXSSO\ FKDLQ PDQDJHUYfV UHVSRQVH GLVFXVVHG KRZ
PDM with a view to enable the division of the components into which components the

company deems coreto  its operations and which components the company deems best to

RXWVRXUFH +H DOVR GLVFXVVHG KRZ 3'0 FDQ EH XVHG WR RYHUFRPH V
in manufacturing know how, through enabling the company to outsource such components

with ease of mind tha  t they will fit within their current designs. This in turn also leads the

company to become dependent on suppliers of such components.
The third question asked the nature of agreements with current suppliers for the M1 and M2

modules as well as the T1 and T2 modules. Below is the transcript of the Supply Chain
ODQDJHUTV UHVSRQVH
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We currently have the M1 and M2 modules outsourced from the same supplier. The T1 and

T2 modules are also outsourced from the same supplier. Over the years we have had

dealin gs with many suppliers. What modularity in design has offered us is a range of

suppliers to choose from. This reduced the risks associated with module availability;

however, it did take us some time to settle on a supplier. We tested out more than one

supp lier for the same module and eventually settled on a main supplier for each module

with long -term agreements. We are very much integrated with our main suppliers, where

they produce certain modules just for us with specific designs we ask for. They also sh are
the same IT systems and have certain reporting files that are conjoint with our procurement

employees and their sales employees manage together. 1

This question aimed to assess the nature of the supply chain agreements created with the

FRPSDQ\TV ¥X S84 done with a view to evaluate the role PDM plays in creating

ORQJ WHUP VWUDWHILF SDUWQHUVKLSY ZLWK WKH FRPSDQ\fV VXSSOLF
answer discussed the role of PDM from a humber of perspectives. The first perspective was

the role PDM plays in reducing risks associated with outsourcing through allowing the

company to have the flexibility in changing suppliers or depending on more than one

supplier for the same component to ensure component availability. The second perspective

LGHQWLILHG WKDW LW ZDV ZLWKLQ WKH FRPSDQ\fV EHVW LQWHUHVW W
agreements its main suppliers. The supply chain manager also discussed how PDM enables

the company to choose the best supplier that fits with their own supply chain str ucture

based on certain supplier selection criteria. Through having more than one supplier

manufacturing the same standard module this allows the company to choose from among a

range of suppliers. Where if the component was only manufactured by one supplie r this

would have created a power imbalance for the supplier.

Supplier integration was identified as the first relationship within the effect of PDM on

supply chain integration. This relationship focuses on the nature of dependencies between

the OEM and its suppliers, and the role PDM has on the strength of such dependencies. Even

though, PDM allows the companies to have flexibility to choose from among different

suppliers, evidence from the literature as well as from the interview responses identified

thbw 3'0 DOVR OHDGY WR WKH FUHDWLRQ RI ORQJ WHUP VWUDWHJILF SD
suppliers. The three questions within this relationship began by first identifying the role PDM

KDV RQ WKH FRPSDQ\TV RXWVRXUFLQJ GHFLVLRQIisingTHekdle PDMIROORZHG E
has on enabling the company to identify and focus on its core competencies. At the same

time recognise the components, which it will require to be outsourced. The last question

focused on identifying the nature of supply chain relationsh ips between the OEM and its

suppliers regarding the outsourced components. This supplier integration in turn leads to
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further integration in terms of information sharing, design integration, and manufacturing

integration.

Due to the data providing that M 1 and M2 as well as T1 and T2 are both supplied form the
same suppliers, the researcher was not able to conduct a comparison between the case
modules in terms of the specific effects of each module on supplier integration. However,

the responses from the i  nterview questions presented an answer regarding the role PDM

has on supplier integration in general in comparison to integral design.

4.4.2.2 Manufacturing Integration

As discussed in the previous relationship, the concept of a supply chain encourages

companie s to focus their resources on their core competencies while outsourcing processes

that are not considered value adding. PDM breaks down the design of the end item into a

set of independent modules allowing the production of such modules to be outsourced to

upstream suppliers (Doran, et al., 2007). Hence, the manufacturing of the end item has

become divided between members of the supply chain with each member in charge of

producing certain modules. The OEM oversees assembling the final product as the interfa ce
with retailers and consumers. Production is no longer centralised under one supply chain

entity. This results in the need for the OEM and the module suppliers to integrate their

manufacturing through synchronised production (Jacobs, Vickery and Droge, 2 007).

Data for this relationship was obtained through a semi - structured interview with the Supply

Chain Manager of the case company. The supply chain manager was also chosen for this

relationship because it lies within his responsibilities to set up the FRPSDQ\YYV PDQXIDFWXULC
strategy. The sales department and the procurement department are both under the supply

chain department and both departments report to the supply chain manager. The supply

chain manager is in charge of developing the production sch edule based on inputs from

both departments.

Concerning the effect PDM has on manufacturing integration , four questions were asked.
These four questions  represent the identified effects of PDM on manufacturing integration as

identified through the integra tive literature review conducted in Chapter Two.

The first question was divided into two parts. Part one asked how the case company
integrates its manufacturing with its module suppliers. Part two asked what role PDM played
in this process. Below is a tra QVFULSW RI WKH 6XSSO\ &KDLQ ODQDJHUYV UHVSRC
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for a company that produces physical end items such as ours, manufacturing integration
between the different supply chain tiers and us as an OEM is my core business as a supply
chain manager. The on-time availability of all the modules necessary for production to meet
the agreed service levels with our retailers is one of the main goals of my department. The

process actually begins from the supplier selection stage. This is where we test to see if the

suppli er will integrate with our framework of operations. We focus on a few indicators such
as: lead time, flexibility in changing orders, production capacity, order fulfilment . For a
certain module it is quite normal to have our needs divided between more than one supplier

with a third supplier being tested just in case.

$QRWKHU LPSRUWDQW SRLQW , ZRXOG OLNH WR KLJKOLJKW LV WKDW R

operations and assembly are all done on a push basis. We have forecasts compiled from our

sales over the past 15 years and from them we develop our annual forecasts. However, the
forecasts focus more on the month -to-month sales from each year. Our major markets here
in Egypt are to big Tech retailers who we supply in bulk like wholesale and they oversee

sales to the actual consumer. We have deals with these retailers to supply certain amounts
of each product we  produce, and we have a designated space for our products inside these
retailers. The retailers also have their own warehouses, which is where we make our

deliveries.

To talk about manufacturing integration, it is quite important to understand that we are a
link in the supply chain with supply chain entities and organisations before us in the chain
and others after us. We all need to work together as if we are one entity to be able to meet

our deadlines.

Coming back to your question how we integrate our manufacturing operations is through

having a detailed value stream map of each end item we produce. On this value stream

map, we have every process require d to produce that particular end item. These processes
include the production of the modules for the end item and whether the production is done

by us or outsourced as well as the expected lead time for each process. We are dependent

on the suppliers of th e outsourced modules to supply us with the right quantity at the right

time and according to our quality standards. This has led us to share our yearly forecasts

with our suppliers. We also conduct combined trainings with our major suppliers on new

supply chain concepts and a number of trainings on lean production management and lean

VL[ VLJPD :HYYH DOVR LQWHJUDWHG RXU UHSRUWY DQG RQH RI RXU UH
work with us is to have an ERP system which can integrate with our own to facilitate t he

ordering process and transfer of information between our companies.
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The role of PDM in this process is dividing up the end item into a set of independent and
identifiable components. So even though the end item is divided it is very easy to see the

complete picture. Through the value stream map, the value creation process for the end

item becomes clear and who is in charge of creating which value. PDM helps in my opinion

in setting up clear boundaries and responsibilities within the supply chain so e very entity
knows its role in the value creation process allowing it to better integrate with its partners

for awin -win overall scenario where all entities in the supply chain gain in profit and reduce

WKHLU RSHUDWLRQDO FRVWYV 1

The objective of the first guestion was to identify whether PDM is considered to enhance

manufacturing integration and if yes what role PDM plays in enhancing this integration. The

VXSSO\ FKDLQ PDQDJHUTfY UHVSRQVH FRQILUPHG WKDW 3'0 KDV D SRVL)\
manufacturing integration process. He first began through outlining the importance of

manufacturing integration through the synchronising of supply chain activities across all

supply chain members. The second part of his answer focused on how PDM simplifies the

synchron LVDWLRQ SURFHVV WKURXJK pVHWWLQJ XS FOHDU ERXQGDULHV LC
VXSSO\ FKDLQ VR WKDW HYHU\ HQWLW\ NQRZV LWV UROH LQ WKH YDOXF}
identified that manufacturing integration is critical in achieving a win -win suppl y chain

model, where all entities can through this integration create profit and reduce their

operational costs.

The second question regarding whether the company shared its production schedule with its
suppliers was already answered within the first que stion. The company does indeed share
its yearly production schedules with its suppliers in an attempt to better synchronise their

production schedules.

The second question aimed to identify if the manufacturing integration carried on including
the sharing of production schedules  to achieve manufacturing synchronisation. The supply

chain manager within his answer to the first question already confirmed this. He also

outline d how the manufacturing integration led to the development of mutual training

programs between the case company and suppliers to work on such areas as lean

manufacturing and lean six sigma manufacturing approaches.
The third question asked how often ther e are changes in the yearly production schedule and

if PDM had a role in facilitating these changes to be made. Below is a transcript of the
6 XSSO\ &KDLQ ODQDJHUYY UHVSRQVH
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We usually update our orders automatically on our ordering systems if any change sareto

be made. As mentioned before, one of the main indicators we use in choosing our suppliers

is flexibility in meeting our demands. It is very common for us to make an update to orders

depending on market conditions. Over the past couple of years, the markets have been

extremely turbulent due to the political situation in Egypt. Also, quite recently the

government has taken a few measures, which make it quite hard for us to import in terms

of limiting the amount of US Dollars available in banks and in creasing import taxes. To cope

with such measures, ZHYfYH KDG WR LQFUHDVH RXU RUGHUY DQG VWRFN XS RC
lot of our orders recently are not according to the forecasts and are for a strategic purpose

WR HQVXUH RXU SURGXFWLRQV GRQTW VWRS

Since we also export and sell our products outside of Egypt we get paid in US Dollars. This

has given us a competitive edge over other companies that only sell locally. Due to the

availability of US Dollars we are still able to import, while some of our com petitors have had
to slow down production due to import problems. This has actually increased our market

share over the past year.

, FDQIW WKLQN RI D GLUHFW UHODWLRQVKLS EHWZHHQ 3'0 DQG FKDQJL
suppliers from my perspective as an 2(0 +RZHYHU LI ZH ORRN DW WKLV IURP WKH
perspective it would seem that PDM here is very beneficial. On one hand if any of the

customers of the supplier changes their orders whether increasing or decreasing the

supplier can then balance out th e orders, which have been reduced with the orders that

have been increased.

However, because of these new regulations set upon us by the government recently we

have been striving to look for local suppliers. We are also working on a few projects to
devel op our own modules and make instead of buy. Due to the design being modular this

has allowed us the flexibility in finding more than one supplier for the modules here in

Egypt. The only concerns are related to quality issues, which we are working on with t he

local suppliers and if fixed then some of our major importing problems can be fixed as well. 1

7KLV TXHVWLRQ DLPHG WR LGHQWLI\ LI 3'0 DITHFWHG WKH DELOLW\ RI D
in dealing with changing market demands. The supply chain manage r indicated there was

no direct relationship that he can see in terms of PDM influencing WKH VXSSOLHUTV FRPSOL|
to changing order amounts. However, he highlighted that the benefits can actually be from

WKH VXSSOLHUYV VLGH :KHUH GXH MiBd beikdistEdadtRe@ubaligy cahX S

shift production quantities from one customer to another depending on changing order

levels.
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The fourth question for this relationship regarding the cut off dates on changing orders for

M1 and M2; T1 and T2 was not as NHG 7KLV LV GXH WR WKH 6XSSO\ &KDLQ 0DQDJ

response in seeing no relationship between PDM and changing orders.

For this question as  well, the researcher could not make a comparison between the specific
modules because both M1 and M2 modules, and the T1 and T2 modules are purchased from
the same supplier. Meaning that the supplier would follow the same procedure for order

changes for both modules. Another factor is that the supply chain manager saw no direct

relation between PDM and their abili ty to change order levels. The supply chain manager,
however, did indicate how PDM could be beneficial for the supplier through allowing

suppliers to better comply with changing order level by allocating the excess production to

other customers.

Manufact uring integration is the second relationship identified regarding the effect of PDM

on supply chain integration. The literature mainly focused on the role of PDM in enhancing
manufacturing integration through improving synchronisation between different sup ply
chain entities.  Accordingly , the researcher asked four questions to assess the role of PDM on
improving manufacturing synchronisation between the case company and its suppliers and

LWV FXVWRPHUV 7KH VXSSO\ FKDLQ PDQDJHU{YV U Hipes R @&nkHfyis
the role of each supply chain entity in the value creation process and the division and

sharing of the different supply chain responsibilities. Therefore, manufacturing integration
is positively influenced by PDM because it allows for the synchronisation of manufacturing

operations between different supply chain entities.

4.4.2.3 Information Integration

Products are assembled according to their product architecture, which details the modules
and their order of assembly needed to construct the end product (Baldwin and Clark, 2000;

Pashaei and Olhager, 2015). PDM helps break down an end item into a set of i ndependent

JRYLGHG

PRGXOHV JLYLQJ FRPSRQHQW VXSSOLHUV DQG 2(0fV D FRPPRQ ODQJXD

becomes the language between suppliers and OEMs (Bush, Tiwana and Rai, 2010). This
makes it quite easy to integrate information systems using the same module names and
VWDQGDUGLVLQJ WKH 6.8V EHWZHHQ WKH FRPSDQLHV 7KLV
integrate their ERP systems for order management and sales using the same identifiable

units.
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Data for this relationship was obtained through a semi -structured inter  view with the Supply

Chain Manager of the case company. The supply chain department for the case company is

DOVR LQ FKDUJH RI ZULWLQJ DQG XSGDWLQJ WKH PDVWHU GDWD IRU W
company currently has a user license for several SAP module s including: production

planning module, materials management module, sales and distribution module.

Regarding the effect PDM has on information integration two questions were asked. These
two questions represent the identified effects of PDM on informati on integration as identified

through the integrative literature review conducted in Chapter Two.

The first question asked aimed to investigate if there is a relationship between PDM and
LQIRUPDWLRQ LOQWHJUDWLRQ IURP WKH VXSSO\ B&dwlisa traDQiptI HUfV SHU\
Rl WKH VXSSO\ FKDLQ PDQDJHUYYV UHVSRQVH

fithink PDM definitely has a positive effect on information integration. Over the past few

years we have been systematically following a strategy of updating our information systems

in an atte mpt to automate a number of our day -to-day reports. The benefits of having an
information system have been numerous especially for our department where everything is

very much time sensitive.

PDM has been a major contributor in our ability to update our information systems. A critical
part of the whole process as you might know is the coding phase. Where all end items and

their bill of material breakdown need to be coded on the system. It was quite easy to code

each and every single end item as well as th e entire module components required to build
each end item. PDM reduces the number of components per product family due to the

commonality feature. This helped us immensely, where instead of coding and keeping track

of millions of components, we only have to manage a much reduced number, which made it
simpler to write and update the master data on our SAP modules. It has also been a

blessing on our servers and databases.

Once our systems were updated, all new part code names were sent to our suppliers to

integrate our ordering system with their sales system. When selecting our main suppliers,

one of the main criteria is for them to have either Oracle or SAP systems that can provide

outputs, which can be integrated directly with our systems. So, | can confi rm to you now

that these part codes provided in the multilevel BOM are the same codes used by our

VXSSOLHUVY DQG RXU VXSSOLHUVY VXSSOLHUV DQG ZH KDYH DFFHVYV IUF
SURGXFWLRQ VFKHGXOH DQG SURGXFW DYDLODELOLW\ 1

148



This question aimed to  identify how PDM enhances information integration between different

VXSSO\ FKDLQ HQWLWLHY 7KH VXSSO\ FKDLQ PDQDJHUYVY UHVSRQVH IR

simplifying the coding process for the different manufacturing components. This coding
process is criti cal to have a unified language between all supply chain members in
coordinating the different supply chain processes. Through coding all their modules, the
case company has been able to update its operational reports. These reports once
standardised have b  een set up on ERP systems connecting the case company to its

suppliers and customers, where a majority of these reports are now automatically created

E\ WKURXJK WKH FRPSDQ\YV (53 VIVWHP ,Q DGGLWLRQ WR SURYLGLQJ I
supply chain manager DOVR KLIJIKOLJKWHG 3'0fV UROH LQ UHGXFLQJ WKH QXPE

managed. Having fewer components to manage also greatly simplified the communication

problems between the case company and its suppliers.

