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Abstract

The overall aim of this study is to explore theunatof Industrial Additive Manufacturing
Systems as implemented by commercial practitiorveith, a specific focus on flexibility within
the system and wider supply chain. This study isdocted from an Operations Management
perspective to identify management implicationsiag from the application of contemporary

Industrial Additive Manufacturing in the fulfilmewtf demand.

The generation of the theoretical constructs artt #valuation is achieved through an abductive
approach. The concept of an Industrial AdditivenMacturing System is developed, through
which activities, enabling mechanisms, and conaathitectures are demonstrated. This is
complimented by the proposal of a typology of flekiies both for the manufacturing system
and its supply chain. Twelve case studies are exainithrough practitioner interviews,
observation, and mapping of the production proceas¢hree Industrial Additive Manufacturing
companies. These explorations are complimentedhteyviews with customers downstream of
the Additive Manufacturer, and with interviews aamdurvey of principal upstream machine and

material suppliers.

This study identifies and classifies types of felfy relevant to Industrial Additive

Manufacturing Systems. It is shown that to achiesguisite flexibilities, it is necessary to
manage the whole manufacturing system, not justiohgal machines. By extension, the internal
manufacturing systems’ ability to achieve flexityiliis shown to be both facilitated and
constrained by the environment in which it operatiesarticular, inadequacies in the supply of

materials are shown to result in suboptimal prasti@ithin the manufacturing system.

The principal contribution of this thesis is themef the development of Industrial Additive
Manufacturing from a manufacturing systems perspecand an evaluation of its implications
for flexibility.
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Chapter 1: Introduction

Chapter 1 Introduction

Chapter Aims

1. Introduce and justify the topic of this doctoradearch.
2. Present the principal research questions tackléusrstudy.

3. Summarize the structure of this thesis.

1.1 Chapter overview
The purpose of this chapter is to provide an intobdn to the topic of “The Flexibility of

Industrial Additive Manufacturing Systems” thatinsestigated in this doctoral study. It presents
the main concepts considered in this research,paoddes a discussion on the context and
motivations for the study. The four research goestiexamined in this research are introduced,

and the structure of the thesis is explained.

1.2 Context for the study

The term ‘Additive Manufacturing”is defined as the “process of joining materialsnake
objects from 3D model data, usually layer upon lags opposed to subtractive manufacturing
methodologies” (ASTM International 2009). A widenge of Additive Manufacturing
technologies have been developed, however all shammmon approach to fabrication through
an incremental layer-wise approach to the formatibparts. In the current study, specific focus
is given to the larger industrial-grade Additive Migacturing machines that are termed as
“Industrial Additive Manufacturing” These technologies enjoy adequate maturity to be
employed in real-world manufacturing environmentsther than lab-based experimental
machines or hobbyist devices), and may thereforedresidered to be in competition with
‘conventional’ approaches to manufacturing. As desd fully in Appendix C, Industrial
Additive Manufacturing includes the most populardkive Manufacturing technologies such as

Laser Sintering/Selective Laser Sintering, Stetleo§raphy, and Fused Deposition Modelling.

Compared to other approaches to production, a nuwmbadvantages have been identified to
arise from the application of Additive ManufactiginWhilst subtractive approaches remove
materials from a larger billet, and formative ammioes mould materials to form geometries, by
depositing material layers incrementally Additiveahifacturing technologies are able to

produce highly complex parts without many of theige-for-manufacturing constraints that are
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inherent in many ‘conventional’ subtractive or fatme approaches to production (Hopkinson et
al. 2006b). Some of the perceived advantages ofdditive approach have been identified as
reducing waste, improving responsiveness, makingMolume production viable, promoting
customization, and supporting innovation in desigs. a result of such capabilities, since
inception there has been much enthusiasm for A@ddianufacturing technologies to produce a
wide range of different parts for a variety of apalions, with Wohlers (2014) identifying the
total industry size as growing from $295m in 198%8.07bn in 2013.

As the technologies have matured, the way in wkigy are utilized in industry has changed.
The first Additive Manufacturing technology (Steliftiography) was patented almost thirty
years ago (Hull 1986), and since this time manfedéht Additive Manufacturing technologies
have been developed. Originally employed in thelpction of one-off prototypes in laboratory-
like environments, some Additive Manufacturing teclogies are today finding increased
application in the direct manufacture of end-usedgo particularly in highly customized or
complex geometrical applications. In 2003 3.9% bf Additive Manufacturing was in the
production of end-use parts; by 2013 this had riseaver 34% (Wohlers 2014). At the same
time, whilst the ability to viably produce one-gfrts has remained an important characteristic of
the technologies, increasingly higher volume préidachas been evidenced in recent years,

particularly for applications where Additive Manafaring has displaced other techniques.

This progression from prototyping, to single unistomization, to higher volume production is
an important acknowledgement for the context of tork. In ‘prototyping’, emphasis typically
focuses on the achievement of individual, accuoste-off models that can be used for product
development (e.g. Nyaluke et al. 1995). By confragten employed in ‘manufacturing’ the
technologies may be producing a range of diffepeatiucts at different volumes, within a range
of competitive priorities (e.g. cost, quality, speedependability, flexibility). As Additive
Manufacturing technologies become employed in ‘rfacturing’, rather than merely
‘prototyping’, implementation requires a range offedent resources to fulfii demand. For
conventional manufacturing, the marshalling andrding of a multitude of related resources is
often considered a fundamental tenet of a ‘manufag system’ (Hitomi 1996), whereby
emphasis is placed on the integrated whole, ratten the individual components (Parnaby
1979). As a result, it becomes increasingly impurgand relevant for both academia and practice
to understand how to manage Additive Manufactufinog asystemgperspective, rather than the

individual technologies
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This ability to manufacture has led to increasimgiiest in the opportunities afforded by Additive
Manufacturing (and also the related, but not synumys concept of 3D Printing) from both
media and academia, with some authors suggestnggthnologies will bring about a revolution
in manufacturing (Anonymous 2008, 2011a; Barnatt®Berman 2012; Bogue 2013; Jinks
2013; Manyika et al. 2013; Peels 2013; Potstada Zyimira 2014). In terms of government
policy, Additive Manufacturing has recently beerentlfied as a significant contributor to
competitive strategies for a number of governméaitg. European Commission 2014; Foresight
2013; Obama 2013; TSB 2012), highlighting its imipoce and relevance for manufacturing. For
some, Additive Manufacturing is a disruptive tedogy, which in time will serve to fully
displace ‘conventional’ approaches to manufactu(fagonymous 2011a; CSC 2012). Although
such prophesies may be considered sensationaistecagnized by Holmstrém and Romme
(2012) it is apparent that Additive Manufacturinged have the potential to radically change

operations practice, for which research is needeshtierstand this impact.

However, whilst the technologies offer much potnfor manufacturing applications, it is
acknowledged that much hype surrounds them (Tastal. 2013), and many of the practical
implications are often overlooked. For example, mheferring to the ‘Dirty Secrets’ of Additive
Manufacturing in a call for research, Wilson spakéhe disjunction between some perceptions

of Additive Manufacturing and the practical reagi

"You press a button and it comes out, doesn’t wBligsh! It's not true
is it?"

Robert Wilson 11 December 2012
Lead Technologist, Technology Strategy Board

Additive Manufacturing and the related concept bf @inting are still evolutionary, and whilst
they are increasing in commercial prevalence tree still many challenges in terms of
perfecting both the machines and support processegaowledging the imperfect state of
existing machines and the requirement for additiactvities in the manufacture of parts, Peels
(2013, p. 15) identified that “if 3D printing isetfuture, the future is going to suck and haveta lo
of sandpaper in it". These two observations areoitamt, since they support a perspective that to
understand that application of Additive Manufaatgriin manufacturing environments, it is
necessary to look beyond some of the simplistiduaii@mns of the technologies and instead

appreciate the practical constraints that may adilseobserved in a manufacturing system.

Despite the potential commercial applications,abeelerating rate of technological improvement

and commercial adoption has not been matched &arels that considers the consequences for
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the management of Additive Manufacturing technasgiWhilst Additive Manufacturing has
been identified as an important enabler for corcepth as Mass Customization (Reeves et al.
2011; Tuck and Hague 2006), the implications fogibesses that arise has only recently begun
to receive research attention (Fogliatto et al. 220IThere are few scholarly Operations
Management studies for Additive Manufacturing (Riainand Ahlstrém 2014), and Taylor et al.
(2013) have highlighted that technological develepta are “out pacing” the development of
complementary business knowledge. Of the few ssuitiiat exist, many are theoretical and lack
empirical evidence, whilst others have been comtlidan somewhat idealized laboratory
conditions, for which the ability to generalize tile demands and challenges of practical
manufacturing environments is constrained. In paldr, the emphasis on the practicalities of
manufacturing has received scant attention. Wthilkste is much evidence in the literature on the
capabilities of individual technologies to prodyzarts, there has been little emphasis on how
these machines are employed as commercial mantfagtsystems. Recent work by Mellor et
al. (2014) has provided a framework of implemenptatstrategies for these technologies, but
there remains very little academic understandingoef Industrial Additive Manufacturing may
be implemented as a manufacturing system, nor theimwhich the technologies interact with

other system components.

This relative dearth of research has a number phaations for organizations adopting Additive
Manufacturing technologies for real-world, industrmanufacturing. The absence of adequate
knowledge of the management of new manufacturinognelogies may impair the achievement
of desired competitive advantage (Hyun and Ahn L9B&is suboptimal situation may be further
compounded by implications for the wider supply iochadrom a competitive perspective
Christopher (1997) notes that it is “supply chaivisich compete, not individual companies”.
Understanding how the adoption of Additive Manufiaictg technologies affect, and are affected

by, the wider supply chain is an essential requémnfior firms operating in competitive markets.

1.3 Motivations for the research

The overall aim of this study is to explore the natre of Industrial Additive Manufacturing
Systems as implemented by commercial practitionersyith a specific focus on flexibility
within the system and wider supply chainThe preceding section identified the context fas th
research, highlighting the progression of AdditManufacturing technologies into commercial
manufacturing environments, and noting the dedrtdtloolarly research that explores these from
an Operations Management perspective. Acknowledthiggcontext, this section explores the

four principal motivations that underpin this oMeeam of this study.
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The first motivation for this study stems concetims current dearth of research that considers
Additive Manufacturing in terms of a manufacturisgstem. To-date the limited academic
research has focused on the capabilities of indatiddditive Manufacturing machines, but has
not taken a systems perspective. As outlined iti&ed.2, contemporary manufacturing practice
is far more complicated than ‘just press print'd greliminary research has identified that this
requires a plethora of different resources needbéomanaged and controlled to achieve
production. A systems’ perspective promotes anuat@n of ‘wholeness’ (von Bertalanffy
1969), encouraging the design and optimization haf whole manufacturing system and its
resources, not just the individual machine. Alreadyealth of established knowledge concerning
the nature of manufacturing systems exists, arsdstidy particularly utilizes the general concept
of a manufacturing system (Parnaby 1979, 1987, ;1R&dnaby and Towill 2009a) to define, and

subsequently explore the nature of Industrial AddiManufacturing Systems.

The second motivation for this study arises from ittentified potential for Industrial Additive
Manufacturing Systems to satisfy different types d#mand in commercial settings. As
acknowledged in Section 1.2, applications of AdéditManufacturing have moved from one-off
production of prototypes and custom parts to tleglpetion of much higher volumes extending
into tens of thousands of parts. A progressiontmaseen from craft-like prototyping (D'Urso et
al. 2000), through to Mass Customized productiong(igtto et al. 2012; Reeves et al. 2011),
towards enthusiasm for a Mass Production appro@ddirains 2015). Established strategy
promotes the matching of process technology toggpjate volume-variety combinations (Hayes
and Wheelwright 1979), and whilst several auth@gehsuggested that Additive Manufacturing
may lessen this constraint (Helkié and Tenhiala3200uck et al. 2008) there is a lack of
empirical research to support this potential. Itdsognized that such capabilities could enable
Additive Manufacturing to have a major effect onnmacturing industry, though little research
has focused on the commercial reality of this psifmn and the resulting implications for

Operations Management.

This exploration forms the basis of the third mation for the research, concerning the
competitive objective of flexibility. Flexibility wthin manufacturing systems concerns the ability
to change in response to differing circumstances@ 1987), but without incurring significant
penalties in terms of time, effort, cost, or periance (Upton 1994). The concept of flexibility is
complex, however a large body of generalist OpenatManagement knowledge exists in terms
of frameworks, typologies, and measures to helpgmaize and explain it. This detailed
understanding has not been extended to Additiveuféaturing, for which many authors have
identified it as being ‘flexible’ (e.g. Chimento el., 2011; Onuh, 2001), but there is little
consistency between studies regarding the meanindeaibility’ in this context. In most
5
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academic texts the flexibility concept has receigeliberal interpretation, failing to explicitly
connect it to the extensive research concerningdigre of flexibility in manufacturing systems.
The types and measures of flexibility are poorlfirdsl in terms of Additive Manufacturing, and
it is therefore unclear as to what types of fldkipiare enabled in Additive Manufacturing, and
the extent to which these can be achieved. Giverxpectation from many authors for Additive
Manufacturing to effectively produce a wide randeddferent products at varying volumes,
together with the identified progression from ptgpong through to manufacturing, flexibility is
an important characteristic that is very poorly erstibod. In this study flexibility is approached
from a systems perspective, recognizing that theridmtion of process technology is only one
element of a system’s flexibility and that for mgament it is important to consider the system

as a whole.

The final motivation for this work is the very lited academic research on supply chain
implications which arise from the utilization of ditive Manufacturing, particularly in terms of
flexibility. The importance of effective managemestt supply chains is well established in
research, but as yet there has been limited ermpiresearch in an Additive Manufacturing
context. One suggested explanation for this ddarth perception that the technologies are not
ready for commercial application. One of the pati dissertations in this area is that of
Ranganathan (2007, p. 3), who argued that “thé@gifn of RM [Rapid Manufacturing] is only
likely to occur in the future”, thereby constraigioonsideration of supply chain implications to a
futurist exploration, rather than an empirical ekzation of current observations. Whilst the
technologies are indeed still in development, teihthousands of machines are in commercial
operation worldwide (Wohlers 2014), and are beisgduin a range of applications including
medical (Bibb et al. 2009), automotive (Ong et2008), and consumer (Barrass et al. 2008)
applications. Although there has been little coedtion of themanufacturingreadiness for
Additive Manufacturing, Brousseau et al. (2009) tmghlighted Additive Manufacturing as
being one of the most mature micro-manufacturigpiéues in terms dechnologyreadiness.
Hence an exploration of the supply chain is batiety and feasible, and in this work specific

focus is given to the flexibility of the Industriadditive Manufacturing supply chain.
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1.4 Research questions

In satisfaction of the overall aim of this studye following four research questions are posed:

Research Question 1: How is an Industrial Additive Manufacturing System

structured?

Research Question 2: How can Industrial Additive Maufacturing Systems support

different types of demand?

Research Question 3: How is flexibility characteried in Industrial Additive

Manufacturing Systems?

Research Question 4: How is flexibility characteried in Industrial Additive

Manufacturing supply chains?

These research questions were developed in artivierprocess, and are informed by a

combination of:

i.  The author’s prior experience of Additive Manufattg gained as a result of two year's
employment as a Research Associate at Cardiff Wsityss EPSRC Innovative
Manufacturing Research Centre.

ii.  Narrative and structured literature reviews coneddby the author and presented in
Chapter 2 of this thesis.

Iii. Industry developments identified in trade publicasi and through engagement with the

Additive Manufacturing community in the durationtbfs study.

During the research the relevance of these resegueistions has been monitored through
analysis of the empirical case research with indsiparticipants, together with careful

observation of developments in academic knowledgean aid to the reader, in Figure 1.1 an
overview of the research gaps, research questmascontributions to achieving the overall aim
of the study is presented. In this study each rebequestion is tackled successively, and in
doing so the nature of the system is defined, etatlj and through extension to the supply chain

a structured, iterative approach to the researabhgeved.



Gap 1: There has been
little consideration of
Industrial Additive
Manufacturing in the
context of' a
manufacturing system

e
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Gap 2: Little empirical
research has identified
how Additive
Manufacturing systems
achieve production

RQ2: How can
Industrial Additive
Manufacturing Systems
support ditferent types
of demand?

Building on well-established principles of
manufacturing systems, RQ1 provides a definition of
an Industrial Additive Manufacturing System
developed from observed practice

Nature of
demand &

RQ1: How is an
Industrial Additive
Manufacturing System
structured?

System
definition and
structure

y

examines how demand is satisfied in practice
by Industrial Additive Manufacturing Systems

4 By evaluating the twelve case studies, RQ2

approaches to
satisfaction

Research Aim
Understanding the
nature of Industrial

Additive Manutacturing
Systems

Supply chain
flexibility

RQ4 extends flexibility from the
manufacturing system to the wider supply
chain, identifying its sources and inhibitors
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P

Manufacturing
system flexibility
typology and
assessment

RQ3: How is flexibility
characterized in
Industrial Additive
Manufacturing
Systems?

- typology and
assessment

Through RQ3 a flexibility typology is proposed, with
sources and inhibitors within the manufacturing

RQ4: How is flexibility
characterized in
Industrial Additive
Manufacturing supply
chains?

Gap 4: There has been
almost no consideration
of the flexibility of
Additive Manufacturing
Supply Chains

system evaluated

A

S

f

Gap 3: The nature of
flexibility is poorly
understood in terms of

Additive Manufacturing Figure 1.1: Thesis overview

Source: The Author
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1.5 Structure of the thesis

The eight chapters within this thesis are orderedlastrated in Figure 1.2. Some chapters are
developed from the author’s publications during riegearch process; as acknowledged by Daft
(1995) in general this process of external revied feedback offers benefits and strengthens the
work. It is emphasized that any elements of theliglubd works for which the author did not
make the majority input are omitted from this tkesind that all texts have largely been
rewritten. Unless explicitly stated in the textdhgh quotation or citation, the author therefore

asserts all work included in this thesis to beows.

Chapter 2

P Literature Review [

Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The unnccp.l of Ful!lllmg dcm-fmd The flexibility of Sup}')l.y.cha‘m
an Industrial using Industrial Industrial Additive flexibility for
Introduction - Additive - Additive - N ) m{Industrial Additivepd  Conclusion
. . Manufacturing . .
Chapter 3 Manufacturing Manufacturing Manufacturing
i Systems
System Systems Systems

> Rescarch Method [~

Figure 1.2: Thesis structure
Source: The Author

The first three chapters of the thesis providettie®retical underpinning of the research, through
which the research topic is presented, researcks gigmtified, and methodological choices

justified.

Chapter 1 provides an introduction to the study, explainthg aim, motivation, and

structure of the thesis.

Chapter 2 examines the extant literature relevant to thiglstthrough the process of
narrative and structured literature reviews. Ragrovides a theoretical basis for the
concepts of manufacturing systems, flexibility, aupply chain flexibility, examining

the fundamental underpinnings in established woeks] the state of contemporary
research. From these foundations, Part 2 explbeegriowledge of these in the context
of Additive Manufacturing using a structured apmtodo clearly define the boundaries

of current research.
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Chapter 3 explains the approach taken in the conduct ofrgearch, justifying the use
of the methods employed, and detailing how prirlcgiellenges were addressed. The
chapter provides an overview of the data sources irs this research, and means of

analysis (supported by Appendices A and D respalgiv

The next four chapters of this thesis present ihdirfgs of the research in satisfaction of the
individual research questions. Each chapter coma®mdth an overview of its structure and

methods employed in the conduct and analysis ofrélsearch, and linkage is made between
existing theory and the focal research topic. lis thanner, the way in which the research is
conducted is clearly explained, together with aprapriate grounding in established operations

and supply chain knowledge. The contribution okegsh is summarized within each chapter.

Chapter 4 underpins much of this thesis through its exploratand definition of an
Industrial Additive Manufacturing System. This s perspective carries through the
remainder of the thesis, presenting Industrial AddiManufacturing in the context of a

multifarious set of controlled resources, rathantfocusing solely on the machines.

Chapter 5 examines the operational characteristics of Irrthishdditive Manufacturing
Systems in their achievement of different manufaaturequirements. One of the three
in-depth case studies presented in this chapter begs published in the Rapid

Prototyping Journal, for which the full citation is

* Soe, S. P, Eyers, D. R., Jones, T. and Naylin@042. Additive Manufacturing
for archaeological reconstruction of a medievapsRapid Prototyping Journal
18(6) pp. 443-450.

Chapter 6 addresses the nature of flexibility for Industrigiditive Manufacturing
Systems. An earlier version of this work has presip been presented as a conference

paper, for which the full citation is:

* Eyers, D. R., Potter, A. T., Gosling, J. and Naih,M. 2012.The flexibility of
Additive Manufacturing System#n: 4th World Production and Operations
Management Conferencémsterdam, The Netherlands, 2-4 July 2012.

Chapter 7 examines how the application of Industrial AdditiManufacturing affects
the supply chain, with particular emphasis on sypphin flexibility. An earlier version
of this work has previously been presented as deoamce paper, for which the full

citation is:

10



Chapter 1: Introduction

» Eyers, D. R., Potter, A. T., Gosling, J. and Nalh, M. 2013. Supply chain
flexibility for Additive Manufacturing In: 20th International EurOMA
ConferenceDublin, Ireland, 7-9 June 2013.

The findings of the study are presented in thd fihapter.

Chapter 8 forms the conclusion of this study, in which therkv of the preceding
chapters is drawn together. This chapter highlights findings, contributions to
knowledge, and limitations of the study. Based besé observations, an agenda is

provided to direct future research.

These eight chapters are supported by four appemdeach of which provides additional

material to support the main text.
Appendix A provides descriptions of the twelve cases explorehis study.

Appendix B considers the ethical implications of this studgd grovides a detailed
account of the practices employed in this resetbgiromote ethical research, together

with copies of research ethics forms approved hylidJniversity.

Appendix C provides an up-to-date review of the principal omrcialized technologies,
through which a novel classification is developg&tis text has been developed and
updated from an earlier version published in Asdgmmtomation, for which the full

citation is:

» Eyers, D. R. and Dotchev, K. D. 201®Rapid Manufacturing for Mass
Customisation Enablememissembly Automation 30(1) pp. 39-46.

This paper was awarded a “Highly Commended” prize¢ha 2011 Annual Emerald

Literati Awards.

Appendix D contains data extracts from this study that aesl e inform the research

presented in the main body of the thesis.

1.6 Chapter summary

This chapter has provided an introduction to tieeaech topic, and explained the overall aim of
this research which is addressed through four relseguestions. The structure of the thesis is
explained and justified, and the linkages betwéendoctoral thesis and other scholarly outputs

by the author are elucidated.
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Chapter 2: Literature Review

Chapter Aims

published literature.

opportunities.

introduce relevant terminology.

1. Provide a foundation for the thesis from the retgvéheories and concepts

2. Provide a historical background and modern perspean the research topic, a

3. Explain existing research gaps and develop resegquastions based on the

in

2.1 Chapter overview

As shown in Figure 2.1, this is the first of twanmipally theoretical chapters that serve to

underpin the empirical research undertaken ingtudy. The literature review is an essential part

of any research project that identifies, evaluate®] explains the state of existing knowledge

(Fink 1998). The findings of the literature reviemform new work, both by providing

knowledge on which new research may be develop®tiatso in enabling the researcher to be

confident of the ‘fit’ of their contribution withithe overall knowledge base.

Chapter 1

Introduction

Chapter 2

Literature Review

Y

Chapter 3

Research Method

Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep‘t of Fulﬁllmg dem‘and The flexibility of Suppl:\"cha‘m
an Industrial using Industrial Industrial Additive flexibility for
Additive Additive X . - Industrial Additive Conclusion
< : : i Manufacturing . :
Manufacturing Manufacturing N Manufacturing
= Systems
System Systems = Systems

Figure 2.1: Thesis structure
Source: The Author

This chapter examines the literature concerningctircepts of manufacturing systems, variety

and customization in manufacturing, and flexibilityterms of manufacturing and supply chains,

with particular emphasis for these concepts in seahlIndustrial Additive Manufacturing. To

achieve its objectives, the chapter is split imfo parts as shown in Figure 2.2.
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-
% Part 1: Narrative Review Part 2: Structured Review
o

=

& i‘:;f\fél;z Identify Identify sunpl Contextualize for

2 . POt demand-side N fy supply Additive

= manufacturing side responses - .

-1 . challenges Manufacturing

< system

Figure 2.2: Structure of literature review
Source: The Author

Part 1 of this chapter examines research considering rger@perations and Supply Chain
Management concepts, providing the theoretical dations on which the thesis is based. This
part commences with an assessment of establistedtlire to provide an appraisal on the
concept of a ‘manufacturing system’. As no singédirdtion of a manufacturing system exists
(Parnaby 1979), this review provides a clear d&édiniof the notion of manufacturing systems
used within study. Following this exploration ofethmanufacturing system concept, the

remainder of Part 1 investigates relevant liteeftomm two perspectives:

1. Demand-side issues of variety and customizationt ghlace challenges on the
manufacturing system.
2. Supply-side flexibility responses from both thegpactive of the manufacturing system

and also the supply chain.

This part of the chapter therefore serves to afifjoevaluate existing approaches and challenges
for manufacturing, providing both the context fbetcurrent study, together with the necessary

detail to inform the development of analysis tanl€hapters 4 — 7.

Part 2 of this chapter examines four of the concepts fildéant 1 in the context of Additive
Manufacturing research. Using a structured liteeatteview process, the extent of existing
knowledge is demonstrated, providing a structupgat@ach to the confirmation of research gaps

and pertinent opportunities for investigation.

As an aid to the reader, Table 2.1 explains tHeatije between the four research questions posed
in this study, the two literature sections, andltoation of subsequent research presented in later

chapters of this thesis that satisfies the reseguebtions.
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Part 1 . Part 2 Primary
Research Question . Topic(s) Reasons for inclusion . Research
Section(s) Section
Chapter
Research Question 1: Definition and * To identify the principal characteristics of
How is an Industrial purpose of manufacturing systems.
Additive Manufacturing manufacturing * To explain how a transformative system
System structured? 2.2 systems interacts with its environment in the 2.8 4
satisfaction of demand.
* To define the concept of a manufacturing
system in context of current study.

Research Question 2: Volume & variety * To clearly explain the nature of different
How can Industrial Customization types of demand considered in this study.
Additive Manufacturing 23-24 * Toidentify established perspectives on the 2.9 5
Systems support different impact of different types of demand on
types of demand? operations.
Research Question 3: Flexibility * To provide a detailed appraisal on the nature
How is flexibility Flexibility in of flexibility, and techniques for evaluation.
characterized in Industrial 2.5 manufacturing + To explore the motivations for flexibility to |~ 2.10 6
Additive Manufacturing systems support demand satisfaction.
Systems?
Research Question 4: Supply chain * Toidentify contemporary perspectives of
How is flexibility flexibility supply chain flexibility types, and means fqr
characterized in Industrial 2.6 their assessment. 211 7
Additive Manufacturing
supply chains?

Table 2.1: Alignment of literature review to reseach conducted in this study
Source: The Author
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PART 1: Theoretical underpinnings: Manufacturing systems,

demand-side challenges, and supply-side responses.

This first part of the literature review servegtovide a theoretical underpinning concerning the
Operations and Supply Chain Management concepisit@applied in this study in an Industrial
Additive Manufacturing context. Few works have ddesed Additive Manufacturing from an
Operations Management perspective (Bianchi andtéins2014), and so this first part of the

literature review provides an important foundationthe study.

2.2 Definition and purpose of a manufacturing systa

Modern manufacturing builds on an extensive histofyboth commercial development and
scholarly research. Sprague (2007) and Piercy (26f@nicle a progression of manufacturing
practice, from craft production, industrializati¢a.g. Industrial Revolutions), standardization
(e.g. Eli Whitney's interchangeable parts), mechatmon and automation (e.g. Ford),
management (e.g. Taylorism; Gilbreths), and throt@ta changing emphasis on quality and
customer preference (e.g. Mass Customization). &thephase in history the nature of
manufacturing has evolved, and with it, the natoiréhe manufacturing system has changed.
Even world geography and culture has been linkgeetspectives on systems, with Browne et al.
(1996) claiming ‘Western approaches’ have been shiowavour a reductionist and mechanistic
assessment of work, whereas ‘Eastern approachdésaema more holistic systems viewpoint of

the world.