The second question was asked to investigate the le vel of information integration between

the company and its suppliers. However, this part of the question was already answered as

part of the answer given to the previous question. The second part of the question focused

more on identifying if there is an e ffect between PDM contributing to information integration

DQG WKH FRPSDQ\TfV RUGHULQJ SURFHVV SURGXFWLRQ VFKHGXOH
WUDQVFULSW RI WKH VXSSO\ FKDLQ PDQDJHUTVY DQVZHU

HM1IRZ WKDW ZH KDYH WKH PRGXOH FRGH \protésk iditpart avmentatdd INeH UL Q J
have certain quantities pre -ordered every year depending on our forecasts at fixed times

throughout the year. We schedule the orders based on our materials management SAP

module, which provides the material requirement plan based on our production forecasts.

This material requirement plan is then sent to our suppliers, who synchronise their

production schedules based on it. However, of course, minor adjustments are made based

any market turbulence. These changes have to be m ade on average at least a month in

advance to take into account production as well as transportation lead times. These changes

can be updated directly on our systems and they will be mirrored on our V XS S O Isystanas

as well with notifications of the upda ted quantities and delivery dates. So, definitely a

positive effect on the ordering process.

In terms of  the production schedule, what PDM offers is organisation. It used to be quite a
complicated process to transform a forecast into a production plan. Wo rst yet, to accurately
calculate the material requirements needed for production. With modularity in design

everything is organised. Decreasing the number of components, you have to manage makes
the job a lot simpler. For the washing machines product famil y, we have 674 components,

which are used in producing 39 different washing machines. These 674 components, some
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we make here at our production facilities and others we outsource from suppliers. For each
of these components we have an estimated production or order lead -time. So, what PDM

does is it allows us to integrate all this data together to set a realistic production schedule.

Finally, as for inventory control, we rely on the material management SAP module to

calculate our material requirements as m entioned before. But by decreasing the number of
FRPSRQHQWY ZH KDYH WR FRQWURO OHVV 6.8V :KLFK PHDQV OHVV LQ
SURGXFW IDPLO\ $OVR WKH HQG LWHPV WKDW VKDUH WKH VDPH PRGXO
in forecasts. If for example w e forecasted on washing machine model to have a 1000 sales

and we only sell 500 actual units, while another washing machine model that shares a

modular component with the other washing machine had a forecast of 500 units sold, but in

reality demand was for a 1000, we would still have stock and the discrepancy made in one

IRUHFDVW ZLOO EH FRUUHFWHG E\ WKH GLVFUHSDQF\ LQ WKH RWKHU IR

The second question builds on the response from the first question. So, afteritwas

identified that PDM helps the ¢ ompany in terms of information integration and simplifying

the sharing information and communication with other supply chain entities, the next

question was to identify how this translates into the everyday operations of the company.

Therefore, the researc her focused the question on how PDM assists in such processes as

RUGHU SURFHVVLQJ SURGXFWLRQ VFKHGXOLQJ DQG LQYHQWRU\ FRQW
UHVSRQVH UHJDUGLQJ RUGHU SURFHVVLQJ VLJQLILHG 3'0V UROH LQ PI
Where he indi cated that order processing for the case company is mostly automated

through strategic partnerships with suppliers. Integrating the information systems of both

the case company and the suppliers by unifying the component codes and unifying the

report forma ts as well helped in achieving this automation. Regarding production

scheduling, the supply chain manager focused mainly on how PDM helps in organising the

process. Specifically, he discussed the role PDM has in transforming a forecast into a

production sc hedule and accurately calculating the material requirements accordingly.

JLQDOO\ IRU LQYHQWRU\ FRQWURO WKH VXSSO\ FKDLQ PDQDJHU IRFXV
the number of overall components per end item and per product family and discussed how

this JUHDWO\ VLPSOLILHY LQYHQWRU\ FRQWURO WKURXJK KDYLQJ IHZHU

Hence, through these interview questions it can be argued that PDM has a positive impact

on improving information integration between supply chain members through providing a

comm on language. This unified language in turn helps in simplifying day -to-day operations
through the automation of such process as order processing, production scheduling, and

inventory control. This can also be related to having positive effects on both the efficiency
DQG HIIHFWLYHQHVYV RI WKH FRPSDQ\TfV RSHUDWLRQV
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4424 Design Integration

Design integration is a major part of the supply chain integration process. With companies

now each focusing on developing components and modules instead of whole products, a

main concern becomes how to integrate all these modules together to offer a final product
(Voordijk, Meijboom and Haan, 2006; Mikkola and Gassmann, 2003). It is necessary for

product design to become a collaborative process between the OEM and its suppliers to

develop an end product with no quality or integration issues while at the sa me time taking
account of the cost factor (Mikkola and Gassmann, 2003; Danese and Filippini, 2013). It is

an extremely costly process to develop new product designs, which will require new process

designs and might even require new supply chain designs wit h new material being acquired

from new suppliers.

Modularity in design offers a common interface for the modules, which design engineers
integrate in their new designs (Lau, Yam and Tang, 2010). Modularity in design also allows
for the development of new product design through minor changes to the overall design or

through different combinations of pre -existing modules (Jiao, Simpson and Siddique, 2007).

Data for this relationship was obtained through a semi -structured interview with the Product
Design E ngineer of the case company. The Product Design Engineer is in charge of

transforming customer requirements into functional requirements. He is also in charge of

updating designs for current products to meet such requirements or developing entirely new

designs.

Regarding the effect PDM has on design integration two questions were asked. These three
guestions represent the identified effects of PDM on design integration as identified through

the integrative literature review conducted in Chapter Two.

The first question aimed to identify the relation between PDM and changes in current
product designs within the washing machines product family. Below is a transcript of the
BURGXFW 'HVLJQ (QJLQHHUYVY UHVSRQVH

What you need to understand is that product desi gnis notastand -alone process. Product
design is very much a response to new marketing fads and changes in customer needs and
expectations. It is then my job to translate all this into functions that the product will have

to do. After the functions that the product will need to do are set comes the product design.

The planning and production departments also need to be informed of the required changes
151



to obtain their inputs regarding the current design and if they prefer any specific

improvements. Some ch  anges from the production department might aim at optimising

their production operations. For example, focusing on a product design that will best utilise
their machinery and process design. The planning department also needs to be kept natified

of all cha nges in order to include any new updates in their forecasts, which will be

translated into material requirement orders within the supply chain department.

This usually happens on an annual basis during the setting of our yearly production plans.

The sale s department is usually the provider for the customer needs and expectations. After

that all four departments (product design, production, planning, and supply chain) have a

separate meeting to see if updates to existing products are needed and if they can be
accomplished or if new products are required and if they can be accomplished. The planning

and supply chain departments are further in charge of conveying any new material

requirements or updates to the current components being supplied to the supplier s. There
are two scenarios here, first being that the new function already has a module that is being

produced by the supplier, which is around 90% of the cases. The other case is that we need

to meet with the suppliers to outline the functional requiremen ts and work together to come

up with the best design for the module to achieve these functions.

For example, taking the washing machines product family, the main function is to wash

clothes. For this function to be accomplished, the product has to have t he components
necessary for washing the clothes and for draining the clothes. At this stage we need to

allocate the functions that are required of the product onto the components that make up

the product. Meaning that each component of the product will be responsible for a certain
function. There are two paths that as a product design engineer | can take. The first path is

to maximise the number of functions per component or the second path obviously is to

minimise the number of functions per component. To JLYH \RX D EHWWHU H[DPSOH
at the composition of the modules making up the washing machine product family. Now as

you notice there are two motor modules, one is for washing and the other is for draining. As

a design engineer, | can have both fun ctions carried out by the same motor, or as is the

case here, have two separate motors for each function with a motor for washing and

another for draining. The benefit of having a separate module for each function allows me

as a design engineer to equate t his module with the function it accomplishes. So, when |

have to update a product design or even come up with a new design, | can put the list of

required functions in front of me and automatically translate these functions into modules.

Itisalot more c omplicated to do this if the component has more functions, because then it

will become more specific to that product and will be more difficult to transfer this

component in other designs. So, even though | opted for having a separate module for each
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funct ion, you might think that this increases the total number of modules per product

family. However, by having a set of modules that are flexible enough to be used in different

combinations within the entire product family, this reduces the total number of mo dules per

product family. This is of course instead of having a set of modules that are fixed to a

FHUWDLQ SURGXFW RQO\ ZKLFK ZLOO UHTXLUH D GLIITHUHQW VHW RI FR

This question aimed to identify the effect of PDM on design integrati on through first

recognising the role of PDM when it comes to changing product designs. The product design

HQJLQHHUTY UHVSRQVH KLIJIKOLJKWHG WKH FDVH FRPSDQ\YfV SURFHVYV Z
changing product designs. This process begins with developing customer requirements into

functional requirements, which are then translated into the product design. This is very

much in line with what Tomiyama, et al. (2009) discussed in terms of the design structure

matrix being based on inputs from the functional requirements, which in turn are based on

the customer requirements. The product design engineer also discussed the complexity of

the process due to the decisions affecting more than one department. Through his

discussion it was clear the different trade -offs that come into effect when product design

changes need to be made, with each department having its own objectives, which can

sometimes be conflicting in nature. This gives further insight regarding the integration of

multiple supply chain entities in th e design process. Where the process starts from customer

LQSXWYVY WKURXJK GDWD FROOHFWHG IURP WKH FDVH FRPSDQ\YV UHWDL
to functional requirements and design parameter requirements by the product design

engineer, after which  this is then conveyed to the production department to ensure the

FRPSDQ\YY FDSDELOLWLHY DUH FRPSDWLEOH ZLWK VXFK FKDQJHV W L
planning department, which translates these changes into material requirements, which

need to be conveyedt o suppliers. Finally, the supply chain department is in charge of

coordinating the delivery and availability of the new components to ensure production lines

do not stop. He also outlined the role PDM has in changing or updating product designs by

giving an example using the m RWRU PRGXOHV FDWHJRU\ ZLWKLQ WKH ZDVKLQJ P
family. From his example it was clear that the process of changing product designs is much

simplified when there is a one to one function to module relationship. He further explained

that if an upd ate needs to be made to include a specific function, the process of isolating

the module, which is in charge of this function, and then updating or changing it can be

much easily achieved with modularity in design. The process of conveying these changes to

suppliers then becomes very specific, where the suppliers can update the specific module

without changing the interface to ensure it still fits with the current washing machine

models. Furthermore, this leads to reducing the total number of modules per pr oduct

family, where more of the washing machines can share the same modules.
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The second question aimed to investigate the effect of PDM on the process development for
QHZ SURGXFW GHVLJQV %HORZ LV D WUDQVFULSW RI WKH 3URGXFW "H\

Puring the process of designing a new product what we attempt to achieve first is the best

quality fit. The new design might in fact use a number of the old modules already used

within that product family. However, it also might require a completely new m odule. If this
is the case and a new module is required, we have to look at how this new module will
integrate with our current modules. We might need to update our current modules to fit

with the new component or design the new component to fit with our ¢ urrent modules. It
depends on whether we are manufacturing the module or outsourcing it. If we are making it
ourselves that gives us more control over the process. We also might ask our suppliers for

certain design specs. It all comes down to a cost benefi t analysis project for each new
module required. After that comes the decision whether to make it ourselves considering

our capabilities and if we have the -know -how to build it, how much it will cost us, or if we

will outsource it.

In some cases, we have had to redesign modules for an entire product family to fit a new
module. However, the modules are redesigned with an overall objective of standaradisation

to become modular and interchangeable between the different end items.

| can give you an example of this within the washing machines product family. We have
recently introduced a new model. The story for this new model started when the sales
department informed us that the customers in Egypt are now looking for washing machines
that are sturdier , can withstand heavy duty, and has a longer life span (the average life
span of a washing machine is five years under heavy use and can last up to 10 years with

good use and maintenance).

The product design team then translated this requirement into functions and the functions

were then translated into a product design as | explained to you. To comply with the

customer expectations, we came up with a new design that can fulfil such demands. The
concept of the new design was to change the basins module in the washing machine from

plastic to stainless steel, which even though is a little costlier is known to be harder to ware
than the plastic basins. So, you see we were able to come up with an entirely new product
through changing only one module. As we already have our own stainless -steel production
lines, we opted for this module to be insourced and is manufactured based on the design
specifications we set in the design department. The produc tis in production now and we
designed the stainless -steel basins to fit with all the modules within the washing machines
SURGXFW IDPLO\ 1
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This question aimed to determine the role of PDM on process design and to investigate
whether modularity in design | ed to the collaboration of process design across multiple
VXSSO\ FKDLQ HQWLWLHY 7KH SURGXFW GHVLJQ HQJLQHHUYY DQVZHU .
the effect of product design on process design. However, the example given only indicated
the effect changing  the product design had on internal processes within the case company
and not across multiple supply chain entities. However, he also indicated that in cases

where the module is outsourced the suppliers needed to be included in the design changes

process i fthe module or component that needs to be changed or updated.

Inregard to  the effect of PDM on design integration the literature provided two main
aspects: one in terms of the role of PDM in changing or updating product designs; and the
other in terms  of the effect of PDM on process design integration across the different supply
chain entities (Howard and Squire, 2007). The interview with the product design engineer
provided evidence towards the advantages PDM offered the case company in terms of

achiev ing design integration with its suppliers on hand and customers on the other hand.

This section presented the findings supporting the second theme (supply chain integration),

which was identified in the literature review as being one of the major areas t hat PDM
affects to achieve operational improvements. PDM was found to affect four areas in

particular , which are supplier integration, manufacturing integration, information

integration, and design integration. Through the interviews conducted with the sup ply chain
manager and the product design engineer it can be concluded that PDM affects all four

dimensions positively. With PDM being a major factor helping the case company achieve

supply integration with its supply chain members. Therefore, these finding s are also used as

evidence in support of the first and second research propositions (P1 & P2).

4.4.3 Supply Chain Responsiveness

Supply chain responsiveness has been defined as the ability of a supply chain to respond to
changes in customer demand in terms of the time of delivery, quantity ordered, change in
ordered items, or even cancellation of orders (Thatte, 2007; Holweg, 2005; Duclos, et al.,
2003). This means that on an operational level a supply chain needs to be able to respond
rapidly to changes in  product volume and product mix through swift reconfiguration of

manufacturing resources (W  ang, Aydin and Hu, 2009 ).
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Supply chain responsiveness was also identified under the umbrella of the economic themes

linking PDM to economic sustainability. The more responsive a supply chain is the easier it is
for the supply chain to maintain its competitive advantage. A responsive supply chain

manages its resources more efficiently and can respond to customer demands in a more
efficient manner resulting in market s hare and profitability performance (Qrunfleh and
Tarafdar, 2013). Therefore, findings from this theme will also be used as evidence in

support of the first and second propositions:

P1: PDM increases supply chain profit

P2: PDM decreases supply chain cost

Through the integrative literature review conducted in chapter two, PDM is identified to
have an effect on two distinct relationships that positively enhance supply chain

responsiveness: simplified production and scheduling; reducing production cycle lead time.

The first relationship is simplified production and scheduling. PDM has been identified in
numerous literatures to reduce the number of overall components in a product family (Lau,

Yam and Tang, 2010; Khan and Creazza, 2009; Jose and Tollenaere, 2 005). Hence,
reducing the overall number of components managed would in turn lead to flexibility of the
manufacturing system. This would allow the supply chain to accommodate changes in

product volume and product mix (Thatte, 2007). Managing fewer componen ts has a number
of positive effects in terms of simplifying production and scheduling. Firstly, fewer

components mean fewer suppliers to manage (Doran, et al., 2007; Doran, 2003). Secondly,

in terms of inventory control it would be easier to keep track of stock levels to a smaller
range of items (Jacobs, Vickery, and Droge, 2007). Thirdly, through end items sharing

modules, forecast error and discrepancies can cancel each other out (Mikkola and

Gassmann, 2003).