As manufacturing organizations have grown and becorare sophisticated the need to manage
individual resources collectively has increased,icivhhas partially been facilitated by
improvements in technological capabilities (Hitdl896). The shifting focus from the individual
resource to a consideration of the system requna@sagers to consider an ‘overall approach’ to
management, allowing for more complex problems ¢oabsessed than is possible through a
‘piecemeal’ optimization of individual resource®ifins 1981). A hard “systems perspective”
originated in the mathematical and chemistry digus in the 1940's and 1950's (Parnaby and
Towill 2009a); a softer systems approach for mamege was popularized in the 1970’s and

80’s. In defining a system, Hitomi (1996) idergdiit to consist of four basic attributes:

1. Assemblage. A system consists of a plural numbeistinguishable units which may be

conceptual, natural, or artificial.
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2. Relationship. Several units assembled togethemaeely a group or set. For such a
group to be a system, a relationship must existéx the units.

3. Goal-seeking. The whole system performs a certaimctfon or aims at multiple
objectives (measurable goals).

4. Adaptability to environment. A specific system wilhange to adapt to changes in its

surroundings or external environment.

Modern manufacturing is typically considered witfstems in mind, with contemporary topics
such as Lean Manufacturing Systems (Womack et @0)1 Agile Manufacturing Systems
(Gunasekaran 1998; Lee 1998), and Flexible Manuifect Systems (Browne et al. 1984a; Slack
1987) all embracing the systems perspective, thdkigttoncept of a ‘manufacturing system’ is
not consistently applied in research. Manufactugpstems are “anything but simple” (Pound et
al. 2014, p. 7), and this complexity has increas®ed result of pressures for greater performance
(Efthymiou et al. 2012), leading to the integratioha wide range of research topics being

considered within the concept.

Manufacturing is a practical discipline, and ituasurprising that this functional nature has
underpinned many explanations of the concept. B@mele Groover (2014) considered a
manufacturing system to encompass the nature ofatpes performed, the number of
workstations, system layout, automation level, pad / product variety. Similarly, Lee (1998)
found a manufacturing system to comprise of maaolinand assembly subsystems, which
transfer a customer order to a realized producteMgpecifically manufacturing systems may be
divided into two types: processing, and assemblhyy€solouris 2006). In a review of approaches
to the classification of manufacturing, McCarth®®5b) identified traditional considerations are
based on operational characteristics, operatiobpctives, operational flow structures, or as
either a combination or sub-classification of aisleone of these. In his analysis of manufacturing
systems, Williams (1988) differentiates from topaaio (focusing on systems analysis for
management applications such as those exploreteircurrent research), and bottom-up (for

systems synthesis in a functional context for emgjimg).

2.2.1 A top-down perspective of manufacturing systes

One of the most prolific authors on the topic ofriéacturing Systems was John Parnaby, who

developed the field from his experience in chemicdustries (Towill 2011) in what Williams

(1988) identified as a top-down approach. Consmemmanufacturing as a transformative

process, Parnaby (1979) identified a manufactusygiem to be one in which raw materials are

processed into products, gaining a higher valuetha process. Within this definition
16
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manufacturing systems are shown to be both dynamiccomplex, with individual processes,
subsystems, and inter-system interactions all reguiintegration and control. Despite

differences in their application, Parnaby identifibat four general principles may be applied to
manufacturing systems:

1. A manufacturing system should be an integrated &h@ system comprised of
subsystems).

2. A manufacturing system is a synthesis of energysaming subsystems which process
raw materials, with control systems that managesgstem and its interaction with the
environment.

3. Information flows and decision making processesegeired to operate the system.

4. Operations are constrained such that the fundatrents of science are satisfied.

The transformative model of a manufacturing sysianwhich inputs are transformed into

outputs is widely discussed in literature, anddesonstrated by BSI (2013) is consistent with
practice. There are however some notable permuotatioat affect its definition; for example

Hopp and Spearman (2008) identified the ‘formal seau(or fundamental essence) of a
manufacturing system involves only two elementsnaled and transformation. The supply-side
input is, in their view, encompassed by the whondformative process and should not be
considered distinct from it; in essence this d&bni blurs the boundaries between an internal

manufacturing system and the supply-side elemetiteofupply chain discussed in Section 2.6.

In the development of such a transformative manufag system, de Neufville and Stafford

(1971) identified that there are three principatdas which should be considered:

1. The mechanics of the transformation process.
2. The values associated with the physical resouinpst§).

3. The values of the products (outputs).

Whilst each of these factors is important in theedwination of the manufacturing system, only
the mechanics of the transformation process amnalbyr within control of the system designer,

yielding the adapted transformation system (FiguB). The nature of the inputs is determined
by organizational requirements arising from maxkethand, which in turn must be transformed
to meet outputs. Despite the inputs to a manufagjusystem not being fully-controllable,

Parnaby (1979) asserted that system control isnalike by careful design and a professional
approach in the execution of the system; in othemd a proactive approach to both the design

and management of a system should be adoptedttedmsge alignment with requirements.
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Figure 2.3: Extent of a designer's influence on themanufacturing system
Source: de Neufville and Stafford (1971)

2.2.2 Delimiting the elements of a manufacturing sgem

As demonstrated in the previous section, many dieins of a manufacturing system concern the
physical resources employed in the transformativecgss. Jenkins (1981) identify system
resources as the “four M’'s”: Men (labour), Moneyadhines, and Materials. More sophisticated
definitions consider non-physical resources suchirdégrmation (e.g. Chryssolouris 2006;
Parnaby 1979; Parnaby and Towill 2009a), and itmportant that the system is able to
effectively manage different resource types. Blch@aya et al. (1996) identified that a
manufacturing system has both focus (in terms efdtale and scope) and alignment (to the
requirements of the market). To afford increasedugoin evaluation, systems may be
decomposed into subsystems that make it easiezsigrd and manage the plethora of different
resources. Non-trivial manufacturing systems caéndiss complex arrangement of components,
each of which has a range of different attributed @apabilities. They exist as part of an overall
company system, through which information and adnpasses between individual functional
subsystems (Alcalay and Buffa 1963). The use afahihical breakdowns of the manufacturing
system is commonplace (He et al. 2014), and BS13R@entify that a manufacturing system is
considered at the factory level, subdivided intorkvoentres/cells, and then into individual

manufacturing resources (e.g. equipment).

Whilst splitting a complex system into smaller caments for management purposes is logical,
such division should be carefully evaluated. Thdive of a manufacturing system design is to
integrate the multitude of individual componentsatthieve a dependable, smoothly operating
system that meets its overall objectives. A syssepgrformance is critically dependent on the
effectiveness of each of the component parts tkwagether, not the independent performance
of each (Ackoff 1997). The interaction between eyt and subsystems yields ‘emergent
properties’, and Mason-Jones et al. (1998) highlight these are what make the system greater
18
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than the sum of its component parts. A system c@egrof components must, in the long term,
operate irrespective of continually changing caists and external disturbances (Parnaby and
Towill 2009a). If individual subsystems are propealigned, when operated they are able to
achieve predefined weighted objectives (Parnaby9l97mo appropriately manage the
decomposition of a manufacturing system into sulesyscomponents, Cochran et al. (2001)

emphasize four basic requirements:

Objectives must be clearly separated from theirnmsed achievement.
Low-level activities and decisions should be raldtehigh-level goals and requirements.

Interrelationship between systems elements shaulthderstood.

A 0w N PF

Effective communication across the organizationhjéctives and means.

Through this approach the system is designed td theerequirements, and then the low-level
activities and decisions (e.g. which machines shbel operated? for how long? which product

do we make first?) may be properly aligned to trmsmall requirements.

2.2.3 Managing disturbances to the manufacturing sgem

Since the transformative system relies on inputsl awitputs that are external to the
manufacturing system, it is identified that mantdaog systems exist within an environment
where both materials and information flow (Figurd)2Such a transformative model is an open
system, as it interacts with its environment ananges its internal structures and components in
adaptation (Kast and Rozenzweig 1981). It is rél@nthe environment to both provide inputs
and to accept outputs from the system for its dnggeurvival, and where these are in balance a
“steady-state” exists. Unlike the closed systen ihaubject to entropy, the open system that can
adapt to environmental changes is able to maimgHective performance of its functions (Kast

and Rozenzweig 1981).

ENVIRONMENT

Qutputs (finished,
MANUFACTURING SYSTEM semi finished
goods)

Inputs (raw
materials, finished
items, etc.)

Production
requirements,
performance e Physical Flow

objectives —® Information Flow

Figure 2.4: A manufacturing system in its environmat
Source: Shewchuk and Moodie (1998)
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However, environmental influences may be consideredlisturbances, which unless handled
appropriately will detract from the basic requiretnef a manufacturing system for long-term

stable operation (Parnaby and Towill 2009a). Robystems are able to retain their performance
in spite of disturbances, whereas resilient systarasable to recover to their original state after

the disturbance has occurred (Spiegler et al. 2012)

Many disruptions to the system may be anticipate@dvance, but their exact nature will be

uncertain. Ho (1989) identified two principal greupf uncertainties:

1. Environmental uncertainty arisiraytsideof the production system

2. System uncertainty arisingithin the production system

Although environmental uncertainties are externahe production system, they directly impact
its operation. Supply chain uncertainties have Is®wn by van der Vorst and Beulens (2002)
and Prater (2005) to be numerous and multifacéledertainties external to the system include
the nature of demand and supply. Demand uncegaintay include required volumes, varieties
(and customizations), and lead-times. Supply uacerés arise from the performance of
upstream suppliers to satisfy the input requiresidéot the focal system. Identification of the
nature of environmental uncertainties by Goslingakt (2013) found that demand, supply,

process, and control uncertainties are closelyegla

Uncertainties internal to the system may be subddias arising from internal supply and
internal demand (Koh et al. 2002). Internal supphcertainties may result from unexpected
delays and shortages within the production systexrhtiave knock-on effects for later processes.
Internal demand uncertainties exist where unexgedéenand is experienced within the system,

for example as a result of quality variation in mfacturing leading to part shortages.

Although it is conceptually useful to distinguisketiveen the internal and external nature of
uncertainties, the effective management of manufaxg systems requires that these are dealt
with in a coordinated manner. Newman et al. (19@@ntified that the use of buffers (of
inventory, quoted lead-time, and capacity) haveditiaally been employed within the
manufacturing system to hedge against the negamipacts of uncertainties. These are, however,
suboptimal approaches that inhibit the system dipegrat its full potential, and therefore reactive
strategies to uncertainty are now commonplace. manufacturing systems, two principal
approaches are prevalent in the literature. That fg the proactive attempt to minimize the
impact of uncertainty through intelligent planniof) the production process in-line with the
development of products. Postponement strategedoag established as a means of reducing

the costs of uncertainty by delaying differentiatiof demand (Bucklin 1965). More recently
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these have been linked to strategies for supplinananagement (Feitzinger and Lee 1997; van
Hoek 2001; Yang et al. 2004). A second approachit@mating uncertainty is the design of a
manufacturing system that can effectively changeaponse to the requirements placed upon it.
Flexibility, and flexible manufacturing systems (BMhave formed the basis of much work in
providing an effective response to uncertainty anofacturing (see Section 2.5). More recently,
Wiendahl et al. (2007) has proposed that diffetgpées of changeability may arise at different

hierarchical levels of the manufacturing systemdiffierent hierarchies of product:

1. Changeover-ability, through which single machines able to perform different known
options.

2. Reconfigurability, where a manufacturing system oaconfigure to produce different
pieces of subsystems through reprogramming andutéag work.

3. Flexibility, in which the entire production systeswitches to new (albeit similar)
families of components.
Transformability, in which an entire factory strui can switch product families.
Agility, in which entire companies can move intownenarkets and manufacture new

products.

Each level in the Wiendahl et al. (2007) framewisrisuccessively complex, and in practicality
involves increasingly wider definitions of a ‘syste from individual machines and cells through
to the most complex arrangements within the netwbhle ternt changeability” therefore refers

to the ability to change a manufacturing enterpaisall levels (EIMaraghy 2006), not just within
individual manufacturing systems. Notably, unlikexfbility in which a system moves to-and-

from states, change is “permanent” (Oke 2005).

2.2.4 Controlling the manufacturing system

The effective operation of a manufacturing systequires that, despite the external influences
placed upon it, long-term stable operation is agdethrough having appropriate control systems
in place (Parnaby and Towill 2009a). The importapiceontrol within the manufacturing system
is paramount, as Baker (1998, p. 300) observeddfacontrol is the central nervous system of a
factory; it co-ordinates the use of the factorysaurces, giving the system its purpose and
meaning”. Ideally, control systems should be desilgwith such flexibility that they are able to
adapt to accommodate disturbances, however inipeatttis is not always the case (Brennan
2000).
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Several different perspectives on the nature ofufsturing control have been offered in the
literature. Conceptually, Baker (1998) demonstragesimplified relationship between the
manufacturing system and its internal informatiaurses (sensors and actuators), and the
external market-based information sources (FiguB. 22 more detailed appraisal of control
within a manufacturing production system was gilsgrParnaby (1979), who proposed that that

control may arise at four levels:

A management control level which oversees theestistem.
2. A production control level which handles activitmsch as scheduling, inventory control,
maintenance, and personnel allocation.
A process control level which manages the individoanufacturing processes.
A materials flow control level to manage materidtrough each stage of the

manufacturing process.

Market Manufacturing Market
Information Controller Information
¥ —_
Sensory Actuator
[nformation Signals
— —
Raw Finished

Manufacturing Plant f————

Materials Goods

Controlled Manufacturing System

Figure 2.5: Control within the manufacturing system
Source: Baker (1998)

Parnaby (1979) therefore identified control witlimmanufacturing system as being multi-level,
and hierarchical in nature. This is supported by dfeal. (2014), who have claimed that
manufacturing systems are always hierarchical,aavdcate the control system should therefore
follow this structure as much as possible. Thisdrighical approach to the control of the internal
production system is consistent with many of thealyeapproaches to the control of
manufacturing systems (e.g. O'Grady 1986). Howd®rennan and O (2004) identify that the
functional activities undertaken in manufacturirgntrol should be distinct from the architecture
of the control system, allowing activities to bedartaken by one or more entities within the

system, interconnected within the control archiez{Figure 2.6).
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CONTROL ARCHITECTURE FUNCTIONAL ACTIVITIES
. _O Dispatching (e.g. to three
—————————_——————— .

. separate shop floors)

l l _ O Initial scheduling
.0 T '
o Dispatching (e.g. to machine
groups in shop floor A)

. . — — Rescheduling of machine X

Figure 2.6: Functional activities and control archtectures
Source: Brennan and O (2004)

Dilts et al. (1991) identified that different cooitrarchitectures define the way in which process
components interact, and affect the flow of momigmand control information within the system.

At the most fundamental level, control architecsuaflocate decision making responsibilities to
control components; by changing the architectueawthy in which the system is controlled may
be substantially altered. Figure 2.7 presents #regc framework of four control architectures
proposed by Dilts et al. (1991) in the context ofomated manufacturing, which despite being
almost a quarter of a century old, still remaingapular means of characterizing control
architectures for generic applications in conterapoworks (e.g. Haneyah et al. 2013). The
following text overviews each control architectungth a summary of both merits and demerits

provided in Table 2.2.

Centralized Form Modified Hierarchical Form
Proper Hierarchical Form Heterarchical Form
D Control component Q Manufacturing Entity Control interrelationship

Figure 2.7: The four basic forms of control architeture
Dilts et al. (1991)
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1. Centralized Form was the first form of manufacturing control systedm which a single
control component makes decisions for all of thenufacturing entities of the system. In this
approach, decision-making control occurs at a sirtigtation, with distributed non-intelligent
controllers executing these decisions at a locadlleAs with the hierarchical forms described
subsequently, the centralized form mirrors the aydierarchy of a manufacturing system, but
lacks operational flexibility as a result of thentralized control (Columbo et al. 2006; He et al.
2014).

2. Proper Hierarchical Form decomposes the manufacturing system into a nuofldifferent

levels, for which each sub-layer is a slave tortfaster above it. In this form, control decisions
occur top-down, with the aggregate decisions ogugiat the uppermost levels and more detailed
decisions made at lower levels (Jones and MclLed6)19Conversely, the system status is
reported bottom-up to the uppermost levels. Effetyi such hierarchical approaches operate
similarly to centralized architectures, with mamggjeactivities such as scheduling occurring at

higher levels, and execution at lower levels (Bu#nd Prabhu 1994).

3. Modified Hierarchical Form is an extension on the Proper Hierarchical Forat tilows
communication in a peer-to-peer relationship betweentrol system entities. In this form,
greater autonomy is granted to the individual maaiufring entities, and greater processing and
decision making performed by these than in the ipusvtwo forms (Dilts et al. 1991). This
localization of control improves the robustnesstle## system to random disturbances, and its
ability to respond quickly to changing conditiortdowever, vertical control and horizontal
communication between entities requires managemath can be a challenge for hierarchical-

based approaches (Morel et al. 2007).

4. Heterarchical Form arose in the 1980’s as an alternative to the hibieal approach to
control. Heterarchical control architectures endtdal autonomy for manufacturing entities, and
removes the master/slave relationship found inhileearchical architectures (Duffie and Piper
1986). The manufacturing control system is effadyivdistributed amongst a network of
intelligent agent controllers, each managing thaal resource. Importantly, the physical system
configuration is transparent to the entities ofsiistem: there is no need for these to know where
other entities reside (Duffie and Prabhu 1994).hillita co-operative heterarchy, Duffie and
Prabhu (1994, p. 95) identify:

Entities have equal rights of access to resources.
Entities have equal mutual access and accessitaligach other.

Entities have independent modes of operation.

A w N PE

Entities strictly conform to the protocol rulestbé overall system.
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Although heterarchical control systems promotetftalerance and localized optimization, it is
identified that this may be at the detriment of awerall global optimization for the

manufacturing system (He et al. 2014).

In addition to these four architectures it is acklzalged that alternate approaches are also
promoted for manufacturing systems. Increasing irements for flexibility, robustness,
responsiveness, and configurability are challengimey suitability of the traditional centralized
and hierarchical control architectures (Leitdo 200Rading to other approaches being

implemented including holonic and agent-based obatchitectures.

Argh(?tr:et (r:(t)lljre Advantages Disadvantages
Global access to information for Reduced speed (as a result of managing many
kS optimization tasks)
% Reduced number of decision-making unitReduced speed (as a result of variety)
= Central source of information Single point of failure
8 Difficult to modify / reconfigure
Phased introduction possible Potential for unreliability in communications
T Redundancy of components for fault- | links
2 tolerance Potential for delays in communications
% Cost reduction through multiple, smaller, Difficult to modify / reconfigure structure
5 control systems Potential of failure at one level to halt all
I Greater information processing capabilitylower levels
o through multiple systems
g' Faster response time
o Complexity reduced, responsibility and
authority limited
Phased introduction possible Potential for unreliability in communicationg
© Redundancy of components for fault- | links
B tolerance Potential for delays in communications
S % Increased autonomy of manufacturing | Difficult to modify / reconfigure structure
§ o entities Increased reliance on local data processing
T Management by ‘exception’

No supervisor; entities dynamically co- | Complexity in coordinating global system
ordinate themselves Reliance on communications links
Containment of faults within entities Potential for deadlock

Reduction in system complexity
Opportunities for modularity and
extendibility

Development cost reduction

Heterarchical

Table 2.2: Comparison of control architectures
Source: The Author based on Dilts et al. (1991)fiBand Piper (1986); Duffie and Prabhu (1994he®
and Saleh (1990); Jones and McLean (1986)ikvend Lazansky (2007)
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2.2.5 Defining a contemporary manufacturing system

The preceding sections have demonstrated a widgeraf perspectives on the nature of
manufacturing systems and their analysis. Thisemvhas considered manufacturing as a
transformative activity, and has therefore conegatt on the transformative perspective of
manufacturing systems found in the literature.drtipular, the seminal works of Parnaby (1979)
and Parnaby and Towill (2009a) are acknowledgeaf asnsiderable relevance to understanding
the nature of manufacturing systems. This revieghlights three other important concepts

particularly relevant to contemporary studies:

Structure: Manufacturing systems bring together a multitude re$ources to form the
relationships necessary to achieve identified dbjes) (Hitomi 1996). Consisting of
subsystems, and typically arranged in a hierarthi@nner, the advantage of manufacturing
systemsover individual manufacturingesourcesis (in theory at least), that a system’s
capabilities are greater than the sum of its pévtason-Jones et al. 1998). Definitions of
manufacturing systems should therefore embracendtien of this advantage, and identify the

difference between resources grouped as a systémay than as a set.

Environment: Manufacturing systems exist within organizationsd d@here is integration of
information and control between the manufacturiggtem and the company within which it
operates (Alcalay and Buffa 1963). They therefodstevithin an internal environment (the focal
organization / factory), and the wider external immment (upstream and downstream in the

supply chain), and need to accommodate a varietiystdrbances.

Control: The ability to effectively control the manufactugisystem is essential, and this control
may arise at different levels of abstraction withie system. Beyond this basic control
definition, a number of different control architets have been proposed in the context of
automated manufacturing systems (Dilts et al. 198arh of which has its own merits and

demerits.

In the management of manufacturing systems, costiates some commonalities with these
engineering-based origins, but as Parnaby (1979,3f0) identified, “manufacturing systems
involve many people and exist to serve people,caar recognition of this fundamental point is
critical to good control”. Management control ofrenufacturing system may therefore receive
data from a variety of sources, and will be co+oatied in different ways. It may be hierarchical
through the four-level approach of Parnaby (1978}, could exploit one of the other control

architecture approaches (e.g. as presented bydDis (1991)).
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Figure 2.8: Concept of a contemporary manufacturingsystem
Source: The Author, adapted from Parnaby & Towi@9) and Baker (1998)

In this study, the concept of a manufacturing syste defined as “a structured collection of
manufacturing resources that are organized andatteat in order to transform input resources
into useful outputs to satisfy market requirementss demonstrated by Parnaby (1987), these
resources include people, processes, machines,uterapinformation flows and organizational
structures. This definition makes a distinctionwen the manufacturing resources of an

organization, and other non-manufacturing resources

Based on the literature review, an adaptation ef ¢bncept of a manufacturing system by
Parnaby and Towill (2009a) is presented in FiguBt@ include the additional environmental
and control considerations, and this forms thenitédn of a manufacturing system used in this
work in the evaluation of Industrial Additive Mamaturing Systems. Notably, it delimits the
manufacturing system and its internal environmenseparate from the external environment; in

other words identifying the manufacturing systerd #re other entities within the supply chain.
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DEMAND-SIDE CHALLENGES

The transformative manufacturing systems describe®kction 2.2 serve to produce products in

satisfaction of demand, for which the followingehrsections identify some pertinent challenges.

2.3 Volume & variety

The Industrial Revolutions that took place in UKSA) and several Western European countries
in the Eighteenth and Nineteenth centuries empbdsike achievement of improvements in
manufacturing productivity, often by the standaatizn of products and processes. At the turn of
the 19" century Eli Whitney promoted the use of standadiand interchangeable parts in his
production system (Wilson 1995). Similarly, Tayk(1911) Scientific Management is rooted in
the identification and optimization of methods toaximise productivity through the
identification of the ‘best’ approach to the condatwork, and the implementation of standard
operating techniques. Relative to the existing tdvaed techniques, such emphasis on
productivity encouraged better utilization of remms, and as a result of Mass Production, the

achievement of economies of scale in manufactuhingugh high volume production.

The emphasis on high volumes and the achievemamioetes of scale to achieve low costs
were dominant in Western thinking through to th&@8, though increasing global competition
and changing market requirements were beginnirghétlenge this logic. The seminal work of
Skinner (1974) on manufacturing strategy highlightieat productivity was but one approach to
the achievement of successful operations throughammpetition, and that instead the concept
of ‘focus’ in manufacturing was required. Incregsidemands for lower volumes may disrupt
operations and impair productivity, and so Skinmévocated that factories concentrated on their
core competencies, and where this meant tackliagsue of lower volumes, to install focused
‘plants within plants’. Subsequent work by Vokurkad Davis (2000) identified that firms
employing focus in their operations continued tfgrigher performance than their unfocused

counterparts.

There may be several reasons for a loss of volumgrdduction, arising as a result of internal
factors (e.g. changes in strategy, reduction irdypcton capacity etc.), or as a consequence of
factors external to the firm. One principal detoadtom the achievement of higher volumes is a
change in market requirements as a result of iseedemand forarietyin production. Variety
may be defined as the number or collection of déffie things of a class of the same general kind;
a variant is an instance of the class which exhidlight difference from the norm (EIMaraghy et
al. 2013). Product variety is the “the breadth ofducts that a firm offers at a given time”
(Fisher et al. 1999, p. 297), and therefore maygdmesidered in terms of the range of distinct
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products available. It is, however, unlikely tha¢gse would be unrelated: within a single factory
a manufacturer is likely to produce acCag, and Cat (each sharing some commonality),
rather than Car Lemonadg, and Pharmaceutigal Commonality between product range items
is possible when one considers that an individuadpct may be considered in terms of a
hierarchy of other elements. Different granulasitimay be identified in the literature; for
example Prasad (1998) identified the system (pydade comprised of various subsystems and
components, whilst a more detailed hierarchy ohale product portfolio system is promoted by
ElMaraghy (2009) in Table 2.3.

Hierarchical Level Description

Product Portfolio The range of different produdifei@d by a company.

Product Platform The set of sub-systems and modaled related interfaces) that form a
foundation used to produce a number of product$ hiaze commor

features.

Product Family A collection of related products tthahare some characteristics,

subassemblies, and/or parts/components.

Product A collection of subassemblies/modules, \theation of which leads tp

different instances of the product

Product Module or Fully functional independent units that consist wfore than one

Subassembly part/component and are intended to fulfil one orenechnical function.
Part Family A collection of parts that share sorharacteristics, parts and/or part
features.

Part / Components Objects that are non-decompdeahblelivisible without loss of function

Part Features Geometric or functional features.

Table 2.3: Part and product variant hierarchy
Source: EIMaraghy (2009)

The achievement of variety, and its managementpierations and the supply chain are key
determinants of a variety-influenced strategy (Rasn2l003). Firms may compete with each other
on the variety of different products that are a#brbut such increased product line extension can
have negative impacts for the brand, supply-chaliationships, production costs, and ultimately
profitability (Quelch and Kenny 1994)Without careful management, increasing variety may
lead to negative implications for set-up operatignember, duration, and cost), direct and
indirect labour productivity, decision making, lifmlancing, quality, supplier management,
inventory management, and uncertainty. A summarjtefature concerning the implications of

variety on operations is presented in Table 2.4.
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Author(s)

Research Topic

Summary of research findigs

Berry and Cooper
(1999)

Implications of product variety on
manufacturing performance

Achievement of competitive advantage through therofg of increased variety is heavily dependent
achieving the proper alignment between marketirgraanufacturing strategy.

on

Hu et al. (2008)

Linkage between product variety and
complexity in assembly and supply chain

Increasing variety requires workers to make mositns concerning specific customer orders, legadin
increased uncertainty in making choices. This ldadacreased complexity, which is magnified througe
manufacturing system and supply chain.

Lancaster (1990)

Nature of variety in different types of
market

Increasing scale economies acts as a disincertivacteasing product varieties. Variety is offerasl a
means of competition, and as markets become inogtgascompetitive (or the threat of new competitipn
exists), the variety offered will increase.

Mapes et al. Impact of variety on performance Increased product variety leads to degradatiordded value per employee, speed of delivery, rdiigpluf
(1997) objectives delivery, and the rate of new product introduction.
Randall and Implications of product variety on supply | It is beneficial to firms to match their supply @hatructures to the type of product variety ofterim order

Ulrich (2001)

chain structures and firm performance

to balance production costs and market mediatistsco

Roy et al. (2010)

Impact of high levels of variety on
complexity for design and manufacture

Product variety affects all aspects of a businaessl, leads to increases in cost for product devedopm
manufacturing, supply chains, and logistics.

Salvador et al.
(2002)

Application of different types of modularity

to overcome trade-offs in product variety

Different types of modularity are suitable at diéfet volume-variety positions. High volume, low iedy is
most suitable for application of component-swappimgdularity. Low volume, high variety is better wenl
by combinational modularity.

Thonemann and
Bradley (2002)

Implications of product variety on supply
chain performance

Product variety has a high cost in circumstancesratsetup times are significant, and where the abst
variety is underestimated companies will offer ¢geaariety than is optimal.

Wan et al. (2012)

Implications of product variety on unit fill
rate and sales

As product variety increases, fill rates decrease-lmearly, though the rate of decrease lessensasty
increases. Sales performance and variety is intérskaped: increasing variety initially benefitdesa but
after the optimum level reached, cannibalizatiod megativities in fill rate harm.

Zipkin (1995)

How is performance affected in a rAult
item production system?

As the number of products increases, even wherevdanmmlly flexible processor is able to responsively
switch between products without the penalties st oo time, production performance is hurt.