This study focused on providing empirical ev idence as to the effect of PDM on simplifying
production and scheduling through a comparison between the case modules M1 versus M2
then repeated for T1 versus T2. The study first investigated if modularity in design affected

the number of suppliers the com pany deals with on a regular basis. Secondly, the study
compared between M1 versus M2 within the motors module category to examine the effect

of modularity on reducing the number of modules managed (and repeated for T1 versus T2
within the timers module ca tegory). Thirdly, the study examined the planned production
versus the actual production of the end items that share M1 compared to end items that

share M2 to examine the forecast errors and discrepancies (and repeated for T1 versus T2).
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The second relati onship is production cycle lead -time. PDM is closely connected with process
design. Having a modular product design would generally generate modular processes to
manufacture it (Jacobs, Droge and Vickery, 2011). Swaminathan (2001) defined a modular

process as one where products can be manufactured through separate stages. Each stage

would lead to a semi  -finished form of the product. The result is a more dynamic supply

chain able to respond to changes in customer demand more promptly without incurring

higher production and inventory costs (Thatte, 2007). Hence, this study also examined the
production lead time for installing M1 the time required for installing M2 to investigate if M1

being more modular than M2 had an effect on the overall production cycle lea d time of the

end items (and repeated for T1 versus T2).

4431 Simplified Production and Scheduling

The link between PDM and simplified production and scheduling has been developed in the

literature from a number of angles. The first factor is the effect of PDM on reducing the

overall number of suppliers (Danese and Filippini, 2013; Doran, 2003; Doran, e tal., 2007).
To examine this effect the researcher obtained purchase order records provided by the case

company and analysed the suppliers of the 674 components required to produce the 39

washing machines. The case company grouped similar components into categories where
the 674 components comprise 30 categories as is illustrated in Figure 4.1. From these

categories the plastic parts, packaging and pallets, local hoses, SS tub and hoses are all
manufactured by the case company. The components within the re maining categories are all
outsourced with the case company contracting one main supplier per category. This means

that the same supplier supplies all the motors, and the same supplier as well supplies all the

timers.

In terms of reducing the number of s uppliers, the effect of PDM can be seen in terms of the
entire product family. The case company has divided its 674 components into 30 categories

and contracts one main supplier per category group reducing the total number of suppliers

the company hastom  anage greatly. However, since the case modules are both within the
same category they are both outsourced from the same supplier. Therefore, even though

the effect of PDM can be seen on the product family in general it could not be captured

within the scop e of comparing M1 to M2, T1 to T2.

The second factor is the effect of PDM on reducing the number of components in a product
family, which leads to fewer components managed and easier tracking of inventory (Lau,
Yam and Tang, 2010; Khan and Creazza, 2009; Jose and Tollenaere, 2005). To test the

effect of PDM on reducing the number of components managed the researcher obtained the
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bill of material provided by the company. The study examines M1 as a percentage of the
motor module category in comparison to M2 also as a percentage of the motor module
category. Thisis done to validate the data where the comparison is conducted between
variables of the same kind and at the same time the effect of the other module categories is

controlled.

Case 1: M1 VS M2

As can be seen in Fig 4.9 M1 (Motor 17) comprises 38% of the motor module category
compared to M2 (Motor 9), which comprises 5% only. By covering 38% of the motor needs
of the washing machines product family, M1 hence reduces the total number of modules
requir ed within this module category and hence within the washing machines product

family.

Figure 4.9 Motor Module Category

Case 2: T1VS T2

As can be seen in Fig 4.10 T1 (Timer 1) comprises 29% of the timer module category
compared to T2 (Timer 4), which co mprises 5% only. By covering 29% of the timer needs

of the washing machines product family, T1 hence reduces the total number of modules
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required within this module category and hence within the washing machines product

family.

Figure 4.10 Timer Module Category

This relationship focuses on the commonality definition of PDM. The literature argued that a

common module that is shared across a product family would lead to a reduction in the total

number of components managed within that product family (Lau, Yam and Tang, 2010;

Khan and Creazza, 2009; Jose and Tollenaere, 2005). Therefore, by presenting a

comparison between each module in terms of the number of end items that depend on that

specific module demonstrates the effect of commonality in reducing th e total number of

components. The first case compared between M1 and M2, where M1 is seen to cover 38%

of the end items and M2 covers 5% only. The second case compared between T1 and T2,

where the data shows similar results with T1 covering 29% of the end items and T2 covers

7% RQO\ +DYLQJ IHZHU FRPSRQHQWY WR PDQDJH DGGV WR WKH FRPSDQ
GHDOLQJ ZLWK FKDQJLQJ PDUNHW FRQGLWLRQV DQG WKHUHIRUH DGGYV
responsiveness. Improved responsiveness is directly linked with a company fv DELOLW\ WR

capitalise on its opportunities in creating profit and manage its risks to avoid loss.

The third factor is the effect of PDM on counterbalancing forecasting errors through the
inventory risk pooling effect (Pero, et al., 2010; Khan and Creaz za, 2009). The researcher
obtained records of actual versus planned production from the case company for a period of

23 months (all of 2015 and from Jan till Nov in 2016). The researcher also obtained the
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inventory records provided by the case company for the same time period. The study was
conducted on the end items that share the motor module M1 with a view to identify whether

M1 being common between the washing machines had an effect on re ducing forecasting
discrepancies. The same study is then carried o ut for M2 and a comparison between the
effects M1 and M2 have is conducted. The same comparison is then also conducted for T1

versus T2 in the second case study. Table 4.3 and 4.4 present the planned versus the actual
production of the 15 washing machine m odels sharing the M1 motor module for the year

2015 and the year 2016 till the month of November respectively.

Case 1: M1 VS M2

Table 4.3 Planned Versus Actual Production for 2015 for washing machines
sharing M1

Model Total 2015
Production

Opening Plan Actual Dev. %

Balance
500002364 1,941 12,900 7,783 -5,117 -40%
500002363 | 9,763 10,080 10,086 6 0%
500002361 | 3,832 18,400 19,281 881 5%
500002377 | 3,693 3,650 5,979 2,329 64%
500002380 13,135 57,800 42,571 -15,229 -26%
500002460 | O 3,200 0 -3,200 -100%
500001928 10,322 78,525 77,527 -998 -1%
500002004 2,823 29,000 32,249 3,249 11%
500001717 2,002 17,450 18,051 601 3%
500001802 | 0O 0 0 0 0%
500001654 7,597 25,425 28,369 2,944 12%
500001645 29 0 0 0 0%
500001721 10 0 13 13 0%
500001916 | 4,628 6,250 3,555 -2,695 -43%
500001918 1,007 6,675 3,801 -2,874 -43%
Total 60,782 269,355 249,265 -20,090
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Table 4.4 Planned Versus Actual Production for 2016 for washing machines

sharing M1
Model Total 2016
Production
Opening Plan Actual Dev. %
Balance
500002364 7,019 32,215 31,231 -984 -3%
500002363 | 5,177 17,830 14,422 -3,408 -19%
500002361 | 3,957 29,200 17,353 -11,847 -41%
500002377 | 3,871 7,000 2,913 -4,087 -58%
500002380 6,010 41,000 25,662 -15,338 -37%
500002460 | O 0 0 0 0%
500001928 7,262 86,860 74,906 -11,954 -14%
500002004 2,381 35,400 29,952 -5,448 -15%
500001717 2,349 20,020 16,401 -3,619 -18%
500001802 | O 0 0 0 0%
500001654 | 3,424 28,000 22,817 -5,183 -19%
500001645 | O 0 0 0 0%
500001721 | O 0 0 0 0%
500001916 | 942 4,750 4,893 143 3%
500001918 137 4,810 3,881 -929 -19%
Total 42,529 307,085 244,431 -62,654

The opening balance in the tables represents the beginning inventory of finished washing
machines already manufactured. The opening balance is taken into account when
calculating the production requirements. The planned production column is the forecasted
quantity of washing machines required. The actual production column is the quantity

actually manufactured.

As can be seen in the tables 4.3 and 4.4 the deviation between the actual and planned is

the forecasting error. For some models there is an overest imation in the forecast, which
came up to a total of 30,113 washing machines and for other models there is an
underestimation, which came up to a total of 10,023 washing machines for 2015. For 2016
there was a total of 62,797 overestimated washing machines and 143 underestimated

washing machines.

M1 being common between all 15 models allowed for flexibility in production where the

excess motor modules from the washing machines that were overestimated can be used in

the washing machine models that were unde restimated. Overall the case company has
overestimated its production by 20,090 washing machines for 2015 and 62,654 washing

machines for 2016. Total actual production for both 2015 and 2016 amounted to 4 93,696

washing machines. Total actual production exc luding the opening inventory amounted to
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390,385. Total inventory for the same period of M1 amounted to 401,838 motors. The total
difference between actual production of washing machines manufactured with M1 and total

inventory of M1 over the 23 months per iod equal 11,453 motors.

Table 4.5 Planned Versus Actual Production for 2015 for washing machines
sharing M2

Model Total 2015
Production
Opening Plan Actual Dev. %
Balance
500002375 | 8515 28,300 20,229 -8,071 -29%
500001705 | 3692 50,430 50,930 500 1%
Total 12207 78730 71159 -7571

Table 4.6 Planned Versus Actual Production for 2016 for washing machines
sharing M2

Model Total 2016
Production
Opening Plan Actual Dev. %
Balance
500002375 6555 25,100 24,487 -613 -2%
500001705 | 4308 52,715 44,900 -7,815 -15%
Total 10863 77815 69387 -8428

As can be seen in the tables 4.5 and 4.6 for one model there is an overestimation in the
forecast, which came up to a total of 8,071 washing machines and for the other model there
is an underestimation, which came up to a total of 500 washing machines for 2015. For
2016 there was a total of 8,428 overestimated washing machines and 0 underestimated

washing machines.

Overall the case company has overestimated their production by 7,57 1 washing machines
for 2015 and 8,428 washing machines for 2016. Total actual production for both 2015 and

2016 amounted to 140,546 washing machines. Total actual production excluding opening

inventory amounted to 117,476. Total inventory for the same peri od of M2 amounted to
149,256 motors. The total difference between actual production of washing machines

manufactured with M2 and total inventory of M2 over the 23 months period equal 31,780

motors.

When comparing M1 to M2 , itis noticeable that since M1 is shared across more washing
machines there are more opportunities where the commonality feature allows M1 to be
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transferred from overestimated planned production to underestimated actual production.

This occurs in 10,166 w  ashing machines during the 23 months period of analysis compared
to 500 washing machines for M2. M1 being common also means that even if it is
overestimated it is still flexible so that any excess inventory can be used in any of the 15
models for the follo  wing year. It is also noticeable that on hand inventory of M1 is very
close to actual production with only an excess of 11,453 motors, while for M2 there is an
excess of 31,780 motors. When this is calculated as excess inventory per end item the
difference in numbers is magnified even further. M1 excess modules per washing machine

equal 763 units, while M2 excess modules per washing machine equal 15,890 units.

Case 2: T1VS T2

Table 4.7 Planned Versus Actual Production for 2015 for washing machines
shar ing T1

Model Total 2015
Production

Opening Plan Actual Dev. %

Balance
500002361 | 3,832 18,400 19,281 881 5%
500002375 | 6,555 28,300 20,229 -8,071 -29%
500002376 | 3,207 12,200 2,230 -9,970 -82%
500002377 | 3,693 3,650 5,979 2,329 64%
500002421 | 6,010 25,860 15,002 -10,858 | -42%
500002460 | O 3,200 0 -3,200 -100%
500002461 | O 1,450 0 -1,450 -100%
500002462 | 0O 200 0 -200 -100%
500002471 | O 2,100 0 -2,100 -100%
500002160 | 1,835 9,760 7,789 -1,971 -20%
500002004 | 2,823 29,000 32,249 3,249 11%
500001705 | 4,308 50,430 50,930 500 1%
500001717 | 2,002 17,450 18,051 601 3%
500001802 | O 0 0 0 0%
500001654 | 7,597 25,425 28,369 2,944 12%
500001645 | 29 0 0 0 0%
500001721 | 10 0 13 13 0%
500001916 | 4,628 6,250 3,555 -2,695 -43%
500001918 | 1,007 6,675 3,801 -2,874 -43%
500002214 | 37 0 537 537 0%
Total 47,573 240,350 208,015 -32,335
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Table 4.8 Planned Versus Actual Production for 2016 for washing machines

sharing T1
Model Total 2016
Production
Opening Plan Actual Dev. %
Balance
500002361 | 3,957 29,200 17,353 -11,847 -41%
500002375 | 8,518 25,100 24,487 -613 -2%
500002376 | 7,300 9,500 2,864 -6,636 -70%
500002377 | 3,871 7,000 2,913 -4,087 -58%
500002421 | 6,423 27,300 15,584 -11,716 -43%
500002460 |0 0 0 0 0%
500002461 | O 0 0 0 0%
500002462 | 0O 0 0 0 0%
500002471 | O 0 0 0 0%
500002160 | 1,105 10,740 6,779 -3,961 -37%
500002004 | 2,381 35,400 29,952 -5,448 -15%
500001705 | 3,692 52,715 44,900 -7,815 -15%
500001717 | 2,349 20,020 16,401 -3,619 -18%
500001802 | O 0 0 0 0%
500001654 | 3,424 28,000 22,817 -5,183 -19%
500001645 |0 0 0 0 0%
500001721 | O 0 0 0 0%
500001916 | 942 4,750 4,893 143 3%
500001918 | 137 4,810 3,881 -929 -19%
500002214 | O 0 600 0 0%
Total 44,099 254,535 193,424 -61,711

As can be seenin tables 4.7 and 4.8, for some models there is an overestimation in the
forecast, which came up to a total of 43,389 washing machines and for other models there
is an underestimation, which came up to a total of 11,054 washing machines for 2015. For
2016 the re was a total of 61,854 overestimated washing machines and 143 underestimated

washing machines.

T1 being common between all 20 models allowed for flexibility in production where the

excess motor modules from the washing machines that were overestimated c an be used in
the washing machine models that were underestimated. Overall the case company has

overestimated their production by 32,335 washing machines for 2015 and 61,711 washing

machines for 2016. Total actual production for both 2015 and 2016 amounted to 401,439
washing machines. Total actual production excluding the opening inventory amounted to

309,767. Total inventory for the same period of T1 amounted to 384,614 motors. The total

difference between actual production of washing machines manufactured with T1 and total

inventory of T1 over the 23 months period equal 74,847 motors.
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Table 4.9 Planned Versus Actual Production for 2015 for washing machines

sharing T2
Model Total 2015
Production
Opening Plan Actual Dev. %
Balance
500002364 1,941 12,900 7,783 -5,117 -40%
500002363 | 9,763 10,080 10,086 6 0%
500002016 24,765 105,230 112,700 7,470 7%
500001866 | O 29,000 0 -29,000 -100%
500001928 10,322 78,525 77,527 -998 -1%
Total 46,791 235,735 208,096 -27,639
Table 4.10 Planned Versus Actual Production for 2016 for washing machines
sharing T2
Model Total 2016
Production
Opening Plan Actual Dev. %
Balance
500002364 7,019 32,215 31,231 -984 -3%
500002363 | 5,177 17,830 14,422 -3,408 -19%
500002016 13,963 119,035 94,483 -24,552 -21%
500001866 | O 0 0 0 0%
500001928 7,262 86,860 74,906 -11,954 -14%
Total 33,421 255,940 215,042 -40,898

Tables 4.9 and 4.10
which came up to a total of 35,115 washing machines and for other models there is an

underestimation, which came up to a total of 7,476 washing machines for 2015. For 2016

there was a total of 40

machines.

Overall the case company has overestimated their production by 27,639 washing machines
for 2015 and 40,898 washing machines for 2016. Total actual production for both 2015 and
2016 amounted to 423,138 washing machines. Total actual production excluding ope
inventory amounted to 342,926. Total inventory for the same period of T2 amounted to
398,377 motors. The total difference between actual production of washing machines

manufactured with T2 and total inventory of T2 over the 23 months period equal 55,4

motors.
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When comparing T1 to T2 it is noticeable that since T1 is shared across more washing

machines there are more opportunities where the commonality feature allows T1 to be

transferred from overestimated planned production to underestimated actua | production.
This occurs in 11,197 washing machines for the same 23 months period of analysis

compared to 7,476 washing machines for T2. T1 being common also means that even if it is
overestimated it is still flexible so that any excess inventory can be u sed in any of the 20
models for the following year. In this case the role PDM plays on reducing the discrepancies

only becomes clear when the comparison is based on the excess inventory of timer modules

per washing machine. T1 excess modules per washing ma chine equal 3,742 units, while M2

excess modules per washing machine equal 11,090 units.