Table 2.4: Summary of established positions conceing the implications of variety on operations

Source: The Author
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These issues contribute the notion of a trade-effivben product variety and operational
performance (Salvador et al. 2002), for which mregearch attention has been devoted. Linking
volume and variety for products (at appropriatgesaof the lifecycle) with the right approaches
to manufacturing was demonstrated by Hayes and Whgbt (1979, 1984) through their

concept of a ‘product-process matrix’ (Figure 2@ dable 2.5). Although there is debate over
the validity of this work to modern manufacturindien empirically evaluated (Ahmad and

Schroeder 2002; Helkid and Tenhidla 2013; Safizaaleth Ritzman 1996), it does serve to
reaffirm the potential of variety to have major iptions for manufacturing and the importance

of choosing the correct process types to balanseacal flexibility constraints.

Low volume, low Multiple products, | Few major products, | High volume, high
Process Structure standardization, one low volume higher volume standardization,
of a kind commodity products
Jumbled flow Commercial printer VOID
(Job shop)
Disconnected line
flow Heavy equipment
(Batch)
Connected line flow Auto assembly
(Assembly line)
Continuous flow VOID Sugar refinery

Figure 2.9: The product-process matrix
Source: Hayes and Wheelwright (1979)
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Characteristic | Job | Batch | Line |  Continuous
Equipment and physical layout characteristics
Typ]!gi:"?;/ze of Usually small Moderate Often large Large
Scale economies| Some, firm level Varies Some, plant level Larganpllevel
Potentlgl for Few, mainly in Moderate and Substantial and
learning Some . .
. setups continuous continuous
improvements
A few dominant | One or two single Arigid flow Clear and
Process flow . . .
flow patterns dominant patterns pattern inflexible
Mostly general Specialized, low o .
eTl)J/ip?nc;fnt purpose, some Varies and high Spteeccl:ﬁlr'ﬁg’ high
quip specialization technology 9y
Low, as long as . Capital intensive;
o . . LS . Varies, moderate ;
Capital intensity capital utilization Varies o : equipment seldom
. capital intensity :
is high idle
Definition of Fuzzy, in monetary . Clear, in terms of | Clear, expressed in
) Varies ;
capacity terms only output rates physical terms
Additions to Incremental over . Increme_ntal, but Some incremental
; . Varies requires -
capacity wide range : mostly in chunks
rebalancing
Bottlenecks Shifting frequently Shlftmg_often, but Generally_ known Knoyvn and
predictably and stationary stationary
Speed of process Slow Moderate Fast Very fast
Control over Worker and Worker, fore“.‘a”’ Process design and Equipment and
and production management .
work pace foreman . e process design
supervisor decisions
Set ups Frequent Some, not complex Few and costly Rare and_ very
expensive
Run lengths Short Moderate Long Very long
Process changes Incremental and
required by new | Oftenincremental| Often incremental radical Often radical
products
Rate of change in
process Slow Moderate Moderate to high Moderate to high
technology

Direct labour and workforce characteristics

Labour content

(value added) Very high Varies Low Very low
Job content Large Moderate Small Varies
(scope)
Worker skill level High Mixed Low Varies
Workforce Hourly or piece Hourly, often tied
yorp Often piece rate | to percentage of | Hourly or salaried
payment rate standard
Wagﬁorj:e per High Moderate Generally low Varies
End-of-period Much Frequently occurs Infrequent None
push for output q y q
Worke_r training High Moderate Low Varies
requirements

Table 2.5: Characteristics of major categories of pduction processes

Source: Hayes and Wheelwright (1984)
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2.4 Customization

The provision of variety within manufacturing ocsyrincipally as a result of market demand
for a range of solutions to meet requirements. g¢she classification of EIMaraghy (2009),
variety can arise at numerous hierarchical levalduding product, part, and even in terms of
specific part features. This variety is, howevésindardized: it has been designed, planned, and
may be offered as part of a catalogue of optionthdocustomer. In the ‘post-industrial’ world,
many markets are increasingly heterogeneous, athdtia application of technology traditional
segmentation strategies are giving way to incrggagarsonalization strategies (Kara and Kaynak
1997). Instead of satisfying demand through thevipion of variety, the potential to customize
products to meet the actual market demand hasvestaionsiderable research attention. A
customized product is one that specifically mekésneeds of a particular customer (Mintzberg
1988). There is therefore a difference between lgimifering a large number of variations of the
product (with the objective of achieving a positimatch through sheer number of permutations),

and allowing a customer to customise their finacpase to their needs (Duray et al. 2000).

Lampel and Mintzberg (1996) make a seminal contidiouto the literature on customization in
their recognition of a continuum at which custortiama is performed within the value chain.
Within this continuum they recognize that custorti@a can be achieved at different points of
the value chain, leading to the achievement ofediffit degrees of customization. More
specifically, the point of customer involvementthe production of a product determines the
degree of customization that may be achieved (La@pe Mintzberg 1996; McCutcheon et al.
1994). Earlier interventions by the customer maypsut a greater degree of customization, but
as a consequence a trade-off between the degreesstdmization and the ability of the
manufacturer to respond in a sufficiently timelyrmar may arise. McCutcheon et al. (1994)
coined the expression “customization-responsiverseggeeze” to characterise this problem.
Furthermore, as the degree of customization inesgas does uncertainty and error, leading to
extended development times and increased requitsnienrework (Xie and Tu 2006). In this
conventional customization, customers may havedtib nger for their items, and pay more for

the customization privilege.

Mass Customization is a specific type of customigeghufacturing, first introduced by Davis
(1987) as being when “the same large number obmests can be reached as in mass markets of
the industrial economy, and simultaneously be éckatdividually as in the customised markets
of pre-industrial economies”. In essence, Davisppsed individualised manufacturing whilst
maintaining the economies of scale enjoyed in BlpMass Production. Subsequently, Pine
(1993) suggested that the goal for Mass Custororsadi to satisfy this individualised customer

demand at comparable prices to Mass Productiomghrthe provision of a variety of products.
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This definition blurs the distinction between véyiand customization, and Pine later clarified
the definition: “Today | define Mass Customizatias the low-cost, high volume, efficient
production of individually customized offerings”Pine, quoted in Piller 2007). Mass
Customization therefore places specific challengesmanufacturers to overcome competing

performance objectives for operations.

The satisfaction of manufacturing constraints i@ thalisation of Mass Customized products is
an important aspect of the concept. Early litemfocused heavily on cost, with the concept of
Mass Customization requiring firms to provide “imdiually customised products and services at
the low cost of a standardised, mass productiotesys(Hart 1995). The attributes of Mass
Customization are non-typical of the normal paradigr manufacturing management, where
traditionally customisation will be associated witleativity, but not the efficiency gains of Mass
Production (Duray et al. 2000). Only by achievirmpmomical manufacturing for very small
batch sizes will Mass Customization be price cortipetwhen compared to Mass Production
alternatives (McTeer Jr. 1998). Firms adopting M@sstomization are therefore challenged to
achieve low volume manufacturing which is as ecanally efficient as high volume mass
production, and also to maintain these efficienaieson-manufacturing activities. Specifically,
products should be manufactured or assembleddombination of both) to satisfy an individual
customer order. Doing this within an acceptableetimhich is less than the customer’s
preparedness to wait is challenging, since quidpoase deliveries are usually based on
standardisation, whilst increasing product vargetieequire flexibility and innovation
(McCutcheon et al. 1994).

Mass Customisation is therefore at odds with thgimal trade-off theory on both the cost and
delivery time competitive capabilities. In settiagt his original position on trade-offs, Skinner
(1969, p. 141) claimed “you can't have it both waydowever, in elaborating on previous
definitions of Mass Customisation, Pine et al. @99 111) proclaim “companies can overcome
traditional tradeoffs... companies can have it allln order to satisfy customer demand, Mass
Customization requires the use of the best teclgimdoand most appropriate suppliers at every
step of the order fulfilment process, including adeed order management systems, reliable Just-
In-Time order fulfilment by suppliers, and flexibie-house manufacturing using advanced

production technologies (Duray and Milligan 1999).

Kumar et al. (2007) identify that the focus of neicacademic research has moved consideration
of Mass Customization from single to multiple traafés. Manufacturing operations compete on
a multitude of criteria, including cost, qualityped, dependability, and flexibility, and a core

tenet of Mass Customization is the achievemenusfamization without incurring a penalty on
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these objectives. An industry survey of 102 UK nfanturing firms by Squire et al (2006)
provides a detailed examination on the existendeaofe-offs in Mass Customisation. At higher
levels of customisation, trade-offs were evidemtlioth manufacturing costs and delivery lead
times, though these could be abated for delivefiakidity and non-manufacturing costs.
Techniques such as modularity, often espoused dass Customisation enabler, did not
significantly affect this position. However, in tpartial customisation approach that engaged the
customer at the assembly phase of manufacturingeoffs were not observed. Instead, the
authors observed partial customisation to be a tatie capability, achieved through
standardisation of product and process using timeeg of modular product architectures and

postponement.

SUPPLY-SIDE RESPONSES

To respond to demand-side challenges in terms pétyaand customization the concept of
‘flexibility’ is often considered. The following tarsections examine the nature of flexibility from

the perspective of the manufacturing system, asmlialterms of the wider supply chain.
2.5 The concept of flexibility

2.5.1 Definition
Flexibility is a term used throughout the Englisinguage, for which a number of definitions

exist:

» “able to be bent easily without breaking; pliab{€bllins English Dictionary 1998);

» “ability to be easily modified”, and “the willingiss to change or compromise” (Oxford
Dictionary of English 2005).

» ‘yields to influence” (Webster's Revised Unabridd@dtionary 1913).

In common usage, flexibility can therefore be cdastd a characteristic of a subject involving
capability for adaptation without excessive difftgu However, care is needed with such
definitions since a distinction exists within thgddations Management research between the
concepts of flexibility and adaptability (Bordolet al. 1999), and flexibility and changeability
(EIMaraghy 2006; Wiendahl et al. 2007).
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The concept of flexibility has a long academic peee, with roots in economic and
organizational literature from the early 1900'stftand Sethi 1990). In terms of the Operations
and Supply Chain Management domains most relevanhis study, the term ‘flexible’ has
received much research attention, initially in tmmatext of manufacturing flexibility, but more
recently in the consideration of the broader conhadpsupply chain flexibility. Although the
origins of academic discussions on manufacturiegilfility can be traced back to the early
1980’s (including Gerwin 1982; Slack 1983; Zelergo¥b82), consensus on what flexibility
remains contested. By 1990 at least fifty defim&ioof flexibility could be observed in the
literature (Sethi and Sethi 1990), and by 2006 plethora of suggested definitions had increased
to 141 (Petkova and van Wezel 2006). Numerouswevi{e. g. Beach et al. 2000; Bernardes and
Hanna 2009; de Toni and Tonchia 1998; Sethi andi $880; Stevenson and Spring 2007) have
addressed the issue of defining flexibility. A stilen of commonly cited definitions is provided
in Table 2.6, though as yet no single definition b& considered authoritative. Several authors
have offered explanations for the lack of consenand to some extent this is justified by Sethi
and Sethi (1990), who identified flexibility to Ba complex, multidimensional, and hard-to-
capture concept”. Oke (2005, p. 974) further pdsiteat “because flexibility cuts across the
entire organization and academic literature, it passed difficult to adequately conceptualize
and understand”. From an operational perspectiveotJ (1994) noted that such ambiguity
hampered effective management. Similarly, the failto understand flexibility has been
considered the main cause for flexible manufacturaystems failing to achieve expected
performance (Gupta and Buzacott 1989), and for gemant making costly inappropriate
investments (Hill and Chambers 1991). Slack (2063erved that the preoccupation in the
research for defining flexibility has lessened iecent explorations, with the focus now
concerning the positioning of the topic as a comerations competence. Despite this
acknowledgement, the most recent major reviewaxdlfiility (Jain et al. 2013) still identifies that
poor managerial understanding of flexibility, tdget with a shift from operational to strategic

application has inhibited its usage.

In the current study, a definition based on Uptd®9@4) and Gerwin (1987) is adopted:
“flexibility is the ability of a system, throughsitconstituent components, to effectively change or
react with little penalty in time, effort, cost, gerformance in order to respond to shifting
circumstances”. This definition defines the scdpe €ystem), the action (to change or react with
little penalty), and the purpose for the capabifity respond to changing circumstances). It also
emphasises flexibility as a potential ability, mtlthan a permanently operative capability; this is

therefore a potential causal power that is not génactive.
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Source

Definition

Zelenovit (1982)

The flexibility of a production system isngeasure of its capacity t

adapt to changing environmental conditions andgs®cequirements

Slack (1983, 1989)

How far and how easily you cailidnge what you want to achieve.

Gerwin (1987)

Flexibility is the ability to respondffectively to changing

circumstances.

Sethi and Sethi (1990)

Flexibility of a system ts adaptability to a wide range of possi
environments that it may encounter. A flexible systmust be capab

of changing in order to deal with a changing enumnent.

Upton (1994)

Flexibility is the ability to change eact with little penalty in time

effort, cost, or performance.

Bordoloi et al. (1999)

Flexibility is the abilitptchange states.

Vokurka and O'Leary-

Manufacturing flexibility reflects the ability ofirfms to respond tg

Kelly (2000) changes in their customers’ needs, as well as aotigipated change
stemming from competitive pressures.
Das (2001) Manufacturing flexibility can be chamtited as the ability of

manufacturing system to change states across agasiog range o
volume and/or variety, while adhering to stringdithe and cos
metrics... and can be manifested in different formd at different

levels in an organization.

Zhang et al. (2002)

The organization’s ability t@ehan increasing variety of custon
expectations while keeping costs, delays, organizalt disruptions

and performance losses at or near zero.

Buzacott and
Mandelbaum (2008)

Flexibility in manufacturing and services is a cepicthat indicates

how much leeway we have in the decision making ggs@nd in thg

manufacturing or service system to obtain and raairgood solution$

to our operations problems under a variety of cimus.

Fernandes et al. (2012

)

Manufacturing flexibility tise ability to deal with a changin
environment and can be seen as a competitive fyridmiut acquiring

flexibility has a cost and should be valued.

Table 2.6: Selected definitions of flexibility initerature

Source: The Author
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2.5.2 Motivations for flexibility

The achievement of flexibility is seldom the go&ko organisation, typically it is only a means
to other ends (Slack 1987). What those ends miglitas been given consideration by a range of
researchers. Narasimhan and Das (1999) identityréipgd technology shifts, higher risk levels,
increased globalization, and greater customizgiressures are all motivations for firms to adopt
flexibility. Similarly, Chambers (1992) suggest&at flexibility was motivated by changes in the
market, and the arrival of advanced processingpegemt and systems technologies. Gerwin
(1987) found flexibility to be a strategic requiremt in order to be responsive to customer
requirements. de Toni and Tonchia (1998, p. 15%9@ntified five conditions demanding
flexibility: variability of demand, shorter life-cyes (of products and technologies), increased

product range, increased customization, and shoelerery times.

Hyun and Ahn (1992) identified that flexibility cdoe considered at three principal levels, akin to

a top-down perspective of the operations strategy:

1. atthestrategiclevel as an enabler of competitiveness;
2. at thetactical level in the ability to hedge against uncertasitend

3. attheoperational level in the achievement of smooth production flow

Flexibility as astrategic aid to competitiveness may be identified in a eaafjliterature. Abdel-
Malek et al. (2000) found that over 90% of managec®gnize the ability to achieve flexibility
in manufacturing as a key strategy to maintain agtitipeness. At the strategic level flexibility
provides the ability for firms to compete againatte other by being able to respond to changing
requirements. In flexibility literature such chasge requirements are often linked to changes in
marketplace demand. For example, Gerwin (1993)estgd that managers considered flexibility
to enable competitiveness by allowing firms to glyicespond to changing market conditions in
the provision of goods to meet changing customguirements. Similarly Vokurka and O'Leary-
Kelly (2000) summarized flexibility to include treesustomer requirements, however also extend
their explanation to also incorporate “unanticipatehanges stemming from competitive
pressures”. Upton (1995) identified that the achiegnt of low costs and high quality were no
longer adequate competitive weapons, and that ¢cwysfog on flexibility a competitive objective
over rivals could be achieved; today flexibility tigoically identified as one of the competitive

priorities of operations (Slack et al. 2010).

There are multiple approaches evident for flexipiit the strategic levels. Beach et al. (2000)

noted that there was still some debate over whetheuse flexibility either as a reactive

capability in response to changing conditions, ®Ipeoactive tool to promote competitiveness.
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Mirroring battlefield concepts on strategy, Swamsgl§2000) highlighted that the strategic value

of flexibility can be leveraged either offensivetiefensively, or as a combination of both:

1. Flexibility in offense concerns the ability of tffiem to respond to new opportunities in
the market (by introducing new products, or quialdfreshing product portfolios).

2. Flexibility in defence desensitizes the system wvease changes, allowing the
manufacturer to better cope with uncertaintieh@dxternal environment.

3. Flexibility in both offense and defence allows fomprovements in efficiency through
better resource utilization, reductions in changemosts, and improvements in capacity
management.

Flexibility as atactical response was identified by Hyun and Ahn (1992)ttes potential
capability to change as a result of uncertaintiearly authors such as Newman et al. (1993)
identified that in the passage of time, uncertamtffect manufacturing systems leading to them
becoming unbalanced and requiring corrective ietetion. They highlighted the usage of
buffers to help smooth the effects of external uagaties in order to keep the system in
‘balance’ (Figure 2.10). de Neufville and Schol{@611) identified that uncertainties can arise
from many sources, and as a result, the abilitg gfystem to achieve a multitude of different

types of flexibility is advantageous.

There are different types of uncertainty that desysmay need to accommodate. de Meyer et al.
(2002) identified that there are four types of utaigties which include general variation

(performance factors varying randomly but withinpeedictable range), foreseen uncertainty
(identifiable and understood influences that odowmnpredictable ways), unforeseen uncertainty
(major influencing factors cannot be predicteddeemed so unlikely as to not be expected), and

chaotic uncertainty (unforeseen events that wrégians).

External Uncertainty Manufacturing Flexibility

Inventory
Capacity
Leadtime

BUFFERS

Figure 2.10: Relationship between manufacturing fleibility and external uncertainty
Source: Newman et al. (1993)
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Explorations by Sawhney (2006) demonstrate uncgitaito arise both externally and internally
to the manufacturing system, and link differenkitbdity types to the abatement of these (Figure
2.11). Similar to the notion of external flexibiis, system input uncertainties are identified to
exist outside of the manufacturing plant (eithesttgam in supply, or downstream in demand).
Likewise, process uncertainties align with the aotof internal uncertainty (considering supply
and demand factors within the focal operation). iiddally, uncertainties may exist in output,

which represents uncertainty concerning the perdoige factors of products arising from the

system.
Input uncertainty Process uncertainty Output uncertainty
Uncertainty Uncertainty
Supplier flexibility 4—— Input stage — Process stage ~— 4— Output stage — Customer flexibility
Opportunity Opportunity
Input flexibility Process flexibility Output flexibility
Labour flexibility Delivery flexibility
Equipment flexibility Product-mix flexibility
Material handling flexibility Volume flexibility
Expansion flexibility New product flexibility
Routing flexibility
Input-quality flexibility

Manufacturing firm

Figure 2.11: Flexibility and uncertainty
Source: Sawhney et al. (2006)

The operational levelis that which is closest to the production envinent, and is thus most
closely linked to the resources that are emplogeachieve the production flow. Hyun and Ahn
(1992) identified that from a temporal perspectivperational-level flexibilities are those with
the shortest term, linking them to ‘operationabuiss. These may involve day-to-day decision
making concerning specific resource allocationyaacting to immediate demands previously
unknown. Flexibility is the operation’s shock atimr (Slack 1991, p. 78), and it is at the
operational level that flexibility is employed edthreactively or proactively to deal with this.
Gupta and Buzacott (1989) noted early on that a@mlbgroduction systems enjoy some degree
of flexibility, and it was only the introduction afystems explicitly identified as “Flexible
Manufacturing Systems” that brought attention te toncept. Operational flexibilities resultant
from the application of advanced manufacturing netbgies may be one of several determinants

of higher order flexibilities (Narasimhan and DE399). Different flexibility types within the
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operation were identified as mitigating differemicartainty types (Figure 2.12); for example,
external uncertainties related to the market denfiandifferent kinds of products will necessitate
that the manufacturing operation is able to achiaiseflexibility. For internal uncertainties such
as breakdowns, the ability to achieve routing tdity is important, effectively by moving work

to functioning levels of the operations.

Nature of uncertainty Flexibility type
Demand for the kinds of products offered Mix

Length of product life cycles Changeover
Appropriate product characteristics Modification
Machine downtime Rerouting
Amount of aggregate product demand Volume
Meeting raw material standards Material
Timing of arrival of inputs Sequencing

Figure 2.12: Flexibility types and uncertainty
Source: Gerwin (1987)

2.5.3 Perspectives of flexibility

In Figure 2.13 a framework of different perspectivam the concept of flexibility is developed by
the author in recognition of the different waysvitnich the topic has been addressed in the
literature. The extensive exploration and debater dhexibility in the academic literature has
yielded a number of different perspectives on tbacept, with much emphasis on how the

concept is perceived differently depending on thkeholder perspective.

Supply Chain

Manufacturing System

Manufacturing Process

Dimensions

Types

Figure 2.13: Multiple perspectives on flexibility
Source: The Author
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Similar to uncertainty, flexibility can also be «idered from either internal or external

perspectives. Internal flexibilities are those whire perceived within the operation (e.g. the
managers and workers), whilst external flexibititiare those which are seen from the outside
(e.g. customer or perhaps managerial) viewpointqh/d994). The distinction between these
perspectives is viewed by Oke (2005) as a sigmficsaurce of confusion in discussions on

flexibility, through which three important considépns are blurred:

1.How flexibility is perceived external to the manctiaring system
2.How flexibility is characterized at the manufachgisystem level

3.The tools and techniques that are able to delleaitility

Customers are often unfamiliar with the naturelexibilities within manufacturing systems, or
of the economic or organizational consequenced@nt(Chen and Tseng 2007). Indeed, they
may have incorrect perceptions of the flexibiliiyaofirm, but this may be of little consequence
since customers may not care how an order isfisdtiproviding it is satisfied (Oke 2005). As
such, perceptions on flexibility can be likenedth® concept of encapsulation. The outside
market and customers have an external perspecthiehwmay be considered to only be
interested in the capability of operations to bexifhle; the actual mechanics of flexibility
achievement (the internal perspective) may regaesed ‘black box’ for which they have little

interest. As Zhang observed:

“Standing alone, flexible competencies are not adtx to build a
substantial competitive edge. While competencies Bmportant,
customers do not value them directly. They are limgito pay more
because machines and workers are flexible. Custwmalue the
manifestation of these competencies, which is theability of the
organization to provide the right product, at tight time, and in the
correct quantity.”

Zhang et al. (2003, p. 187)

For the researcher, perspectives on manufacturiegibflity are therefore an important
consideration in the design and conduct of thearete The way in which the flexibility of a
manufacturing system will be considered by différgarticipants in the product fulfilment
process (whether designer, operations managemhbbBs&vorker, downstream merchandiser or

retailer, or final customer) will be informed byethdiffering exposures.
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In addition to the different perspectives on fléli, it is evident that different levels of anaig
exist in the assessment of flexibility. Early sesli(e.g. Browne et al. 1984b) focused on the
concept of flexibility with emphasis on the machioentributions. By contrast, Slack (1983,
1987, 1988) extended the discussion to consideibfléy at the manufacturing systetevel,
without the constraint of particular manufacturitgchnology. Through interviews with
manufacturing managers it was identified that fdiiy of the total manufacturing system was
derived from the flexibility of individual structal and infrastructural resources (Figure 2.14).
This systems-based perspective has synergies hdttcancept of the Manufacturing System
presented earlier in this chapter, particularlygnms of the different types of resources and their

hierarchical arrangement contributing to the flditipof the total system.

Flexibility
of the
total manufacturing
system

Flexibility of the
individual structural and
infrastructural resources

o v

Technology Labour Infrastructure
flexibility flexibility flexibility

Figure 2.14: Flexibility of the manufacturing systen
Source: Slack (1987), (2005)

Similarly, Gerwin (1987) identified that managemshen considering flexibility of their
operations, typically identified five different lels: machine, function, process, individual
factory, or the company’s entire factory systemthBand Sethi (1990) identify three levels
(component/basic, system, and aggregate) at wheotibility may be considered. A more
graduated perspective is the five levels offered Kiyste and Malhotra (1999) including
individual resources, shop-floor, plant, functiprend business unit. Within such studies, the
focus is predominantly assigned to the capabilibéglifferent levels of the organization to
contribute to flexibility through their operationspwever little research has demonstrated the
potential for firms to exploit a cumulative contitibn to overall flexibility arising from
individual levels. Koste and Malhotra (1999) areefa to note that, although their hierarchy has

five levels, a lack of empirical evidence existetmfirm any lateral relation between them.
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Whilst these are measures of flexibility withiniadividual firm (implying some hierarchy in the
nature of the organization), such categorizatiahlimaitations. The most obvious is the failure to
consider flexibilities that arise outside of th@guction environment; for example Vokurka and
O'Leary-Kelly (2000) highlight that manufacturingXibility arises from strategy, environmental
factors, organizational attributes, and technol@tydies which focus on operations, rather than
partial operations flexibility through solely codsering the manufacturing processes are more
insightful (Slack 2005). A flexible factory withian inflexible organization is unlikely to yield
optimum benefit. Similarly, beyond the total cohtod the organization, flexibility within the

supply chain has become an increasingly pertirggnt in the last fifteen years.

2.5.4 Types of flexibility

The concept of flexibility is multifarious, and s¥al taxonomies have been developed in the
research. Numerous flexibility types are namedhe literature, however as Shewchuk and
Moodie (1998) noted, a type is not the same as asune. Flexibilitytypesare those which
provide a descriptive definition of the conceptbeneasneasureprovide a means to evaluate a

particular flexibility type under given conditions.

Early typologies yielded a range of flexibility &®. Through interviews with managers, Gerwin
(1982) focused at operational level flexibilitigdentifying that flexibility, when discussed in the
production environment, may be considered to bedfrfive types (mix, parts, routing, design-
change, volume). Similarly, Slack (1983) found thexkibility could be delimited to four types
(product, quality, mix, volume). Browne et. al (388 surpassed this with eight categorisations.
Based on a review of the literature, Sethi and iIS&®900) increased this to eleven (machine,
material handling, operation, process, producttimguvolume, expansion, program, production,
market). The large number of flexibility types thretve been proposed in literature often causes
confusion since many are substantially similar. €&l seminal papers have attempted to
categorize and summarize the extensive numbersriate manageable taxonomies (Beach et al.
2000; Das and Abdel-Malek 2003; de Toni and Tondl®88; Sethi and Sethi 1990; Shewchuk
and Moodie 1998). Notably, not all flexibility typeare created equal, with some viewed as
having more importance than others. Suarez etl8P§) argued that in spite of the range of
specific flexibility types offered in a number aixbnomies, only four basic “first order” types of
flexibility exist: mix, volume, new product, and ldery time. These are the identified as the
most fundamental flexibility types, and are theidas which all other “lower-order” flexibility

types are reliant.
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2.5.5 Dimensions of flexibility

The concept of flexibility does not have a singlmehsion, with several authors identifying
multiple facets of flexibility. Slack suggestedXileility as being a multidimensional attribute of a
manufacturing system, with the two accepted dinmerssiof range and response (Slack 1987,
1988Y proposed as suitable descriptors. The range dioressncerns the multitude of states or
behaviours a system may enter. In principle, os¢esy capable of an increased number of states
relative to a second system may be considereddsess a higher degree of flexibility. However,
whilst a system with a higher range capability thaonther may be able to move between states,
if doing so is difficult or costly then this muse begarded as an inhibitor of flexibility. This €os

is recognised in the response dimension, whichigesva measure of the ease with which a

system may move between states.

Many authors have contributed to the debate owerd#finition and dimensions of flexibility.
Notable concepts relevant to this study includeodftt994, 1995) who identifiegniformity to

be a relevant dimension of flexibility, to includee concepts that a flexible system should be
able to work at a comparable level when produciogfthe defined range of products. Systems
that enjoy uniformity in the range (set) of produshould be capable of producing each with
equal degree of effort. By extension Koste and Mdia#h (1999) considered the range dimension
to be further sub-classified int@ange-number(representing the number of potential variants a

plant could produce), amdnge-responséeflecting the heterogeneity of the plant).

The ease of change (or response dimension) hasredsoved attention. Gupta and Buzacott
(1989) identified that thability to changan a flexible system was determined by the system’s
sensitivity(the toleration of the system to a change beferéopmance is degraded), asicbility

(“the size of each disturbance for which it may tygsrformance levels expected of it”).