The findings present that PDM plays a major role in helping the company manage its
forecast discrepancies. This is done through either allocating the modules, which were
assigned to overestimated washing machines to underestimated washing machines. This
can be seen in both the M1 (10,166) VS M2 (500) case and the T1 (11,197) VS T2 (7,476)
case. PDM also allows the company to use the modules, which are assigned to

over estimated washing machines as opening inventory for the next production period. When
comparing the number of on hand inventory for M1 to M2 in relation to actual production,

the data provides that the company can manage its production for washing machines
sharing M1 (763) with considerably less inventory than it requires for the production of
washing machines sharing M2 (15,890). The same was seen to be true as well for T1
(3,742) VS T2 (11,090).

The focus of this relationship is on outlining how PDM simp lifies the production and

scheduling leading to improved supply chain responsiveness through three effects. The first

was regarding reducing the number of suppliers. The second was in terms of the effect of

PDM on reducing the number of modules within a pr oduct family. The third focused on

3'0fv DELOLW\ WR KHOS WKH FDVH FRPSDQ\ PDQDJH GLVFUHSDQFLHV L(
the company the flexibility to use the common modules in other end items or using the

modules as opening inventory for the next produ ction period.

4.4.3.2 Reduced Production Cycle Lead Time

The second relationship linking PDM to supply chain responsiveness is the effect of PDM on
reducing the production cycle lead -time. Jacobs, Vickery and Droge (2011) linked PDM to
modularity in process des  ign, arguing that a modular product design would lead to a more
dynamic process design able to promptly respond to changes in customer demand without

increasing production or inventory costs. Modularity in design leads to the standardisation of
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modules and components used in production (Lau, Yam and Tang, 2007). This
standardisation process leads to a more efficient process design, where opportunities for
automation and a more efficient work force would generally lead to higher production

volumes due to red uced production cycle lead times.

The researcher obtained the production man minutes and machine hours required in

production and assembly of all 39 washing machine models, which were provided by the

case company. The researcher then proceeded to compare between the production man
minutes and machine hours required in the assembly of M1 in comparison to M2. The
researcher followed by analysing the overall effect the assembly time of M1 has on the

overall production cycle lead time in comparison to M2. Thi s was done by comparing the
man minute and machine hours used in installing M1 in actual units of washing machines
produced over the 23 months period in comparison to M2. This study is then repeated for

the second case study as a comparison between T1 and T2.

Table 4.11 Man Minute and Machine Hours for Case Modules

Man Minute and Machine Total Production (for 23
Hour months period of analysis)
M1 0.258772 390,385
M2 0.281547 117,476
T1 0.254144 309,767
T2 0.272367 342,926
Table 4.12 Time Saved in Minutes
Time Saved in minutes Total Time Saved (for 23
months period of analysis)
Difference between M1 0.022775 8891.14
and M2
Difference between T1 and 0.018223 5644.89
T2

Case 1: M1 VS M2

Total instalment time for M1 including man minute and machine hours is 0.26 minutes
approximately. While total instalment time for M2 is 0.28 minutes approximately. There is a
slight difference of 0.02 minutes approximately between M1 and M2 instalment times.
However, ove rthe 23 months period when comparing this time difference to actual washing

machine units produced would lead to 8,891 saved minutes approximately.

Case 2: T1VS T2
Total instalment time for T1 including man minute and machine hours is 0.25 minutes

appro ximately. While total instalment time for T2 is 0.27 minutes approximately. There is a
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slight difference of 0.02 minutes approximately between T1 and T2 instalment times.

However, over the 23 months period when comparing this time difference to actual wash

machine units produced would lead to 5,645 saved minutes approximately.

The focus of this relationship is on highlighting the effect PDM has on streamlining process
design. Where through PDM the workers are more acquainted with the process of assembly

for the M1 and T1 modules in comparison to the M2 and T2 modules.

Therefore, in terms of the effect of PDM on improving supply chain responsiveness, the data
provides that through PDM both production and scheduling, and production cycle lead times
are i mproved. This gives the company an edge in dealing with changing market
requirements allowing the company to capitalise on opportunities where it can increase its
sales and reduce its operational costs. Data from this relationship is therefore also used as

evidence in support of the P1 and P2 research propositions.

4.5 The effect of PDM on the environmental performance of a supply chain
The integrative literature review conducted in Chapter Two helped the researcher to identify

the main areas where PDM influences the environmental performance of a supply chain

(Figure 4.11 Effect of PDM on Supply Chain Environmental Performance).
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Figu re 4.11 Effect of PDM on Supply Chain Environmental Performance

PDM is considered a major facilitator to enhancing environmental performance in three

distinct areas of the literature. The first group of literature discussed the evolution of

manufacturing  strategies to include environmental considerations. The main manufacturing
strategies, which discussed a relation between modularity in design and environmental
enhancement, were environmentally conscious manufacturing (ECM), design for the

environment (D FE) and design for recycling (DFR) (Gu and Sosale, 1999; Meehan, et al.,

2007; Zian and Zhang, 2009; Kristianto and Helo, 2015). The second group of literature

signified the role of PDM within the life cycle assessment (LCA) process of a product, where
apURGXFWSYV OLIH F\FOH LV FRQMRLQW WR WKH OLIH F\FOH RI LWV PRG.
2010; Yu, et al., 2011; Seuring, 2013; Beske and Seuring, 2014). The third group of

literature discussed the role of PDM in managing product returns, incorporating a reverse
logistics channel and the redesign and transformation of a supply chain into a closed loop

system (Taticchi , Tonelli and Pasqualino, 2013; Bask, et al., 2013; Aydinliyim and Murthy,

2016).
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45.1 The 6R Concept

A common element across all three stream s of literature was the basis for their arguments

in signifying the role of PDM in improving environmental performance. All three streams of

literature based their arguments on the role modularity in design has on improving the

reuse, recycling, recovery, reduction, redesign, and remanufacture of components and

products (refer to Table 4.13). Therefore, the fourth theme identified within the integrative

literature review conducted in Chapter Two was the 6R Concept. This theme focuses on the

effectPDMhaso Q LPSURYLQJ WKH 51V WKURXJK HLWKHU LPSOHPHQWLQJ H(
conscious manufacturing, product life cycle assessment, or reverse logistics and closed loop

supply chain management.

Table 4.13: The 6Rs

Reuse M7KH PHDQV WKDW D SURGXF
components could be reused in similar
SURGXFWVY <DQ DQG )HQJ

Recycle M7KH SURFHVV RI FRQYHUWLGQ
as metals and plastics to improve the

UHXVH RI SRWHQWLDOO\ XVH
(USEPA, 2008).

Recover H7KH SURFHVYV RI FR OptoHuetd/ L Q
at the end of life or during maintenance,
and then disassembly, sorting, and

FOHDQLQJ IRU XWLOL]DWLRQ
2006).

Reduce U,V WR XVH OHVV-Rielalé QRQ
resource through focus on reuse,
UHF\FOLQJ DQG UHFRYHULQV
et al., 2006).

Redesign B,V WR LPSURYH QH[W JHQHU
designs through innovative techniques to

PDNH WKHP PRUH VXVWDLQDEH
al., 2006).
Remanufacture H,V WKH UHSURFHVVLQJ RI XV
components through innovative
technigues ZLWKRXW ORVV RI 1X(
(Joshi, et al., 2006).

Figure 4.12 builds a relation between all 6Rs denoting the recovery process as the initiator
for the reuse, recycling, and remanufacturing processes. Redesign is identified as an
independent process.  All these processes ultimate aim is to reduce the energy consumed

during production and the use of non -renewable resources.
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Figure 4.12 6R Concept

Data collected, and analysis conducted for the relationships identified within this theme will

be used to support the third proposition:

P3: PDM reduces environmental harm within a supply chain

45.1.1 Environmentally Conscious Manufacturing / Design
for Environment / Design for Recycling

The basis for environmentally conscious manufacturing is to change the manufacturing
strategies focus from purely economic to strategies that consider environmental elements

such as recycling, reuse and reduce (Yan and F eng, 2013). Modularity in design develops
products with modules, which can be easily separated and interchanged. Therefore, PDM
allows for the possibility of removing or replacing certain modules from the end item

without affecting the functionality of the end item. This leads to reducing the bulk material
required in manufacturing. Another aspect is through modular design it becomes easier to

change the modules, and to choose greener suppliers and greener modules without
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necessarily changing the entire des ign of the product, with the change being concentrated

to a limited number of modules (Yu, et al., 2011).

Data for this relationship was obtained through a semi -structured interview with the Product
Design Engineer of the case company. The Product Design Engineer is in charge of
maintaining and updating designs for existing products and developing designs for new

products.

In terms of the effect PDM has on environmentally conscious manufacturing four questions
were asked. These four questions in particu lar represent the identified effects of PDM on
environmentally conscious manufacturing as identified through the integrative literature

review conducted in Chapter Two.

The first question aimed to identify whether the Product Design Engineer considered PD M as
a driver towards ECM within the washing machines product family. Below is transcript of his

response.

M, ZRXOG KDYH WR VD\ WKDW LQ UHFHQW \HDUV WKH ZD\ ZH GHVLJQ RX!

considerably. From my own view of things this can be attr ibuted to a number of reasons:

1. Pressure from the Egyptian Environmental Affairs Agency (EEAA) regarding new
regulations on the disposal of solid wastes that encourage and enforce recycling. (Full
regulations provided il\ppendix Y

2. Our company offers 3 tb year warranties on washing machines, which requires us to
offer maintenance and after sales service in case of any malfunctions during that period.

3. Customers purchasing trends have changed requiring products that have wider range of

functions.

From my perspective these three reasons have attributed to the changes in product design

and have been a major driver towards PDM for washing machines over the past 10 years.

We have had to include environmental considerations such as waste disposal at end of lif e
and recycling due to the regulations imposed by the EEAA in our product designs. Our

warranty program also requires us to offer maintenance and repair to products for either 3

or 5 years depending on the product. Finally, customers now expect their washi ng machines
to not only wash their clothes, but to also have a timer, more than one washing program,

digital display, ability to add more clothes mid washing cycle. All these customer

requirements must be translated into functional requirements and incorpo rated within the
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product design. But with the addition of more functions the risk of more malfunctions

increases as well.

We have had major scale projects over the past 10 years to incorporate modularity in a
number of our products. Through having our en d products composed of modules, where
each module has a particular function, it becomes easy to disassemble modules from the

end item without affecting the functionality of the end item.

This has simplified our maintenance and repair operations significa ntly. Our after sales
service and maintenance crew carry their own inventory for modules, which are required on

a regular basis during their maintenance operations. They are more flexible and able to

offer customers maintenance in their own homes. Costs as sociated with maintenance and
repairs have also gone down significantly from an operational perspective. Our maintenance

crew can either replace the faulty module on the spot or in some cases the module is taken

back to the workshop where it is fixed and t hen replaced.

This has also allowed us to enhance our recycling operations. We are now operating a

facility in charge of recycling all plastic and rubber components recovered.

What we do is we focus on a product family and we look at the components used in the

manufact uring of the end items within that product family. We then look at opportunities

where we can standardise one of these components across the entire product family. Once

said components that can be standardised are identified we then work on updating the

interface designs of the entire product family to accommodate this standardised component.

This allows us to reduce the total number of components within a product family. This
standardisation also helps in making this particular component more available due to the

risk pooling effect.

There is also a relationship between PDM and the energy consumed during manufacturing
since PDM influences process design as well. Through simplifying the process design this

would also lead to reducing the energy consumed du ring PDQXIDFWXULQJ

The second question asked focused on identifying if there was an existing case within the

company where PDM has already been used to enhance design for environment through

either substituting an existing module or redesigning new or existing modules with greener
material. Or if the company has ever changed its suppliers on the basis that one supplier

ranked better in terms of environmental performance for using renewable material or green

methods for manufacturing. Below is a transcri SW RI WKH 3URGXFW 'HVLJQ (QJLQHHUY
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1 6 X Rakscenario has not occurred yet within our company. However, it is very possible. |
can definitely understand how a product being modular makes it simpler to change one

module or one supplier for a green HU RQH ¢

Questions regarding the effect of PDM on design for recycling and reducing the total number
of components within a product family were already answered within the first question and

therefore were not asked again.

7KH SURGXFW GHYVLJ@nsverbroReHib fhé drivers for ECM from the perspective

of the case company. Outlining that the main driver towards manufacturing strategies that

focus on the environmental criteria being the regulations imposed from the EEAA. However,

factors such as m aintenance and repair considerations as well as customer requirements

also played a major role leading to the dependence on PDM as a design strategy. The EEAA
regulations outline disposal procedures and waste management for electronic products,

which the w ashing machines are classified under. These regulations stipulate that the
manufacturing company should provide the customer with waste disposal options at the end

of life of the product. Therefore, the case company already applies PDM as a design strategy

to facilitate this process. The process design engineer mainly focused on PDM facilitating the
breakdown of the end items into their base modules, which enables the company to

separate parts that can be recycled, parts that can be remanufactured, and part s that the
company sells as scrap. This greatly reduces the amount of waste that results from each

washing machine, with more parts being recycled or remanufactured. This also reduces the

amount of new material the company requires in its manufacturing ope rations. The product
design engineer also mentioned a relation between modular products leading to modular

processes arguing that modular processes lead to energy reduction in the manufacturing

process. All these points validate the relationship between PD M and ECM identified in the

literature review leading to overall improvement in the environmental aspect.

45.1.2 Life Cycle Assessment (LCA)

LCA has been defined as a design methodology, where a designer develops a life cycle

scenario for the product by assign ing life cycle options such as maintenance, upgrading,

UHF\FOLQJ DQG UHXVH IRU GLITHUHQW VWDJHV WKURXJK D SURGXFWTYV
Through the integrative literature conducted in Chapter Two it became apparent however

that the nature of the de VLIJQ SURFHVYV KDV FKDQJHG IURP IRFXV RQ D SURGXF!
IRFXV RQ D PRGXOHYfV OLIH F\FOH <X HW DO ,MRPDK HW DO

allows for products to be composed of independent components, which can be easily
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separated and changed without affecting the overall functionality of the product. Hence, life

cycle options such as maintenance, upgrading, recycling and reuse are no longer only

attached to the end item, but are now attached to the modules making up the end item. By

changing the focus to the modules instead of the end item allows for chances to elongate

WKH HQG LWHPTV OLIH F\FOH WR XSJUDGH WKH HQG LWHP WKURXJK FK
keeping the remaining modules within the end item in tact; to simplify the mai ntenance and

repair processes (Agrawal, Atasu, and Ulku, 2016; Beske and Seuring, 2014; Qian and

Zhang, 2009).

Data for this relationship was obtained through a semi - structured interview with the Product
Design Engineer of the case company. The Product D esign Engineer is in charge of
maintaining and updating designs for existing products and developing designs for new

products.

Regarding the effect PDM has on life cycle assessment four questions were asked. These
four questions in particular represent t he identified effects of PDM on life cycle assessment

as identified through the integrative literature review conducted in Chapter Two.

The first question aimed to identify if there has been a shift in focus from a product life

cycle focus to a module lif e cycle focus within the design strategies of the case company in

DQ HIITRUW WR LPSURYH WKH FRPSDQ\YfVY HQYLURQPHQWDO SHUIRUPDQF
BURGXFW 'HVLJQ (QJLQHHUYV UHVSRQVH

pHSW GHVLIQ HQJLQHHU P\ FRQFHSW RI D SidsaGitddeaarfevtharLday f(r\FOH EHJ
H[DPSOH VRPHRQH LQ PDUNHWLQJ )RU PH D SURGXFW¢Y{V OLIH F\FOH EH
manufacturing on to manufacturing then usage then post use and end of life (disposal). At

each of these four stages there are very specific constr aints that have to be considered. To

begin with, as discussed before our whole design concept has to be in line with our

customer requirements, which is an overarching constraint that we have to abide at all

VWDJHV RI WKH SURGXFWYV OLIH F\FOH

At the pre -manufacturing stage we must consider the material input into the product. Is this

material from a renewable source? If not is it at least recyclable? Is the supplier where we

purchase the material from following green procedures in the processing of this material?
At the manufacturing stage we must consider the energy usage in the production stage.
This of course has economic implications as well as environmental implications. Trade - offs
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in the process design stage have to be considered in terms of productivity versus energy

usage.

At the usage sta ge we must consider issues related to maintenance and repair. Another

important criterion is the energy consumption of the product when in use.

At the end of life and disposal stage many of the decisions we already made during the

previous stages come in  to play. For example, the decisions related to the material used in

the product whether it is renewable and biodegradable or recyclable will have a direct effect

on the end of life options for the product. Some considerations for this stage have to be

made during the product design stage, mainly the disassembly of the product. We must
think in a way that all the material used within the product will either be recycled or end up

in a landfill.

Now coming back to your question whether the company still foc XVHV RQ D SURGXFWTV OLI
cycle or have we started changing our focus to modular life cycle. | would have to say that

HYHQ LI ZH VWLOO WKLQN ZH DUH IRFXVLQJ RQ WKH SURGXFWI{V OLIH F
modular. Our company has had an overhaul o f its product designs over the past 10 years

and we are becoming more modular. So, yes, our focus has definitely changed.

Modularity plays a role in enhancing our environmental performance at each of these four
stages. In the pre -manufacturing stageita  llows to easily choose suppliers or new material
when needed and change modules or suppliers with ease without necessarily affecting the

rest of the design. At the manufacturing stage, modularity directly affects our process

design allowing for more energy efficient operations, due to reduced errors and reworks for
the end items.  Also, because each process is clearly linked to a specific module this gives us
more control over the amount of energy each process requires. At the usage stage it greatly
simplifi es our maintenance and repair operations for our after sales service crew. It also
JUHDWO\ KHOSV LQ HORQJDWLQJ WKH SURGXFWYfV OLIH F\FOH GXULQJ X
damaged modules with new ones allowing for the product to remain functional. At the

dis posal stage, modularity allows for the easy dismantling of the product and separation of

the modules to see what options there are for each module whether recycling or scrap or
ODQGILOO 1

This question aimed to identify the degree to which the case compa ny utilises PDM in its

SODQQLQJ IRU SURGXFW OLIH F\FOH RSWLRQV 7KH SURGXFW GHVLJQ H
KRZ WKDW WKH FDVH FRPSDQ\ EUHDNV GRZQ D SURGXFWYV OLIH F\FOH
manufacturing, manufacturing, usage, end of life GLVSRVDO § 7KH SURGXFW GHVLJQ |
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DOVR KLJKOLJKWHG WKH PDLQ FRQVWUDLQWY DW HDFK RI WKHVH VWDJ
how modularity in design helps in achieving a product design that can abide by these

constraints. For the pre  -manufacturin g stage he discussed issues such as sourcing decisions

for the material to be used in the product. He explained that through PDM the case

company has been able to have the flexibility in choosing the best suppliers that provide

modules, which achieve ther  equired function and at the same time are widely recyclable. At

the manufacturing stage the constraints originate from requirements to enhance

productivity and reduce energy consumption. PDM is seen to affect the manufacturing stage

through its effect on p  rocess design, where PDM leads to a more streamlined process. A

streamlined process design leads to less errors and reworks in the end items and with each

process seamlessly linking into the next there is more control and understanding of the

amount of ene rgy each process requires. The usage stage PDM is seen to simplify the

SURFHVV RI PDLQWHQDQFH DQG UHSDLU W LV DW WKLV VWDJH WKDW :
product life can be truly seen. Through maintenance and repair a washing machine can be

used for up to 10 years with only slight changes in overall product performance. Finally,

relating to the disposal stage, PDM simplifies the process of dismantling of the washing

machines into their base components. This allows the case company to easily dis tinguish

which modules will be recycled, sent to a landfill, or sold as scrap. Table 4.14  shows the

module categories for the washing machine product family with 49% of the modules being

considered plastic components, which are recycled through the case co PSDQ\TVY UHF\FOLQJ
facilities. Therefore, the FDVH FRPSDQ\TV IRFXV LV DOUHDG\ RQ D PRGXODU OH’
HQG LWHP OHYHO LQ WHUPV RI SODQQLQJ D SURGXFWI{V GHVLJQ 7KH S
response provides evidence to how PDM is used as each of th e different stages in a

SURGXFWY{V OLIH F\FOH WR LPSURYH WKH HQYLURQPHQWDO DVSHFW WK

x Flexibility in choosing greener suppliers

x Streamlining process design to have more control on energy consumed during
manufacturing

x Elongating the washing machineeli¢ycle, hence reducing the amount of material and
energy required in manufacturing a new one

x Allowing for more recycling of modules
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Table 4.14 Module Categories for Washing Machine Product Family

Module Category Quantity Percentage
Belts 8 1.19
Brake String 4 0.59
Capacitator 7 1.04
Filter and Net 3 0.45
Fixation 46 6.82
Fuse 1 0.15
Gearbox and Pulley 8 1.19
Hoses 6 0.89
Impeller 6 0.89
Local Hoses 12 1.78
Master Batch 9 1.34
Micro Switch 1 0.15
Motor 17 2.52
Motor Brake 1 0.15
Adhesive Tape 1 0.15
Plastic Parts 333 49.41
Prints 5 0.74
Pump 1 0.15
Rubbers 15 2.23
Shatft for Wheel 1 0.15
Spring 11 1.63
SS Tub 1 0.15
Stopper 1 0.15
String 11 1.63
Switch 6 0.89
Timer 9 1.34
U Holder 2 0.30
Washing Tub

Support 1 0.15
Wires and Casings 5 0.74
Packaging and

Pallets 142 21.07

The second question aimed to investigate the effect the case modules have on the life cycle

options of the end items. Therefore, the researcher asked the product design engineer

wh ether M1 being more modular than M2 has had an effect on enhancing the life cycle

options (in terms of upgradability, maintenance and repair, life expectancy, and end of life

options) for the end items sharing M1 versus end items sharing M2. The question w as also
UHSHDWHG WR LQFOXGH 7 YHUVXV 7 %HORZ LV D WUDQVFULSW RI WK|

response.
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K 7 Bhswer this question, | need to first explain to you the function of the motor within the

context of the function of washing machines. The main function of any washing machine is

WR ZDVK FORWKHYV 7KLV LV GRQH WKURXJK D QXPEHU RI VWHSV 7KH IL
point of view is to place the clothes in the washing machine. Choosing a program is the next

step, which usually depends on the type of clothes being washed. As soon as clothes are

added into the washing machine, the weight of the clothes is identified by the wash ing

machine and accordingly the correct amount of water is added. The water is automatically

mixed with the detergent. Depending on the program chosen by the customer the washing

PDFKLQHYY RSHUDWLRQ LV VHW 1RZ WKUHH PDLQ PR&GcA®HM FRPH LQW
WKH FXVWRPHUYfVY SURJUDP WKH WLPHU PRGXOH WKH JHDUER[ PRGXOF
Each of these modules is set to carry out a specific function. The timer module sets a time

for the rotation (at which water, detergent, and the clothes are mix ed) and a time for

rinsing (at which there is a rotation at full speed to expel as much water as possible from

the clothes). The gearbox module sets different rotational speeds depending on the chosen

program. The motor module transforms electrical energy into movement. So, after the

customer chooses a program, each program has different times for rotational cycles,

different time for rinsing cycles, and different rotational speeds.

This means that if any of these three modules is not working for any reas on the whole
functionality of the washing machine is affected. It also means that these three modules

dictate the main function of the washing machine.

Upgradability: These are the three main modules that are usually upgraded during any
product redesign.  Not all three together necessarily, but for example we have upgraded all

our motor modules to more energy efficient modules.

Maintenance and repair: These are the three main modules kept on hand by the service
crew. These are the modules that are genera Ily changed during maintenance to increase the

life cycle of the product.

Life expectancy: the total life cycle of the product has increased considerably for washing
machines through the ability to replace these modules with new ones. The general life
expectancy of a washing machine is from 5 to 10 years and can even be further with the

correct usage and maintenance.

End of life options: in terms of the motor and timer modules in particular they are
considered widely recyclable and the company already h as its own facilities for recycling

plastics and as for metals we sell them to the scrap market.
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A module that is shared across more end items will automatically standardise processes

related to product upgrade, maintenance, repair, and end of life optio ns. However,
practically within our company these processes are already standardised for both M1 and

M2 as well as for T1 and T2. The concept and design advantage from modularity has been

our main focus. We have not yet investigated the degree of modularit y in relation to the
HQYLURQPHQWDO SHUIRUPDQFH DV PXFK ¢

This question was more specific to the case modules of this research. The first question
DWWHPSWHG WR XQGHUVWDQG WKH UROH 3'0 KDV LQ JHQHUDO RYHU Wt
LCA for its produc ts. This question focuses on the effect PDM has on the motor and timer
modules in terms of upgradability, maintenance and repair, life expectancy, and end of life

options. In order to answer my question the product design engineer first explained how a

was hing machine functions to outline the role of the motor modules and timer modules

within the washing machines. This was important because the motor and timer modules are
considered critical components in the functionality of the washing machine. This signi fies
that if there is a malfunction in any of them this can affect the overall functionality of the

washing machine. This also signifies that these modules in particular receive extra attention

in the design process when considering upgradability, maintena nce and repair, and life
expectancy issues. In terms of upgradability, the washing machines are usually upgraded

through changes in the design of one or more of the critical components. The engineer

discussed a case where the company has already upgraded t he design for a motor module
to be more energy efficient. He also discussed how once a design is established it is then
standardised. The company then also works on updating the interface designs and

standardise them between the washing machines and the ne w module to allow for
transferability of the module across a range of washing machines. In terms of maintenance

and repair, since these specific modules are considered critical to the functionality of the

washing machine, the case company maintains separat e inventory of these modules for
maintenance and repair operations. In terms of life expectancy issues, the engineer

explained how that the life expectancy of a washing machine is directly linked with the life
expectancy of the critical modules. He also di scussed that by replacing such modules the life
expectancy of the end item is greatly increased. Finally, the motor module is made mainly

from metal, which is generally sold as scrap by the case company and is melted and resold

through the scrapping operat ions. As for the timer modules, they are mainly composed of
SODVWLF FRPSRQHQWY DQG DUH UHF\FOHG E\ WKH FDVH FRPSDQ\YV UH
gives more validation towards the integration of PDM in LCA. The company focuses on

specific modules in  its operations to manage the life cycle stages of its end items. The focus

is on certain processes, which are upgradability, maintenance and repair, life expectancy
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and disposal. PDM is seen to enhance each of these processes, where focus on a modular
leve | leads to an overall reduction in the use of material required for manufacturing.
Therefore, LCA is seen to affect the environmental aspect positively through integrating
3'0 LQ WKH ZDVKLQJ PDFKLQHYV OLIH FA\FOH RSWLRQV

45.1.3 Closed Loop Supply Chain/Reverse L ogistics

Closed loop supply chain management (CLSCM) and reverse logistics are the final streams

of literature identified through the integrative literature review conducted in Chapter Two

that present a relationship between PDM and environmental supply ¢ hain performance.
Closed loop supply chains are defined as supply chains that manage and integrate both their
forward and reverse material flows allowing for material to be used more than once (ligin

and Gupta, 2010; Seuring, 2013; Bask, et al., 2013). PDM not only influences the forward
material flow within a supply chain, but is also seen to enhance recovery, recycling and

reuse operations. What this means is that material that has already been used through

reverse logistics is returned and through recycl ing or remanufacturing can be used again as
part of other products (Krikkie, et al., 2003). PDM is used as a design strategy within design

for recycling (DFR) and design or disassembly (DFD). Modularity allows for the end item to

be disassembled into separ  ate independent modules simplifying the breakdown of end items
or separate modules at the end of their life cycles to be returned for remanufacturing and

reuse, or recycling (Yan and Feng, 2013).

For this relationship the researcher conducted an intervie w with the supply chain manager
who is in charge of both the forward and reverse material flows within the case company.
However, instead of answering the research questions, the supply chain manager instead

explained the different scenarios the company ha s in dealing with reverse material flow.

The case company has two scenarios for product recovery depending on whether the
washing machine is a total recall, or the washing machine contains damage to single or
multiple of modules. The company has a designa ted workstation for the repair and
maintenance of recovered damaged modules, and for the disassembly of recovered washing

machines.

The case company provided numeric evidence in support of each scenario respectively

providing product recovery reports, an d maintenance and repair reports.

It is important to note that the data for all the cases in both scenarios is lump sum data for

all washing machines produced by the case company and not specific to washing machines
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sharing M1, M2, T1, and T2. The resear ch was first conducted with a view to focus on only
the specified case modules, however the results obtained were inconclusive. The data
obtained from the company (maintenance records and product recovery records) was also
provided in lump sum format of th e total number of washing machines recovered, without
classifying specific modules that were recycled or remanufactured. The data provided in the
maintenance records was for the total number of work orders and not specific to a particular
module. The only  data that specified the modules was for the number of new module
requests made by the maintenance and repair crew. The case company has its own
maintenance and repair crew in addition to 27 outsourced after sales service centers (one

for each governorate i  n Egypt). The records obtained were a summary from both the
maintenance records of the case company as well as the records from the after sales service

centers outsourced by the case company.

Scenario 1: Total Recall

There are two cases within this scenario. The first case is when the washing machine is

damaged beyond repair. The definition of damaged beyond repair from the Supply Chain
ODQDJHUTV YLHZ LV ZKHQodtlwf ZoRiXtBeGvashing machine than to purc hase a
new one; or when the module that is damaged is beyond repair and is no longerin
production by the company. In some situations the company might have discontinued the
production of a certain module in preference of another module, which is more effi cientin

the use of water or electricity.

The second case is when the customer chooses to upgrade his current washing machine to a

QHZ PRGHO 7KH DYHUDJH OLIH H[SHFWDQF\ RI WKH FDVH FRPSDQ\YV ZCLC
approximately eleven years. However, some customers opt to upgrade their washing

machines due to the technological developments and the enhanced efficiency in water and

electricity usage of the new washing machine models. If a washing machine meets the

conditions of either of these two cases, then the company follows a three -step procedure.

Data for both cases within this scenario was obtained from the product recovery records of

the case company.
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Step 3: Segrating
the modules into
Step 2:

two groups,

Step 1:Recovery0f Disagsemb|y of

. . modulesthatare

washing machine washing machine
recyclableand
modules to be sold
as scrap

Table 4.15 Total Recall Scenario

Scenario 1

Case 1 Case 2

5619 Washing Machines 136 Washing Machines

In a sense the supply chain manager does answer the interview questions presented in

Chapter Three for this relationship through providing the procedures the case company

follows in dealing with its reverse product flow. The first scenario the supply chain manager
identified was for cases of total product recall. He classified total recall cases into two

categories. The first was for cases where the product is damaged beyond repair. The second

was for cases where the customer opted to upgrade the washing ma chine. Again, the role
PDM plays in both these cases is seen beginning from the second step, which is the

disassembly of the washing machine. PDM is used as design strategy in DFD, where

products are designed to be easily disassembled with clear interface boundaries between
the components. This is critical for the next step, where the components are then divided

based on their material composition into materials, which can be recycled, sold as scrap, or

sent to the landfill. With 49% of the washing machine modules consisting of plastic parts

this greatly reduces the dependence on sourcing new plastic material with the case

company already owning its own plastic and rubber recycling facilities.

Scenario 2: Damage to Single or Multiple Modules

The second sc enario is when there is partial damage to the washing machine. According to
the Supply Chain Manager this is when there is damage to single or multiple modules , which
can be fixed or replaced  without affecting the functionality of the washing machine. For this

scenario there are three cases.

Case 1: the maintenance and repair crew fix the damaged module on the spot. Data for this
case was obtained from the maintenance records, where no requests were made for

replacement modules.
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Case 2: the damaged module is replaced with another temporary module till the original is

IL[HG DW WKH FDVH FRPSDQ\fV UHSDLU VLWH 'DWD IRU WKLV FDVH ZDV
maintenance records, where further work was requested on the module to be fixed

(remanufactured ).

Case 3:the damaged module is replaced with a new one, while the old module is either

recycled or sold as scrap. In some of the cases the washing machines are upgraded with

updated modules, which fit in the older washing machines due to the interfaces between the

modu les being standaradised. Data for this case was obtained from the maintenance

records requesting new modules.