2.5.6 Measurement of flexibility

There has been a strong motivation within the Hiixy research to identify appropriate
measures by which to assess flexibility, but in ynémstances limitations in the proposed
assessment techniques are significant. Measureofefiexibility has been approached both
gualitatively and quantitatively. The ability to antify flexibility has remained a significant

challenge for researchers. Unlike flexibility typéshich consist of a flexibility name and

! Upton (1994) calls this mobility

2 Slack (1983) originally posited that the dimensia flexibility numbered three: range, cost, ainakt
however in later works the cost and time dimensivage amalgamated into the single response measure.
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description), flexibility measures provide a valioe a given flexibility under given conditions
(Shewchuk and Moodie 1998). As these conditionsgbaflexibility becomes more difficult to
assess. Whilst flexibility is therefore an extreyniehportant concept for manufacturing systems,

it is very hard to quantify (Parnaby 1987).

In principal, flexibility measures should enableademics and practitioners to assess different
enablers of flexibility on these grounds; howevemerous problems exist when trying to
guantify flexibility. In developing their own meams for flexibility, Koste et al. (2004) critique a
number of existing studies, finding problems in eging assumptions, insufficient focus, and
inadequate attention to the multi-dimensional reatof the concept. Moreover, the approach
taken to the development of measurements has beensistent, and therefore the success of
these has been ‘sporadic’ (Parker and Wirth 1980jheir review, Jain et al. (2013) identify
sixteen different ways of quantifying machine flaikty alone; when this is combined with the
vast number of flexibility types the achievement af consistent approach to flexibility

measurement in practical manufacturing environmisrisfeasible.

The challenge of flexibility measurement has lea&ott and Kahyaoglu (2000) to ask whether
flexibility should be measured, with their conclusibeing that it should only be measured with
respect to a particular change or disturbance. Mamiables that are difficult to measure or
control affect flexibility. In proposing a mathental assessment of a particular machine’s
flexibility, Brill and Mandelbaum (1989) identifietthat its determination is linked to a number of
factors, of which many (e.g. decision maker viewsjghted importance of tasks etc.) may be
considered rather judgmental. Furthermore, reseesclre often reliant on perceptual measures
(Corréa 1994), which Vokurka and O'Leary-Kelly (2D@dentify are informed by the judgement

of the informant to gauge flexibility.

A particular problem with flexibility is that, asoth Slack (1983) and Upton (1995) have argued,
it may be considered a potential, rather than bzezhattribute of a manufacturing system. This
potential may therefore be constrained by the dew@sof managers, or the particular condition
of the market, rather than the actual capabilitycivithe system could achieve. Providing a
guantitative assessment of a given system throxygarenentation in such circumstances would
be problematic: arguably, the same system undéereift management and/or in a different
company would produce different results. Slackhertargues that measures of flexibility must
be considered with the other performance object{ves cost, quality, speed, delivery time) in

mind, and warns against attempts to develop aesmglasure for flexibility.

Some of the most detailed studies on the measuteshemanufacturing flexibility are achieved
when the focus is narrowed to a particular flexipitype, though these remain open to scholarly
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debate. Some types of flexibility are more amenablguantification than others, though it is
noted that this is also somewhat subjective andveam by the dimensions considered. For
example, consistent with Slack (1988) on the twoatisions of flexibility (range and response),
Bateman (1999) examined the measurement of mixbfléx. Range was shown to be the
number of products being currently produced fromdkerall number of products offered, whilst
response (the ease with which the system changesedr the products) was linked to the
relative ease of changeovers for the machine. d$éessment provides a quantified measure of
current mix flexibility that is acknowledged to be relatly easy to compute, but fails to
acknowledge the implications which arise whenpbtentialflexibility of a system is evaluated.
For organizations employing flexibility at the tmei level (as a hedge against uncertainty) this is
a notable issue, since this technique for asseddiaiénto accommodate future products which

could be made by the company, but are not withénctivrent range offered.

Other researchers have shown economic pragmatisthein assessment of flexibility. The
approach taken by Rogalski (2011) acknowledgeasilite economic range in which the volume
can vary. As shown in Figure 2.15, the bigger flexibility space’ between breakeven point and
maximum capacity, the greater the flexibility oeteystem. Although the total costs rise as a
result of increasing volumes, overall revenuesease to a greater extent, and as a result the
penalty observed as a result of exploiting voluteilility is more than compensated by the

overall increase in revenues.
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Figure 2.15: Determining the volume 'flexibility space’
Source: Rogalski (2011)
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A similar pragmatic approach is suggested by Clotgssis (2006) who examined flexibility
through the notion of “Penalty Of Change (POC)"this approach, flexibility is calculated as
the penalty of making the change multiplied by phebability of its occurrence. The closer POC
is to zero, the more flexible the focal resource As extension of this concept has been
demonstrated by Mourtzis et al. (2012), who utilie POC concept to evaluate a combination
of product and volume flexibilities. The POC conceperefore allows an evaluation of
flexibility, taking into account the practical ragements for it. Systems that offer a high degree
of flexibility, but for which there is no requiremiefor it are not considered flexible, just as #os
that have low degrees of flexibility but with muchquirement are also considered inflexible.
Flexible systems are those which achieve flexipilit types for which there is a high probability
that it will be demanded. Although conceptually gies the POC requires quantification of the
cost of change, and also the probability of chakge.simple systems this might be feasible, but

three limitations are evident:

* Manufacturing systems are inherently complex, amgldifficult to accurately capture or
estimate the costs of any particular change.

 Where demand cannot be forecast with a good degiremnfidence, assessment of
probabilities of change may lack accuracy.

» The range of possible change permutations may itnthié utilization of the tool. Whilst
retrospective assessment of past changes maydetglerstand realized flexibilities, the

total range of potential opportunities may be untmoand therefore incalculable.

2.5.7 Operationalizing Flexibility in the manufactuing system

Although there is much enthusiasm for flexibility ithe literature, from an operational
perspective its advantages are not always so di¢hitst flexibility may be regarded as one of
the five competitive objectives for operations, atshievement is not a panacea for competitive
manufacturing. In many cases, the achievement sifai#e flexibility types comes at a cost:
although the definition objective is for penaltgdr change, in practice the achievement of
flexibility is subject to trade-offs (Boyer and L&r2002). Companies must therefore carefully

balance their flexibility capabilities with theiequirements, since anything else is suboptimal:

“A firm may be less flexible, but still be more iefént, because this
configuration is what the environment it operatesdquires... On the
contrary, a firm may be very flexible, but suffeorih excess flexibility
as regards the environment's requirements. Thusffiarently flexible
organization is one that is adapted to what thé&renment needs.”

Lloréns et al. (2005, p. 276)
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This viewpoint echoes the early work of Hayes artte@hwright (1979, 1984), in which different
approaches to flexibility are promoted based onubleme and variety characteristics of the
product being made. Achieving requisite flexibilitiyrough investment in manufacturing and
computational technologies does not necessarily teancreased flexibility; indeed, the reverse
may be the case (Upton 1995). Firms also need ¢aedow to implement their flexibility
capabilities — whether proactively to gain compegitadvantage, or reactively to hedge against

uncertainties (Beach et al. 2000).

2.6 Supply chain flexibility

2.6.1 Definition

Supply chain flexibility arose from the earlier wayn manufacturing flexibility, and is a concept
that Slack has noted to be a major omission frasmohginal works (Slack 2005). Supply chain
flexibility has arisen as a result of increasedifon the contribution that the supply chain makes
to the overall competitiveness of organizationsg & recognized by Sawhney (2006) as
addressing the restrictions inherent in manufaatuthat evaluate flexibility in terms of the

individual firm, rather than the interdependendiesveen supply chain partners.

Contemporary research still identifies the conaptemergent (Merschmann and Thonemann
2011; Moon et al. 2012; More and Babu 2008; Puevial. 2014) and, similar to the concept of
flexibility in a manufacturing context, definitiontypologies, and measures are still in formation.
Despite the ongoing development of the conceptumber of similarities may be observed

between the flexibility of manufacturing systemsl dime flexibility of supply chains:

Supply chain flexibilities are multifaceted (oftesing similar type definitions).

2. Supply chain flexibilities are dimensional; Pragemal. (2001) identify these as the speed
of response and degree of flexibility (akin to &ladRange & Response dimensions).

3. Supply chain flexibilities can be potential, rathlean active capabilities (Stevenson and
Spring 2007).

4. Measurement of supply chain flexibility is underd®ped and a good conceptual
understanding has not been achieved (Bernardedamuh 2009; Moon et al. 2012)

Table 2.7 provides a summary of some of the mesjuiently cited definitions of supply chain
flexibility in contemporary research, together waihme other recent contributions. Consistent to
these definitions is the principal notion that dypphain flexibility brings the concept of

flexibility from a single organization into the demt of multiple supply chain entities.
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Source Definition of supply chain flexibility
Vickery et al. Supply chain flexibility encompass those flexilig that directly impact
(1999) firm’s customers (i.e. flexibilities that add valire the customer’s eyes) ar

are the shared responsibility of two or more fuedi along the supply chai
whether internal (e.g. marketing, manufacturing)esternal (e.g. suppliers

channel members) to the firm.

Lummus et al.

The flexibility of entire supply chain is a resoftthe flexibility components a

(2003) each node of the supply chain and their inter@hstnips.
Duclos et al. Flexibility in the supply chain adds the requiremeh flexibility within and
(2003) between all partners in the chain, including departs within an

organization, and the external partners, includsngpliers, carriers, third
party companies, and information systems provideiacludes the flexibility
to gather information on market demands and exahamfgrmation betwee

organizations.

jS2)

nd

1z

Das and Abdel-
Malek (2003)

The robustness of the buyer-supplier relationshiglen changing suppl

conditions.

Sanchez and
Pérez (2005)

The shared responsibility of two or more functi@ieng the supply chair

whether internal (marketing, manufacturing) or ex& (suppliers, channe

members) to the firm.

n

Kumar et al.
(2006)

The ability of supply chain partners to restructilnver operations, align their
strategies, and share the responsibility to respapidly to customers
demand at each link of the chain, to produce aetyardf products in the
gquantities, costs, and qualities that customereexpvhile still maintaining

high performance.

D

L

Stevenson and
Spring (2007)

Supply chain flexibility encapsulates componentdlefibility inherent at the

inter-firm level together with those at the intiaxf level.

Merschmann
and Thonemann
(2011)

Supply chain flexibility embraces a process-basewand also includes th
core processes procurement/sourcing and distriblagistics. Thus, it is &
much broader concept, considering flexibility fraime perspective of th

entire value chain.

A

D

Table 2.7: Definitions of supply chain flexibilityin literature
Source: The Author

2.6.2 Motivations for the achievement of supply cha flexibility

As with flexibilities in manufacturing, supply chmaflexibility concerns the ability to adapt to

changing conditions and may be reactively or pigalst deployed (Stevenson and Spring 2007).

50



Chapter 2: Literature Review

Change within the supply chain may arise as a tresfuluncertainties, and supply chain

uncertainty refers to:

“decision making situations in the supply chainwihich the decision
maker does not know definitely what to decide asshedistinct about
the objectives; lacks information about (or undarding of) the supply
chain or its environment; lacks information procegscapabilities; is
unable to accurately predict the impact of possdaetrol actions on
supply chain behaviour; or, lacks effective contastions (non-
controllability).”

van der Vorst and Beulens (2002, p. 413)

Environmental uncertainties may exist in deman@piy or as a result of competition (Yi et al.
2011), and in practice it is likely that firms magxperience a combination of these
simultaneously. Merschmann and Thonemann (2011pdstrated that matching supply chain
flexibility and uncertainty appropriately leads itaproved performance for companies. Unlike
manufacturing flexibility, supply chain flexibilityplaces much emphasis on the relationship
between buyers and suppliers to work together &yamme uncertainties in the achievement of
supply chain flexibility. For example, Das and Abdalek (2003, p. 171) identify that supply
chain flexibility concerns the ‘robustness’ of thyer-supplier relationship to adapt to changing
conditions. Likewise Sanchez and Pérez (2005, §) 68nsider it to be “the shared responsibility
of two or more functions along the supply chaingtifer internal (marketing, manufacturing) or
external (suppliers, channel members) to the firfitiese definitions imply collaboration and
attempts to sustain relationships, but this neé¢dadhe case. In the context of engineer-to-order
projects, Gosling et al. (2010) highlight the wiaywhich supply chain flexibility can be
exploited by the selection and de-selection of eends necessary to overcome uncertainties and
achieve the objectives of the specific project. iBity, Lao et al. (2010) find that flexibility
arises as a result of supplier flexibility and syppetwork flexibility. Flexibility in this sensesi

the ability to reconfigure the supply chain to meballenges as they arise, and these studies
identify this to be a continual activity that seeksoptimize the supply chain for changing
circumstances. In this manndiexibility and changeabilityin the supply chain are somewhat
overlapped: whilst literature on manufacturing fitelity has considered this distinction in some

detail, the same is not true for supply chain ity research.

Being able to achieve flexibility in the supply ahallows fundamental paradigmatic choices to
be enabled. For example, Prater et al. (2001) ifgethiat flexibility in the supply chain (and in

manufacturing) can support supply chain agility. Bytension, through the exploitation of
sourcing and vendor flexibility, Purvis et al. (2Qfurther identify the potential to adopt the

alternative paradigms of lean, agile, and leagifg$y chain management.
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2.6.3 Evaluating supply chain flexibility

As identified in Section 2.5, the long-establisheshcept of manufacturing flexibility has
received much academic attention, but this hastdedonsiderable confusion over types and
measures. For the comparatively emergent suppliy dleibility concept, although there is far
less literature, already it is evident that comsisy in assessment between studies is very limited
(Table 2.8). From the literature evaluated, thesehowever particular consensus towards

Logistics/Delivery and Supply/Sourcing as beingepted for supply chain flexibility.

In terms of methods, whilst there have been sevprahtitative approaches taken (e.g. Moon et
al. 2012; Sanchez and Pérez 2005; Swafford et086;2Vickery et al. 1999), there is a notable
presence of qualitative assessment techniqueattieatpt to understand the nature and sources of
flexibility. Yi et al. (2011) used interviews to @mine the actions taken by companies to enable
different types of flexibility, and in doing so demstrated how strategic choices could enable
one (or more) flexibility types. A similar approaalas taken by Gosling et al. (2010) and Purvis
et al. (2014) who drew examples from case studiegxamine how sourcing and vendor
flexibility types were achieved, and by Stevensod 8pring (2009) in their evaluation of buyer-
supplier activities to support flexibility. Thesstter two studies drew extensively on the usage of
managerial comments and quotes to explain the enatidifferent flexibility types, and their

achievement.

In Table 2.9 an appraisal of the research methogsovided, together with an evaluation by the

author of the depth and breadth of these studies

» Approaches that have focused on breadth, over depth typically employed large scale
surveys that seek to explore different types ofifiéity, and quantify its nature.