Table 4.16  Damage to Single or Multiple Modules Scenario
Scenario 2
Case 1 Case 2 Case 3
54,983 8,684 10,180
In Case 1 the damaged module is remanufactured and reused
In Case 2 the damaged module is recovered , remanufactured ,and reused
In Case 3 the damaged module is recovered and recycled
In all two cases of Scenario 1 and all three cases within Scenario 2 the result is a reduction

in the use of new material and energy consumed for the disassembly and disposal of the

washing machines. In Scenario 1 PDM assisted in simplifying the breakdown of the washing
machine to its base modules. The base modules are then either recycled if they are

recyclable (all plastic and rubber modules) or sold as scrap (usually the metal components

are sold as scrap).

In Scenario 2 modularity in design played several roles. PDM develops independent

modules, which can be separated from the end item without affecting the functionality of

the washing machine. This allows for the module to be either replaced with a new modu le or
allows for the module to be replaced with a temporary module while the original one is

fixed. Having set interfaces between the modules also allows the maintenance and repair

crew to be able to work on a wide range of washing machine models with mini mal training.
Finally, in some cases the washing machines were upgraded with through changing old

modules with more updated ones due to the interfaces between the modules being

standardised.

Therefore, itis also evident here the role of PDM in simplify ing the maintenance and repair

operations of the company. Through maintenance and repair the life expectancy of the
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washing machines increases and thus the need to acquire material to build new ones is

UHGXFHG $QRWKHU LPSRUWDQW |D F WiBassdm¥ly3ofaHeWvadin@ math@eW K H
Simple disassembly allows for easy replacement of damaged modules, which can either be

completely replaced with a new one or remanufactured and reused. It also allows the

company to easily distinguish between which modu les can be recycled and which will be

sold as scrap. Both scenarios presented the role of PDM in simplifying the remanufacturing,

reuse, and recycling of material, which evidently leads to reduction in new material

requirement. Therefore, PDM is seen to im prove CLSCM, which evidently has a positive

HITHFW RQ WKH VXSSO\ FKDLQYY HQYLURQPHQWDO DVSHFW

4.6 The effect of PDM on the social performance of a supply chain

The literature provided no direct link between PDM and social variables within a supply

chai n. However, a relationship can be derived when looking through a slightly bigger scope

when coordinating the integration of product, process, and supply chain design decisions.

Fine (1998) first introduced the concept of three -dimensional concurrent engine ering
(8DCE), which is defined as the integration of the planning phases for product, process, and

supply chain designs simultaneously. 3DCE is the fifth theme identified in the literature,

which integrates between PDM and social sustainability in supply ¢ hain management (refer
to Figure 4.13 )

Through integrating the decision phase of all three domains (product, process and supply

chain) it was identified that when modularity in product design is considered as a design

goal it will consequently affect both supply chain design and process design decisions. From
a supply chain design point of view, modularity in product design leads to the restructure of
supply chain networks leading to the formation of industrial (modular) clusters. This in turn

leads to mor e job opportunities and reducing unemployment in the geographic areas of such
clusters (Navidi and Barrientos, 2004; Lei, 2009; Thomsen and Pillay, 2012). From a

process design point of view, modularity in product design leads to work path simplification
through the standardisation of the process design (Fixson, 2005). This in turn leads to

improving employee learning curves and provides increased opportunities for knowledge

sharing (Jacobs, Vickery and Droge, 2007; Liao, Tu and Marsillac, 2010).
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Figure 4.13 PDM and Social Supply Chain Performance

+RZHYHU WKH OLWHUDWXUH DOVR LGHQWLILHG WKDW 3'09V HIITHFW RQ
supply chain management to be subject to certain conditions (Thomsen and Pillay, 2012;
Navidi and Barrientos, 2004 ; Sturgeon, 200  3), which are:

1. The location of the industrial cluster should be in a developing country

2. The production output of the company is still below the level requiring automation of
processes.

3. The supply chain process should be labour intensive

The chosen case company for this thesis meets all three conditions. Regarding the first

condition, the case company is located in Egypt. According to the World Economic Outlook

developed by the International Monetary Fund (IMF) in 2017, Egypt is considered an

emerging and developing economy. In terms of the second condition according to the case

FRPSDQ\YV &(2 LW LV QRW IHDVLEOH IRU WKH FRPSDQ\ WR LQYHVW LQ L
near future due to market and demand conditions being too volatile. He e xplained that they

are dependent on human labour for its flexibility in learning new processes to adhere to

FKDQJLQJ PDUNHW GHPDQGYV 5HJDUGLQJ WKH ILQDO FRQGLWLRQ DFFR
VXSSO\ FKDLQ PDQDJHU WKH FDVH FRPSDQdédred ® beRguitéNalyddy DUH FRQVL
intensive. The case company mostly operates in final product assembly where there is an

assembly line with line workers conducting the assembly of the modules into finished

products.
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4.6.1 PDM and supply chain design (modular/industria
clusters)

The data for this relationship was gathered through semi - structured interviews with the

FDVH FRPSDQ\TV 6XSSO\ &KDLQ 0ODQDJHU ZKR LV LQ FKDUJH RI GHFLVLR
locations, and human capacity requirements calculations to meet deman d requirements.

Therefore, the Supply Chain Manager was deemed best fit to collect data on the effect

between PDM and supply chain design from. Data relating to the development of industrial

clusters in Egypt is gathered from the Egyptian Ministry of Indus trial Development and the
Egyptian Authority for Free and Industrial Zones. Appendix VI provides a full list of the
industrial zones in Egypt. The case company is currently operating from the 10 th of

Ramadan industrial zone.

The first question aimed to i dentify if there is a relationship between PDM and the

development of industrial clusters. Therefore, the researcher asked the Supply Chain

ODQDJHU ZKHWKHU KH WKRXJKW WKHUH ZDV D UHODWLRQVKLS EHWZHH
design being modular and the dev elopment of related industries in the 10 th of Ramadan
LQGXVWULDO ]RQH %HORZ LV D WUDQVFULSW RI WKH 6XSSO\ &KDLQ 0D

u3HUVR,Qthikk@hat a large number of businesses in Egypt are currently operating due

to modularity in product design. Due to the availability of relatively cheap labour and skilled
workers, many businesses choose to outsource their manufacturing processes here and this
can be seen in many industrial zones. Major automotive players such as Mercedes, Jeep,

BMW, just to name a few, have assembly plants located in a number of industrial zones

across Egypt. However, they never outsource the entire manufacturing proc ess. They
usually only outsource the assembly process. For example, Egypt is considered a supplier to

the MENA Region, so what they do is they take orders from surrounding countries and leave

the final assembly to be done in Egypt where they can differenti ate the cars according to
each customer order. This can only be done since the product design is modular, so yes

there is definitely a huge relation between modularity in design and the development of

industrial clusters.

Inregard to  our company, we are  also an assembler, but we are continuously investing in
research and design to learn more about the modules we import. We do not envision
remaining just in the assembly of home appliances forever. We are currently working on a
project to open a plant for producing our motor modules, which we have been mainly

outsourcing from Chinese suppliers in the past. This will open even more job opportunities

187



and the workers will receive new training programs to be able to work in these new

facilities. So, another adv antage is that when you work long enough in the assembly of the
modules you start acquiring the know -how of how to build it as well. Another method we
also apply is that we pay the suppliers to share the know -how with us in return for further

integration a nd strategic business partnerships across different modules for example.

Regarding the 10 ™ of Ramadan industrial zones there are three other smaller companies
also operating in the electronic home appliances sector and | expect many more will open in
th e coming years. There are also a number of other industrial zones across Egypt that are
specialised in the electronic home appliances sector, such as the Ousna Industrial Zone for
H[DPSOH 1

The purpose of this question was to validate the relationship bet ween PDM and the

development of industrial zones. The development of industrial zones has been noticeable in

Egypt over the past 25 year periods, where the focus of the economic development of the

country is trying to balance between agricultural produce a nd industrial production for

H[SRUWYVY 7KH VXSSO\ FKDLQ PDQDJHUYV UHVSRQVH KLJKOLJKWYV KRZ 3
LQ WKH GHYHORSPHQW RI LQGXVWULDO SURGXFWLRQ LQ (J\SW 'XH WR
between Asia, Africa and Europe, many compani es choose to outsource the final assembly

of their products to Egypt, where Egypt acts as a distributor of these products to nearby

regions. The focus here is given on the postponement of the product customisation, where

the main components of the product are already produced, and the assembly of the final

product is assigned to factories in Egypt after which the distribution of the products takes

place. Therefore, modularity in design has allowed for the development of a number of

assembly operations in the electronics and automotive industries in Egypt. The Egyptian

government also stipulates that a percentage of the product has to be manufactured in

Egypt, which means that some of the modules have to be manufactured in Egypt. This has

created several industrial zones focused on the assembly and manufacturing of supporting

modules for a particular industry. The supply chain manager also sees the assembly

operations as a stepping -stone towards learning the know -how of the manufacturing of

modules. He gives an example of how this is done through the case company through

combined research and development projects and further integration in product design with

the modul e suppliers.

The second question aimed to identify if there is a relationship between the development of
industrial clusters and increasing job opportunities for the surrounding geographical areas.
Accordingly, the researcher asked the Supply Chain Manage r if he considered that there is a

relationship between PDM and the number of facilities you have and the number of
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employees you hire.  Also, is the standard of living for the employees affected positively
through the relation between PDM and industrial cl usters. Below is a transcript of the Supply
&KDLQ ODQDJHUTVY DQVZHU

K, @gards to our company, we have four manufacturing facilities. One for washing

machines, one for refrigerators and air conditioners, one for heaters and fans. In this

particular manuf  acturing facility, which is for washing machines, we have 5 production lines

with a minimum of 13 workers on each production line. Each production line is not fixed to a

certain model and is flexible to operate to produce any of the washing machine models. At
certain times we also face unexpected demand due to seasonality. At such times we also

employ some flexible labour by the hour, which we pay the minimum hourly wage to.

Regarding our full -time employees they receive standard wages plus bonuses as motiv ation
for the line able to produce more end items at the end of each day. They also receive health

insurance for themselves and their families.

So, to answer you r question, yes, there is a positive relation between modularity in design
and the formation  of industrial clusters that | have seen from my work experience in this
company and in my previous positions as well. This has definitely created more job
opportunities. Accordingly, these job opportunities not only provide a steady source of
income for th e workers, but also usually provide health benefits for the workers and their

family members.

These question s examined the relationship between PDM and industrial clusters with a view

to link PDM to increasing job opportunities through the development o f these industrial
clusters. The creation of job opportunities can be considered a positive social impact leading

to reduced unemployment, which is one of the major social measures. The supply chain

manager provided that the case company has four manufactu ring facilities, with each facility
hiring permanent staff as well as flexible staff during seasons. Full time personnel are also

entitled to monetary benefits depending on their production outputs and to health benefits.
Therefore, PDM is seen to increase job opportunities leading to reduced unemployment and

through job opportunities it also improves the standard of living of the personnel.

4.6.2 PDM and process design (simplified work path)

Data for this relationship was collected through a semi -structured interview with the  product
design engineer of the case company. Part of the responsibility of the product design
engineer includes coordinating between product design requirements and process design

requirements. He is also in charge of creating new traini ng programs for the line workers to
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update them on any changes in product design or to introduce them to new product
designs. Therefore, the product design engineer was deemed best fit to collect data

regarding the effect of PDM on process design from.

The first question aimed to identify if there was a relationship between PDM and employee

skill learning curve. Therefore, the researcher asked the product design engineer on his

RSLQLRQ UHJDUGLQJ PRGXODULW\ LQ GHVLJQ DQG KRIedndn®l IHFWV HPS
DFTXLUH QHZ VNLOOV %HORZ LV D WUDQVFULSW RI WKH SURGXFW GHYV

M 2 Xrblnufacturing operations here at this facility are mainly related to assembly processes.

This means that it all comes down to the interfaces between the modules. We conduct a

number of tutorials on a quarterly basis throughout the business year. Through these

tutorials a team from the engineering department demonstrates how to best assemble the

different end items. We also have diagrams and figures distrib uted on the workers and

posted throughout the facility showing a step by step guide for the correct way to assemble

the end items. This is not only important for the manufacturing of end items with minimum

amounts of reworks, but it is also quite critical IRU WKH ZRUNHUVY VDIHW\ 7KHVH GLD
ensure that the workers are always wearing the required protective gear and follow the

safety procedures at all times. Modularity in design has allowed for a standardisation of the

interfaces between the different mo dules. So, for example if we talk about the motor

module, even though it differs between different end items, the interface is pretty much

standard across all the end items. This means that | can teach the workers a standard

process that will allow them to work on more than one model at a time. From one point of

view this is quite economic, because this allows for our workers to be flexible to work on

DQ\ PRGHO GHSHQGLQJ RQ GHPDQG UHTXLUHPHQWY DQG ZH GRQYW QHF
end item. From another perspective it is quite easy to teach the workers these processes,

because it minimises the total number of processes they need to learn. They also become

TXLWH JRRG LQ D YHU\ VKRUW WLPH GXH WR WKH UHSHWLWLRQ RI WKH

Skill learnin g curve in this case is associated with the performance of the employees in

terms of manufacturing efficiency. It is related with the ability of the employees to learn

new skills and techniques quickly to achieve flexibility and efficiency in the manufactu ring

SURFHVY 6LQFH WKH FDVH FRPSDQ\TV PDQXIDFWXULQJ RSHUDWLRQV D
within the assembly of the end items, this means that the focus for the skills the employees

are required to learn lie within the assembly of the end items. The purpos e of this question

is to validate the relationship between PDM and workers ability to acquire and become

SURILFLHQW LQ QHZ VNLOOV 7KH SURGXFW GHVLJQ HQJLQHHUYYV UHVSH

between PDM and process design, where modularity in design ha s led to a simplified work
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path with clear steps in the assembly process for the production of the end items. He also
explained that due to modularity standardising the interfaces between the components, the
skills learned by the employees in assembling a certain module could therefore be
transferred into the assembly of more than one end item. This also leads to higher job
retention by the employees, where due to the improved performance and simplicity in

learning new skills the workers have higher chances of keeping their jobs.

The second question aimed to investigate if there was a relationship between PDM and the

skill set requirements for employing new workers in the case company. Therefore, the

researcher asked the product design engineer what are th e standard requirements for

employing line workers and if these requirements were in any way related to modularity in

SURGXFW GHVLJQ %HORZ LV WKH SURGXFW GHVLJQ HQJLQHHUfV UHVSH

K 7 Kjeb requirements for line workers are pretty standard. What we mainly ask for is a high

school diploma, just to ensure that the workers are literate. We also cannot hire any

workers with physical disabilities and this is due to the nature of the work they will be
required to carry out. Most of all what we do look for in the workers is a motivation to work

and learn. Most of the applicants are eager to be able to gain a steady pay plus the

standard health insurance for the employees, so we have many applica nts at all times and

there is no shortage of workers.

Because we mainly operate assembly lines, this makes it quite easy to find labour. We do

not necessarily require the workers to have previous experience, because it is quite easy to

train them, and thi s can be attributed to the modular aspect of the products we

manufacture. So, in a sense, yes, modularity in design does affect the skill set requirements

E\ PDNLQJ LW SRVVLEOH IRU DQ\RQH WR DSSO\ GXH WR WKH PLQLPDO U

Not requiring high stand  ards such as higher education and previous work experience

actually provides improved opportunities for members for the less fortunate members of

society. Jobs like this can also be considered a stepping -stone by the workers, which offer
steady pay whilet he worker can try to improve his education and look for better

opportunities. Such work also adds to the experience of the employees if they choose to

apply for other positions later on in their career paths. Hence, even though the literature

provided no ¢ lear link between PDM and social supply chain aspects, it can be induced that
PDM leads to increased job opportunities through the development of industrial clusters.

PDM is also seen to improve employee skills through simplified work paths.
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Since the lin e workers are the main stakeholders when it comes to the effect of PDM on

social sustainability in supply chain management, it was deemed important to get their

input regarding their experiences in working in such an environment. The researcher did

this to SUHVHQW D FRPSOHWH SLFWXUH IURP WKH HPSOR\HUVYT SHUVSHFW
HPSOR\HHVY SHUVSHFWLYH

The researcher was allowed to conduct a focus group interview with the line workers of the
morning shift on (date) during their lunch break. There wer e 10 workers in total with 7
being male and 3 being female. The employee names are replaced with alphabetical letters

to comply with the confidentiality agreement with the case company.

Focus group Questions and Answers:

Question 1: Please provide your e mployment history in the company in number of years

and months?

A B C D E F G H | J

2 Years, 3 Years, 4 Years, 1 Year,

4 11 2 2 3 4 2 3 3 Years, 2 Years,
Months Months Years Months Years Months Years | Years | 6 Months 8 Months

Employment history is important to assess job retention by the company. From the 10
workers interviewed, all workers have been working at the company for over one year and
up to 4 years. The view was to evaluate whether the company provides temporary job
opportunities or sustai  nable job opportunities for its employees. The findings provide that
the company does provide sustainable job opportunities where all the workers have been

there for over 1 year.

Question 2: Please provide your total employment history working in a relat ed assembly
operation?
A B C D E F G H I J
4 Years, 1 Year,
2 2 6 4 7 3 2 Years,
4 Years 8 Years Years Months Years Months | Years | Years | 7 Years 8 Months

Total employment history gives an idea regarding how long employees have been in similar

positions before.
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Question 3: Please state in yes or no response if your previous employment history was also

in an industrial zone?

Yes Yes Yes Yes Yes Yes No Yes Yes Yes

This is used for more validation regarding the relationship between PDM, industrial clusters,

and increasing job opportunities. Both questions two are three are used to validate this link,

with question two focusing on the number of years in experience the line workers have had
in a similar industry; and question three investigating if these positions were also within

industrial zones. From the responses of the line workers, it is clear that for some of them

(C, D, F, H, J) this is their first position in t his line of work. However, for the others all

except one confirmed their previous position to also be within an industrial zone.

Question 4: How many training sessions has each of you received from the case company?

This is used in support of the relationship between PDM and employee skills development.
The product design engineer already mentions that there are quarterly training sessions,
which the line workers are required to attend. From the line workers responses , itis clear

that the workers do receive these trainings.

Question 5: Have these trainings assisted you in increasing your knowledge and skill set?

(Yes/No)

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Question four and five both support the relationship between PDM and employee skill

development. The line workers confirmed that they do receive regular trainings and that

these trainings have helped them increase their knowledge and improve their skills. The
trainings development as discussed with the product design engineer focus on process

design, which is based on product design. Therefore, modularity in design affects the
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development of these training sessions, which all the line workers confirmed as b eneficial

for them.

Question 6: Do you think that the skill sets you have gained from working in the case

company will assist you in further developing your future career? (Yes/No) (Why?)

No Yes No No Yes Yes No No Yes No

7KH UHDVRQV WKH IRXU UHVSRQGHQWYV JDYH IRU DQVZHULQJ \HV ZDV P
expectations for their future career to continue in the same industry. The main reason was

due to their belief of continuing in the same line of work for the foreseeab le future. So,

through the experience and trainings received while working for this company this will allow

them to continue working for the case company or find similar positions in other related

LQGXVWULHY $QRWKHU UHDVRQ ZDV WK iordiRudus tdihings théyGecaivie WK DW W KH
allows them to work on different end items giving them more skills and learning

opportunities.

The six respondents , that answered with no , provided that they believed that there were no

real future career opportunities from this line of work. They explained that even if they look

for other work opportunities it would also be in a similar position. They elaborated that even

though they do receive trainings and work experience, it is all constricted in the field of

assembl y operations. They also believed that the only way for them to actually progress

towards better positions would be to continue their education. They further clarified that

there is a ceiling in terms of the job promotions they can receive, where they can o nly

EHFRPH D WLWOH FDOOHG pOLQH ERVVY DIWHU FHUWDLQ \HDUV RI H[SH

There were conflicting views regarding this question. Most of the respondents, however, did
not see this line of work provided opportunities for career advancements. The respondents

that did consider this position having potential for further career development based their

answer on their career development being in a similar position.  Therefore, the relationship
between the types of positions offered by industries focusing on PDM might not offer much

in terms of further career developments for line workers.

194



Question 7: Which do you consider better to work on, products with modular components

(M1, T1) or products with integral components (M2, T2)? (Why?)

A

B

C

D

E

=

G

H

Modular

Modular

Modular

Modular

Modular

Modular

Modular

Modular

Modular

Modular

For this question there was a consensus from all ten workers. They all provided that when

working on modular components, the processes are usually standardised, which makes their

jobs easier. They elaborated that when the process is standardised the assemb

ly process

becomes more of a reflex action. Even though they all agreed that it can become repetitive

and boring at times the advantage of having a faster production flow that allows them to

claim the extra production pay bonus at the end of the day makes

it worth it. Also, the

amount of product reworks or pauses during the production line are greatly reduced making

their overall performance indicators improve greatly in comparison to working on integral

modules.

Question 8: Do you consider that working

living? (Yes/No) (Why?)

in this industry has improved your standard of

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes Yes

Yes

There was a consensus from all 10 respondents. They all believed that receiving standard

pay and health benefits has greatly improved their standard of living. They also explained

that the support they receive from the company in the form of extra pay bene

fits during

special periods of the year (Eid, Ramadan, School Entry) makes them all very loyal to the

company.

4.7 Chapter

Summary

The main focus of this chapter was on presenting the data for each of the relationships as

identified within the company. The data presented for each relationship was for M1 vs M2

and then again for T1 vs T2 in order to compare between the effect modularit

y in design

has on the respective supply chain process. For all the relationships it can be seen that M1

and T1 offer better economic, environmental and social performance than their counterparts

M2 and T2. This empirical evidence provides basis for the p

ropositions presented in Chapter

2, where the modules with a more modular design are seen to achieve better profits, lower
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costs, reduce environmental harm in terms of reducing the dependence on non -renewable
resources, improve the social wellbeing of the line workers within the company. The next
chapter will use the findings as inputs within an analytical model to integrate all the findings

and obtain an indicator for the effect modularity in design had on the over all sustainability

of WKH FRPSDQ\fy¢hdiXdp&ations.

Figure 4.14  Findings Chapter Summary
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Chapter5 $QDO\WLFDO +LHBURBFAKWVLQJ ORGHO |
OHDVXULQJ WKH (ITHFW RI 3'0 RQ 6XVWDLQI
6XSSO\ &KDLQ ODQDJHPHQW

5.1 Introduction

In this chapter the focus will be on pre senting an analytical tool to aggregate all the data
obtained into one cumulative model. The findings discussed in the previous chapter will be

used as inputs for the AHP model. This chapter will begin with a general introduction on

multi criteria decision analysis in section 5. 2. Section 5. 3 will discuss AHP as an analytical
tool for measuring sustainability in supply chain management when considering the three

aspects of sustainability (economic, environmental, and social) as multi criteria which need

to be met in order to achieve sustainability. Section 5. 4 will present the hierarchy model
developed from the integrative literature review conducted in Chapter Two. Section 5. 5 will
present the model implementation and the pairwise comparison matrices for al | of the

identified variables in order to calculate an accumulative weight of the effect of PDM on
supply chain sustainability for M1 VS M2 and T1 VS T2. Section 5. 6 will discuss the meaning
of the results and outline future uses for this analytical model. Therefore, the structure for

this chapter is as follows:

5.2 Multi Criteria Decision Analysis

5.3 AHP as an Analytical Tool for Measuring Sustainability

5.4 PDM and Sustainable Supply Chain Management Hierarchy Model
5.5 Model Implementation

5.6 Conclusi on

5.2 Multi Criteria Decision Analysis

Multi criteria decision making (MCDM) is considered a branch of operational research (Liou

and Tzeng, 2012; Zavadskas, et al., 2014). MCDM is often used in supply chain

management related decisions due to the natur e of conflicting criteria in th is area of
management (Rallabandi, et al. , 2016). For example, opposing criter ia such as supply chain
costs versus customer respons iveness versus supply chain risk usually need to be taken into

consideration simultaneously by managers to ensure rigor in the decision making process.

MCDM is divided into multiple objective decision making (MODM) and multiple attribute
decision making (MADM) (Potvin , etal., 2004). Rallabandi, etal. (2016) presented another
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view towards the type of MCDM problems, identifying problems with finite solutions as
multiple criteria selection problems. Problems with infinite solutions were identified as

multiple criteriam  athematical programming problems.

MCDM is also considered one of the most common branches of operational management

that include tools for evaluating sustainability within supply chain management (Taticchi,

Tonelli and Pasqualino, 2013; Brandenburg, et a ., 2014). MCDM can be seen to naturally
integrate within the field of sustainability management, which is defined as the

simultaneous integration of economic, environmental, and social aspects (Carter and

Rogers, 2008). These aspects are therefore conside red the criteria upon which supply chain
managers need to coordinate in their decision making process. The different variables

beneath each of the three aspects can then be seen in relation to each other and the trade -

offs between the three aspects can be clearly identified to reach the best alternative.

For this research, MADM or multiple criteria selection problems were deemed best fit. MADM

is used for making preference decisions over available alternatives, which are characterised

by conflicting att ributes (Jahan, Edwards and Bah raminasab, 2016). This research

questions whether modular or integral components are best suitable to achieving a more

sustainable supply chain. The modularity or integrality of components hence is identified as
an attribute of the component. Also, the question is related to a selection of the most

appropriate design methodology, whether to follow a path towards modularity or integrality

in order to improve supply chain sustainability.

5.3 Analytic Hierarchy Processing as an analytical tool for measuring sustainability

Thomas Saaty developed analytic Hierarchy Processing (AHP) as a decision making

PHWKRGRORJ\ IRU SUREOHPYV DIIHFWHG E\ PXOWLSOH FULWHULD LQ WKI
considered one of the m  ost commonly used MCDM methods (Ishizaka, Balkenborg, and

Kaplan, 2011). This can be attributed to its ability of breaking down complex decisions into

smaller problems, where decisions are made through the aggregation of the simpler

problems (Saaty, 1994). ,W FDQ DOVR EH DWWULEXWHG WR $+31V IOH[LELOLW\
quantitative and qualitative data as inputs when considering different decisions (Vaidya and

Kumar, 2006). This flexibility is critical in decision making for problems affected by

subjective criteria where value is given to knowledge and experience, which is not numerical

in nature (Gonzalez, et al., 2014 ). Saaty (1994) discussed that there are three general

kinds of judgments where the decision maker evaluates decisions based on importance,

preference, or likelihood. Judgments can be based on either knowledge in memory,

benefits, costs, risks or a combination of them. AHP is considered a nonlinear framework for
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problem solving that allows both deductive and inductive thinking (Saaty, 1987). It is based

on the creation of numerical trade - offs to formulate answers.

What distinguishes AHP as an MCDM is its approach to mode lling the problem. Saaty (1994)
GLVFXVVHG WKH GHYHORSPHQW Rl $+3 WR EH EDVHG RQ KXPDQYV DELO
rega rding small problems. However, when it comes to complex situations that are affected

by more than one variable with several possible alternatives, the decision making process

becomes quite complex. AHP presents a systematic means of breaking down a problem into
its base elements. The problem is model led as a hierarchy with a clear main goal/question

as the top most level. All criteria and variables, which have a direct effect on this goal, are

then placed on the following level. Each criterion is then consi dered separately to identify
further affecting variables. Saaty (1987) explained that the elements in each level might be

constraints, refinements, or decompositions of the element above. Saaty (1987) provided

that the structure of the hierarchy is based o n certain axioms. The first axiom, which he

defined as the reciprocal axiom denotes that when comparing two criteria, whatever weight

given to one criterion the other criterion would receive the reciprocal of that weight. The

second axiom is the homogeneit y axiom, which denotes that criteria should be clustered

together based on their homogeneity to make logical comparisons. Criteria, which are

related, and homogeny should be clustered under the same heading and within the same

level. The third axiom is the dependence axiom, which denotes that each level in the

hierarchy is dependent on the level below it. However, the lower levels are independent of

the upper levels. The final axiom discussed was the axiom of expectation. Saaty (1987)

explained that all alt  ernatives, criteria and expectations, whether explicit or implicit should

be represented in order to create a reliable non -biased hierarchy.

The goal of model ling a problem in AHP hence becomes to break down the problem to its
most simplistic elements and compare the decision alternatives based on these elements.
The best alternative is then chosen through the aggregation of the decisions made on the

simpler elements.

AHP as a methodology also provides a rating scheme for the criteria based on the

deve lopment of pairwise comparisons to develop weights for the respective criteria (Saaty,

1987). Criteria on the same level and under the same branch of the hierarchy are placed in

an (nxn) matrixwith n being the number of criteria to be compared. The humb er of
comparisons would be equivalent to n(n -1)/2 . In such a matrix, diagonal elements are

denoted by 1. Comparisons between the criteria are based on a scale of absolute numbers

from 1 to 9, which was developed by Saaty (1972). When comparing two criteria , the value

of 1 signifies that they are of equal weights. Weights are then assigned in multiples of 3,
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where 3 means that criterion A is 3 times more preferable, important or likely than criterion

B. The maximum value of importance based on Saaty (1987) t able of weights would then be
9. Even values are (2,4,6,8) are assigned if the weight is considered between one of the

absolute values. Comparisons are hence based on the type of judgment being made; how

many times is one alternative more (preferable, impo rtant, likely) than the other.

Therefore, once judgment is made, whatever value one criterion gets, the other criterion

would receive the reciprocal value.

The next step is to derive the scale of priorities (or weights). Solving for the principal

eigenve ctor of the matrix and then normalizing the result obtain this scale . This is called the
local derived scale before weighting by the priority of its parent criterion (which for the

second -level elements is always equal to unity, the weight of the focus). A fter weighting, it
is called the global derived scale. The weight for each alternative is then obtained through
normalising the elements in each column of the judgment matrix and then averaging over

each row.

AHP also develops a consistency ratio (CR) fo r the matrices as a ratio to measure the
inconsistencies between the weights assigned to the criteria. Saaty (1987) identified that a

matrix is consistent if a positive reciprocal matrix of order n has a corresponding eigenvalue
of n. When itisinconsiste ntthe eigenvalue of the matrix will exceed the value of n. Thisis
used as a measure for the inconsistency of the decisions made through forming a ratio

identified as the CR. The calculations for the CR are shown below. There is a 10% tolerance

for incons istencies within AHP  as shown in Table 5.1  below; if the inconsistency exceeds
10%, then the judgments would need to be reconsidered and the weights would need to be
reassigned until it is less than or equal to the 10% allowance (Saaty, 1987). The CR is

calculated by dividing the consistency index by a random index. The random index

developed by Saaty (1972) is based on a sample size of 500 of a randomly generated

reciprocal matrix using the scale 1/9, 1/8, « « 8, 9 to see it is equal to or less than

10 %.

Table 5.1 Random Index Values

Number of 2 3 4 5 6 7 8 9 10
Comparisons
Random 000 |058 |090 |1.12 124 |132 |141 |145 |151
Index Value

Adapted from Saaty (1987)
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Average Consistency = Total Consistency / No of Comparisons

Consistency Index = (Average Consistency = No of Comparisons) / (No of Comparisons

Consistency Ratio = Consistency Index / Random Index

AHP has already been used as an analytical tool in papers, which focused on the

incorporation of sustainability in supply chain management. Kumar and Rahman (2017)
used interpretative structure mode [ling (ISM) to identify supply chain enablers for
sustainability. They then applied fuzzy AHP to develop a system to categorise and assign

weights for the respective enablers. Mathiyazha gan, et al. (2015) used AHP to develop
rankings for major pressures to the application of green supply chain initiatives within the

mining and mineral industries in India. Larimian, Zarbadi and Sadeghi (2013) investigated
the sustainability of security iss ues in major urban cities. They applied a fuzzy AHP model to

assess and rank the different risks found in major urban cities.

AHP has also been in the integration of sustainability and product design decisions. Chang,

Wang and Raffoni (2014) used fuzzy AH P to integrate between environmental management
accounting and life cycle assessment to measure the environmental and organisational
performance of alternative green product designs. They focus mainly on the economic and
environmental impact of product des ign and their effect on sustainable supply chain
management. The paper, however, does not include any indicators for social sustainability.
Hassan, et al. (2012) integrated between Morphological Analysis and AHP to develop

weights for sustainability indica tors. They based their study on the design for sustainability

indicators developed by Jawabhir, et al. (2006).

The literature on AHP provided that it is usually combined with other analytical tools, such

as Kuma r and Rahman (2017) combining AHP with ISM a nd Larimian, Zarbadi and Sadeghi
(2013) using fuzzy AHP. However, the researcher deemed it best fit to use the standard

form of AHP for this particular case. The overall aim for this research is to identify the effect

of PDM on SSCM. This is broken down to three objectives, which are to assess the effect of
PDM on the economic, environmental, and social aspects of SCM respectively. The AHP

model is therefore structured in such a way to achieve this overall aim. The data inputs for

the model were obtained fr ~ om a single source per relationship respectively. Accordingly,

neither DS -AHP, nor fuzzy AHP models were required.
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5.4 PDM and sustainable supply chain management hierarchy model

Saaty (1994) argued that how the problem is modelled with AHP will have a  significant
effect on the decision making process. The best way to present a problem in AHP is to

decompose it into the most general and most easy controlled factors. Elements on the

lowest level of the hierarchy are then used in the decision making proce ss with questions
regarding the importance, preference, or likelihood of one decision alternative in comparison

to others. The best decision alternative is then obtained through aggregating the decisions

made in each criterion going up the hierarchy reachi ng the main goal or question the

hierarchy was model led to answer.

The researcher modelled the structure of the hierarchy (Figure 5.1) with the main objective
being in line with the overall objective of this research to assess the effect of product design

modularity on sustainable supply chain management. The decomposition of this overall goal
into its base criteria follows the conceptual framework developed as a result of the

integrative literature review in Chapter Two.
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Figure 5.1 AHP Model for PDM and SSCM
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Accordingy, DW WKH WRS PRVW OHYHO RI WKH KLHUDUFK\ /HYHO LV u7Kt
The following level includes the three main aspects of sustainability as identified through the
literature (Carter and Rogers, 2008; Seuring and Muller, 2008). Hence, Level 1 of the

hierarchy has three main criteria, which are:

1. Effect of PDM on Economic Supply Chain Performance
2. Effect of PDM on Environmental Supply Chain Performance

3. Effect ofPDM on Social Supply Chain Performance

Level 2 criteria, breaks down each aspect of sustainability even further and is based on the
themes developed in the literature. The themes ensure the homogeneity of the criteria in

this level. The themes present sup ply chain processes that are affected by the modularity or
integrality of product design. Consequently, Level 2 criteria branching under the Effect of

PDM on Economic Supply Chain Performance will be:

1. Mass Customisation
2. Supply Chain Integration
3. Supply Chia Responsiveness

Level 2 Criteria presenting the breakdown of the Effect of PDM on Environmental Supply

Chain Performance will be based on the 6Rs concept identified in the literature. In the

OLWHUDWXUH LW ZDV LGHQWLILHG WK D WewtkaHd irafffawel RIQUughl SW FDQ EH DF
three processes, which were LCA, DFE/DFR, and CLSCM/RL. However, these tools or

processes cannot be identified as criteria since they act as instruments to be used towards

achieving the actual criteria, which for this research are considered the 6Rs. All three

processes were found to integrate PDM with a view to improve environmental supply chain

performance through trying to improve the 6Rs. Therefore level 2 criteria under the effect of

PDM on environmental supply chain performan ce are:

Recover
Remanufacture
Recycle

Redesign

o k w0 D PE

Reuse
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6. Reduce

Level 2 criteria branching from the effect of PDM on the social supply chain performance are

based on the 3D concurrent engineering theme. This theme integrates between product

design, process design, and supply chain design. Accordingly, the effect of PDM on process

design led to the identification of employee skill development and learning as a potential

relationship. Also, the effect of PDM on supply chain design, which leads to the developme nt
of industrial clusters, led to the identification of increasing job opportunities as another

potential relationship. Both relationships have already been validated through the findings

chapter. Hence, level 2 criteria under the effect of PDM on social s upply chain performance

are:

1. Employee Skill Learning and Development

2. Job Opportunities

Following Saaty (1994) guide for the structure of the hierarchy, it was identified that the

supply chain process under the economic effect can further be broken down i nto simpler
elements. Therefore level 3 criteria were only developed as a breakdown for the supply

chain processes under the economic aspect. For the mass customisation theme, PDM is seen

to have four specific effects, which are:

Product Variety
Customised End Product

Inventory Cost Saving

R

Economies of Scale

As for supply chain integration, PDM was also seen to effect specific supply chain processes
the lead to improved supply chain integration. Accordingly, the level three criteria under the

supply chain integration theme are:

Supplier Integration
Manufacturing Integration

Design Integration

R

Information Integration
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The same was found to be true for supply chain responsiveness. Therefore, level 3 criteria
here represent the effect of PDM on the responsiveness of the supply chain that could be

broken down to two specific relationships, which are:

1. Simplified production and Scheduling

2. Reduced Production Lead Time

Regarding the simplified production and schedu ling relationship level 4 criteria were

developed since it could be broken down into;

1. Number of Suppliers
2. Forecasting Discrepancies

3. Number of Components per product family

The data obtained for this research comprises both quantitative data and qualitati ve data.
Data inputs for analysis were obtained from the previous Findings Chapter. The quantitative

inputs are based on the data from the operational reports of the case company. This

research focuses on the effect of PDM through comparing two similar mod ulesin terms of
how they affect certain supply chain processes in an attempt to determine which module

design will achieve improved sustainability. Hence, pairwise comparisons for the

relationships with quantitative data were created as a ratio between th e data from the first
module in comparison to data from the second module. However, this was not achievable

for qualitative  data since the data obtained was not specific to module VS module.

Therefore, the researcher did follow up phone interviews with the supply chain manager and
the product design engineer. The background to the research was already discussed at

previous visits and during the interviews already conducted. This allowed the researcher to

proceed with the questions without the need to re -discuss the objective of the research. The
guestions in the phone interviews were close -ended structured questions, where the
interviewees were asked to assign a weight for the first module in comparison to the second

module in the context of the specific rel ationships. Saaty (1987) weight scheme was used.

A critical use for AHP is its ability to provide ranking weights for the criteria in terms of
developing dominance relationships between them. However, for the purpose of this

research, this feature of AHP was not required. The definition of sustainability relies
significantly on the simultaneous integration of the economic, environmental, and social
aspects. To incorporate this definition into the model, the researcher deemed it best to give

the criteria equal weights. With no one criteria dominating over the others, this leads to the
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only variable in the decision making process being the modularity or integrality of the

components in question. The focus of this thesis is to assess the effect of PDM on

sustainable supply chain management. This is done throu gh comparing components within
the same product family with different design attributes, where one component is

considered modular and the other integral to identify which design is more preferable.

Accordingly, equal weights were given to all the criteria in the Effect of PDM on SSCM model
from level 1 to level 4, leaving the only variable in the model as the attribute of the

components that are being compared. If the criteria were ranked, the weight of each criteria

would then have affected the decision m aking process making it hard to assess whether the
decision can be attributed to the design of the component or the different weight

distribution of the criteria. The full AHP model including all the criteria, calculations for local

and global averages, an  d consistency ratio calculations are included in Appendix VIl . The T1
vs T2 final aggregated weights will be presented at the end of this chapter and compared in

relation to the results from the M1 vs M2 case. However, since the particular weights

developm ents for the T1 vs T2 case followed the same process for M1 vs M2, the full weight

calculations for the T1 vs T2 case are demonstrated within Appendix VII in order to avoid
repetition.
The next section will present the pairwise comparison matrices between the M1 vs M2 case

modules for each of the bottom level criteria. The discussion will go through each identified
literature theme, which are the level 2 criteria in the hierarchy and break it down to its base

criteria presented on the subsequent levels in the hierarchy. The local weight for each of the
case modules is then aggregated across the levels to reach a global weight. The global

weight will represent the accumulated weight received by each module across all the criteria

in the different levels. Accordingly, the global weight will represent the aggregated effect of
the modularity in design of the module on the sustainability of the supply chain across the

economic, environmental, and social aspects.

5.5 Model Implementation

5.5.1 Theme 1: Mass Cus tomisation

As identified through the integrative literature review, the first theme that links PDM to the
economic aspect is mass customisation. Mass customisation is then broken down to its base
criteria, which are product variety, customised end product , inventory cost savings, and

economies of scale. The next section will discuss the interpretation of the findings into
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weight inputs for the pairwise comparison matrices between the two case mo dules M1

versus M2 for each criterion.

55.1.1 Product Variety

The | iterature provided that there is a positive relationship between modularity in design

and the ability of the company to increase its product variety. Product variety in turn is

found to contribute to an increase in sales. This relationship therefore, focus HV RQ 3'01V
ability to increase company profits through potential sales increase. The analysis for this
relationship is based on the amount of sales that can be contributed by one module (M1),

which is considered more modular in design, in comparison to an other module (M2), which
is considered more integral in design. This data was obtained from the sales record of the

case company. The researcher categorised the washing machine models that shared M1 and
obtained the total sales for those particular models over the 23 months period of analysis.
The same process was done to calculate the total washing machine models sold, which

shared the M2 module. The findings provided that M1 contributed to a total sale of 493,696

washing machine models, whereas M2 contrib uted to a total sale of 140,546 washing

machine models over the 23 months period of analysis.

In order to input the finding into the AHP model, the researcher calculated the total sales of
washing machines sold sharing M1 in comparison to washing machine s sold sharing M2 as a

ratio.

Ratio of M1 vs M2 for product variety = sum of sales for washing machine models sharing

M1 / sum of sales for washing machine models sharing M2.

Based on the ratio it was identified that M1 leads to 3.67 times more sales tha n M2. The
researcher then input these values into the AHP model with M1 being 3.67 times more

preferable when compared to M2 for washing machine in terms of sales in units. The value

for the comparison between M2 and M1 was input as the reciprocal value as shown in table
5.2 below.

Table 5.2: Product Variety Pairwise Comparison of M1 vs M2

Attribute Level Product Variety M1 M2
M1 1 3.67
M2 0.27 1
Total 1.27 4.67
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Through normalising the rows of the matrix, the researcher obtained the respective local
weights (under the Row Average column) for M1 in comparison to M2 in the context of

product variety as shown in table 5.3 below.

Table 5.3: Product Variety Local Weights

Product Variety M1 M2 Row Average
M1 0.78 0.78 0.78

M2 0.21 0.21 0.21

Total 1 1 1

Accordingly, the consistency ratio of the weights was calculated as shown in Table 5.4.
Saaty (1987) discussed that two by two matrices have 0 allowance in terms of
inconsistency, meaning that the number of comparisons must equal the average matrix

consistency.

Tabl e 5.4: Product Variety CR

Product Variety Consistency Number of 2
Comparisons
M1 2 Average 2
Consistency
M2 2 Cl 0
RI 0
Total 4 Consistency 0
Ratio
Consistent Yes
This process of calculating the local weight and the consistency for each of the bottom level

criteria in the hierarchy is repeated for the remaining criteria. The remaining consistency

ratio and local weight calculation tab les are presented in Appendix VII to avoid repetition.

55.1.2 Customised End Product

The c ase company was found not to offer customised end products to the final customer.
The company, nevertheless, was found to produce customised washing machines to other
washing machine producers, who outsourced their production operations to the case
company . Therefore, data inputs for this relationship are based on the unit sales of the

customised washing machines exported to these specific customers. This relationship
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product. The researcher calculated the total exports for the customised washing machines
that shared M1 in comparison to the total exports of the customised washing machines

sharing M2.

The findings provided that M1 was used in the sales of 177,281 cus tomised washing
machines for export; while M2 was used 44,716 exported washing machines. The same
logic was followed as in the product variety relationship, where the researcher calculated

these values as a ratio in order to input the values in the AHP mod el.

Ratio of M1 vs M2 for customised end product = sum of exported washing machines sold

sharing M1 / sum of exported washing machines sold sharing M2

The ratio provided that for this relationship M1 contributed to 4.083 times more sales than
M2. Accord ingly, the value of 4.083 was input comparing M1 to M2 in the pairwise
comparison matrix and the reciprocal of that value was input when comparing M2 to M1.

Table 5.5 presents the pairwise comparison, local weights respectively.

Table 5.5: Customised End Product Pairwise Comparison M1 vs M2
Attribute Customised End Product M1 M2 Row
Level Average
M1 1 4.08 0.80
M2 0.24 1 0.19
Total 1.24 5.08 1
55.1.3 Inventory Cost Saving

As for inventory cost saving, PDM is seen to enhance cost savings through the inventory

pooling effect (Zhang, et al., 2017). This relationship links PDM to the economic aspect

through the possibility of supply chain cost reduction in terms of inventory cost sav ings.
Modularity in design develops standardised modules, which leads to component

commonality across a product family. The pooling effect is a result of more end items being
dependent on a common module. Accordingly, to assess the different effect M1 has on
inventory saving in comparison to M2, both M1 and M2 were calculated as an average of the
number of washing machines dependent on them. Therefore, the total inventory of M1 was

calculated and divided by the total number of washing machines, which share M1. Similarly,
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the total inventory of M2 was calculated and divided by the total number of washing

machines, which share M2. As presented in the Findings Chapter, the case company was

found to have 26,790 units of M1 on hand per washing machine model depen dent on M1
and 74,628 units of M2 on hand per washing machine model dependent on M2. In order to

input these values in the AHP model, the researcher calculated the findings as a ratio.

Ratio of M1 vs M2 for inventory cost savings = Average on hand invento ry of M1 per
washing machine sharing M1 / Average on hand inventory of M2 per washing machine

sharing M2

From this ratio it is identified that the case company keeps 2.78 times more inventory for
M2 than M1. Therefore, M1 results in 2.78 times inventory s avings than M2. These values
are input in the inventory cost saving pairwise comparison matrix and accordingly the local

weights are calculated as shown in Table 5.6 below.

Table 5.6 Inventory Cost Saving Pairwise Comparison M1 vs M2

Attribute Inventory Saving M1 M2 Row
Level Average
M1 1 2.78 0.73
M2 0.35 1 0.26
Total 1.35 3.78 1
5.5.1.4 Economies of Scale

This relationship also links with the economic aspect from a cost perspective. PDM is seen to

offer possible supply chain cost reductions through economies of scale in production or

quantity discounts in purchases. By interpreting modularity in design as ¢ ommonality in the
product family modules this means that more end items are dependent on the same

module. Hence, the company can capitalise on economies of scale in the production process

or quantity discounts from the purchase of larger quantities of the same module from the
supplier. For the case company this is present as is seen in the findings, where M1 and M2

are both purchased from the same supplier. The total purchase quantities for M1 over the

period of analysis amounted to 449,769 units and for M2 154,953 units. The purchase price
for M1 decreased by 1.57 Egyptian Pounds from 2015 to 2016, while for M2 it decreased

from 1.37 Egyptian Pounds.

To input these values in the AHP model, the researcher calculated this in the form of a ratio.
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Ratio of M 1 vs M2 for economies of scale = purchase price reduction of M1 / purchase price

reduction of M2
This resulted in M1 being slightly more preferable than M2 with a value of 1.17. This value
was then input into the AHP model for M1 vs M2 and reciprocal valu e was input for M2 vs

M1 as shown in table 5.7 below.

Table 5.7 Economies of Scale Pairwise Comparison M1 vs M2

Attribute Economies of Scale M1 M2 Row
Level Average
M1 1 1.17 0.53
M2 0.85 1 0.46
Total 1.85 2.17 1
5.5.2 Theme 2: Supply Chain Integration

The supply chain integration theme consists of four distinct relationships linking PDM to

supply chain operational improvements through improving integration between supply chain
members. Data for this theme was obtained through semi -structure d interviews. For the
relationships, supplier integration, manufacturing integration, and information integration,

the interview was conducted with the supply chain manager of the case company due to his
position being responsible for such operations as su pplier selection, manufacturing
strategies, and information system implementations. For the design integration relationship,

the interview was conducted with the product design engineer.

Data obtained, however, related to product design methodologies in general without being
specific to the case modules. Therefore, in order to obtain a pairwise comparison for the

case modules the researcher conducted follow up phone interviews with the supply chain

manager and product design engineer. The objective of the se interviews was to obtain their
expert opinion in terms of which module they preferred for each of the four relationships.

Since the interviewees had signed the required ethical forms and already understood the

overall aim of the research and the hierarc hy of the relationships was already discussed

with them during the initial semi structured interviews, the researcher thus was able to

conduct the follow up phone interviews directly. For the phone interviews, the researcher

opted for structured, closed en ded questions instead of semi -structured interviews. The

guestions were structured in such a way so that the interviewee would provide a weight for
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