* Conversely, studies that are more focused on haividual flexibility types are
achieved typically adopt more qualitative assesssriara small number of supply chains

using case studies informed by interviews.

Depth is considered in terms of understanding thtire / enablement of flexibility, whilst
breadth concerns the extensiveness of the invéstigeaith regards to the number of research
participants or industries represented. There nesnainotable deficit in studies that are able to
achieve both breadth and depth in their evaluatidnich is consistent with the current
evaluations of the topic as being ‘emergent’. ¢itiof this observation, it must be acknowledged
that the application of the supply chain flexilyilitoncept is therefore difficult, and given these

constraints it is necessary to adequately chogs®mppate methods to investigate the concept.
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Identified Supply
Chain Flexibility
Component

Vickery et al.
(1999)

Lummus et al.
(2003), (2005)

(2003)
(2003)

Garavelli
Perez (2005)

Sanchez &

Duclos et al.
Pujawan (2004)

Kumar et al.
(2006)
Swafford et al.
(2006)
Stevenson &
Spring (2009)

Lao et al. (2010)

Gosling et al.
(2010)

Merschmann &

Thonemann
(2011)

Yietal. (2011)

Soon and Udin
(2011)

Moon et al.

(2012)

Purvis et al.

(2014)
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Table 2.8: Literature perspectives on supply chairflexibility components

Source: The Author
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Publication Research method employed Data Source peé | Breadth
Vickery et al. (1999) Survey 65 respondents Medium High
Lummus et al. (2003) Conceptual - - -
Duclos et al. (2003) Conceptual - - -
Garavelli (2003) Simulation 9 simulations Low Medium
Pujawan (2004) Single case study using developekishieet 1 case Medium Low
Lummus et al. (2005) Delphi study 13 participants High Medium
Kumar et al. (2006) Conceptual - - -
Sanchez & Perez (2005) Survey 126 respondents | Medium High
Swafford et al. (2006) Survey 135 respondents | Medium High
Stevenson & Spring (2009) Case studies 16 casdstiews)| High Medium
Gosling et al. (2010) Case study 2 cases High Low
Lao et al. (2010) Survey 201 respondents | Medium High
Merschmann & Thonemann (2011) Survey 85 respondents Low High
Soon and Udin (2011) Case studies 4 cases Medium Low
Yietal (2011) Case studies 5 cases Medium Low
Moon et al. (2012) Survey 192 respondents | Medium High
Purvis et al. (2014) Case study 2 cases Medium Low

Table 2.9: Approaches to evaluating supply chainéxibility
Source: The Author

54



Chapter 2: Literature Review

PART 2: A review of literature in the context of Additive

Manufacturing

The purpose of this section is to explore existggparch concerning the four research questions
(as shown in Table 2.10). In doing so, this sectiopvides a contextualisation of the concepts
explored in Part 1 of this chapter for Additive Mdacturing, underpinning the empirical

research presented in chapters 4-7 of this thesis.

Focal Research Question Section
Research Question 1: How is an Industrial AddiMenufacturing System ”g
structured?

Research Question 2: How can Industrial Additivenkfacturing Systems 29
support different types of demand?

Research Question 3: How is flexibility charactedin Industrial Additive 210
Manufacturing Systems?

Research Question 4: How is flexibility charactedin Industrial Additive 011
Manufacturing supply chains?

Table 2.10: Alignment of structured literature review to Research Questions
Source: The Author

2.7 Structured literature review method

To comprehensively evaluate the established resgmntinent to this study, a structured review
of the published literature was performed. This wadivated by a desire to explore a wide range
of literature, but to do so in such a way that sumga focus and replication. In Figure 2.16 the

four principal stages of the structured review psscperformed in this research are shown.

1. Question formulation &
pilot study

2. Location of potential
studies

3. Study selection and
evaluation

= |

4. Analysis and synthesis

Figure 2.16: Activities conducted in the structuredreview
Source: The Author

Stage 1:The central question underpinning this review wedied to “What is the current state
of knowledge for Industrial Additive Manufacturii®ystems in the satisfaction of demand?”, and
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through a pilot study relevant keywords and databagere identified. By selecting relatively
broad keywords that promoted breadth in the nattdireesults observed, combined with the
inclusion of a number of different scholarly datsdés the intention was to locate a wide range of

relevant publications for inclusion in the review.
Through this piloting approach, six identified cheteristics of the literature were demonstrated:

1. The terms ‘Additive Manufacturing’, ‘Rapid Manufacing’, ‘Rapid Prototyping’,
‘Rapid Tooling’, and ‘3D Printing’ are used withttle precision, and are frequently
interchanged in the literature. It is thereforeassary to analyse the literature mindful of
this ambiguity.

2. There has been little distinct emphasis on ‘IndaistAdditive Manufacturing, and so
searches omitted this term, but the analysis maishdde mindful of this decision.

3. ‘Rapid Prototyping’ is a term commonly used in t@emputer Science disciplines,
particularly in software development and searchultesare inflated by this irrelevant
concept. Although some filtration can be conduotedjournal-topic basis, it is not
possible to exclude this concept from the review.

4. The concepts of ‘manufacturing systems’ and ‘fléitip are ambiguous in the literature;
whilst a large number of searches identify theseda/being employed, they are not used
in a manner applicable to this study. Nevertheld®se papers must still be evaluated.

5. The terms ‘variety’ and ‘customization’ are useddily, and the initial results yielded
were considered unmanageable. By focusing searcmsteexplicitly on Mass
Customization, context is given to narrow the irigadion to a manageable activity,
with results that are more relevant to the focpido

6. There has been very little consideration of supgtgin flexibility in the context of
Additive Manufacturing. For this reason a more gahsearch for supply chain articles
is needed to underpin the concept, together witlidar search of databases specifically

related to supply chain flexibility.

Stage 2: Keyword searches on scholarly databases were petbrto identify potentially
relevant literature as shown in Figure 2.17. Keydgan list A were combined with list B in order
to generate search terms, which were executed emudts recorded using the EndNote citation
manager. The pilot study identified disparity inetlspelling of customization; as a result
wildcards were used for Mass Customization to ideliooth ‘s’ and ‘z’ spellings. Similarly,
flexibility literature was also identified as inding ‘flexible’, and so a wildcard was used to
identify literature. In the case of supply chaiexibility, the pilot searches demonstrated a
general dearth of any research in this area, amdrasult a search of the more generalist Google

Scholar database was included to maximise seascitse
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The searches yielded 2,642 potentially relevantegpand using the EndNote reference
manager, a database of publications was builtdbsagquent review. Fink (1998) identified that
literature reviews must have two screens: pradtyéfdasibility and quality. The practical
constraints on the researcher mean that it is osgiple to obtain and critique all papers, and it i
recognized that this is a limitation of the meth&dtphasis must therefore be made on gaining
the most relevant, quality works. Papers were doaggd through either the publisher’s online
repositories, or where identified as particuladyewant, individually sourced from the British
Library. For those inaccessible in this mannergesive efforts were made to ensure the author
was confident that this would not be to the detritraf the review: titles and abstracts were read,
journal applicability considered, and author pedilaccessed to identify likely relevance. The
researcher is therefore confident that within dediboundaries of the review it has been possible
to locate the most relevant studies for this evanaln addition to peer-reviewed journal papers,
materials from conferences and trade publicatioesewdeemed to be valid contributions; as
Denyer and Tranfield (2009) have noted in the eelasystematic’ review process, these sources
can provide useful insights and are therefore gediin this review, but the author is mindful of

potential quality variations in these works that aften not peer-reviewed.

KEYWORDS A KEYWORDS B PRIMARY DATABASES

ABI PROQUEST
ADDITIVE FLEXIB*

MANUFACTURING

EBSCO BUSINESS
SOURCE PREMIER

RAPID MANUFACTURING
MANUFACTURING SYSTEM

EMERALD
RAPID PROTOTYPING

SCOPUS
MASS CUSTOMI?ATION

RAPID TOOLING
SCIENCE DIRECT

SUPPLY CHAIN FLEXIB*

3D PRINTING

WEB OF SCIENCE

SECONDARY DATABASE
GOOGLE SCHOLAR *

Figure 2.17: Structured review process
Source: The Author

STRUCTURED REVIEW RESULTS FOR ANALYSIS

Stage 3: Each article returned in the search was examinatl assessed according to its
relevance. For each paper the title and abstraat vead for relevance, and an electronic search
of the article was made to evaluate how the keywaorere relevant to the work. Each paper was

classified on a five-point scale of relevance, amgre appropriate, references were followed-up
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in a ‘snowball’ method. Particularly relevant joat® such as International Journal of Production
Economics, International Journal of Operations dPduction Management, Journal of
Operations Management, and Rapid Prototyping Jbureige hand-searched to locate any further

relevant texts not identified through this approach

Despite the broad search terms yielding 2,642 piatepapers, less than 10% of these were
identified as having any potential relevance te thiiudy, and of these very few have given

explicit attention to the focal topics confirmirfgetcontinued existence of a research gap.

Stage 4:0nce the relevant papers were identified they \wesdysed and synthesized to produce
a review of the literature relevant to the reseapebstions identified in this research. Six months
prior to the submission of this thesis, the striedureview searches were repeated to identify any

additional recent papers that were relevant todkiew, and these were added to the study.

2.8 Literature perspectives on the nature of Industal Additive

Manufacturing Systems

The structured review demonstrated a lack of cemattbn for Additive Manufacturing from a

‘systems’ perspective, with very little alignmerdtlyeen current studies and the manufacturing
systems concept developed in Part 1. Althoughehma tsystem’ is frequently used by authors, in
practice this typically refers only to Additive Mafiacturing technologies in operation, focusing
particularly on the focal manufacturing technolegie.g. Espalin et al. 2014; Gibson and Shi
1997; Johnson et al. 2014; Krauss and Zaeh 2018; ¢eal. 2003; Onuh and Hon 1998), or a
collection/combination of focal technologies (elgpes et al. 2012; Zhong et al. 2004). The
majority of authors do not make clear distinctiamgheir research between ‘technologies’ and
‘manufacturing systems’; a notable exception tg thithe acknowledgement of the differences
between the two in the work of Armillotta (2008i3 finding is important, since by identifying

the overall dearth of literature concerning systams context familiar to Parnaby’s concept of a

manufacturing system, an important research gdprionstrated for the current study.

Several studies do consider the ‘system’ to be nibem the technologies, with emphasis
typically considering the functional activities wmthken in the achievement of a manufacturing
objective. For example, in proposing a system @binboth design and manufacture, Wang et
al. (2004) presented a series of activities andlewaresources (Figure 2.18). Each module of
the system achieves a specific objective, and Milorks through the system to create parts. A
similar modular system was proposed by Ding e{Zi04), in which four systems components

(Virtual Prototyping, Digital Prototyping, Physicdbrototyping, and Rapid Tooling) were
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combined to achieve manufacturing objectives. Resé authors, systems are modular, with each
module being integrated to achieve the objectifab® overall manufacturing system. Notably,
the research focus for each module of the systeom ihe technological contribution, with no

real demonstration of other system resourcesl@bgur), or their management.
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Figure 2.18: Activities in an integrated modular manufacturing system
Source: Wang et al. (2004)

Metal Spraying

In extension to these functional assessments, dmeept of distributed manufacture using
Internet technologies has been identified by a remdf authors as a potential exploitation
opportunity. These include integrated systems éemanufacture’ (Cheng and Bateman 2008),
‘devolved manufacturing’ (Bateman and Cheng 2088) ‘tele-manufacturing’ (Lan 2009; Lan

et al. 2004; Lan et al. 2002, 2003). Although thkgter studies tend to focus more on the
technicalities of implementation, they do provideuseful resource that demonstrates the
technologies integrated with the satisfaction omded, particularly in terms of customer

designs.

Despite the majority of authors focusing on a maetiased perspective of the system, several
authors have suggested more holistic implementdteomeworks that characterise a number of
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the components of a manufacturing system. Througtir tevaluation in terms of Rapid

Manufacturing systems, Nagel and Liou (2010) arabigt(2007) provide the most authoritative
appraisal of a system. Acknowledging the lack afesrch in this area (as supported by the
current structured review), they proposed thatmlamufacturing system is comprised of five key

components:

Production planning (software)
Control system
Motion system

Unit manufacturing process (e.g. a Rapid Manufémgumachine)

a > wnhoE

A finishing process

Although Nagel and Liou (2010) focused on engimagriinkages between the system
components (e.g. electrical, mechanical), from anagarial perspective this identification of
components provides a useful alignment to Parnalmasufacturing system concept. More
recent work (Mellor et al. 2014) has developed aangwork for implementation of Additive
Manufacturing. Part of this framework has highligghtsystems of operations’, which provides
some alignment to the current study. Within thisiaapt, Mellor et al. (2014) identified the
activities of design, process planning, qualitytooln cost accounting, and systems integration as

being relevant to the concept of a system.

These most relevant publications of Nagel and L{@010) and Mellor et al. (2014) have
identified process planning and control as beidgvent components of a system, which is in-
line with the manufacturing system concept pregeiePart 1. It was not possible to identify
any appropriate control architectures literaturehini the structured review, however some
practical aspects of the attainment of control wetad. It was particularly evident that in their
implementation, Additive Manufacturing systems niegyidentified as having either centralized
or decentralized approaches. In centralized acthbites Nagel and Liou (2010) focused on
control from the perspective of electrical or meubal control, including PLC's, OEM
integrated systems, and DIY systems produced byndneufacturer. Hoske (2013) note that for
3D printers, a lack of feedback inhibits closeddomontrol. Similarly, Espalin et al. (2014)
highlighted the use of reconfigurable real-timeteoliers to operate the system, and the role for
both hardware and software to support control divjes using finite state machines. For
decentralized architectures (e.g. web-based), deration of system control has on Internet-
based ‘tele-control’ (Luo et al. 1999; Luo et a002) in which the control of the physical

manufacturing processes is achieved remote tohrsiqal machines.
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Some inconsistencies between studies are alsoaqp&or example, although process planning
has been identified as part of the system, in the#uation of the concept Jin et al. (2013a)
identified it to consist of four activities (orieaiton determination, support structure
determination, slicing, and tool-path generatidmt taredistinctfrom the manufacturing system

(which is taken to consist only of the fabricati@chnology). Similarly, most studies make no
mention of the ability of the system to change, Bretnik et al. (2013) noted the requirement for
Additive Manufacturing to be able to scale to med#anging requirements (at system,
organization, and business levels). Such obsenatiughlight that the nature of Additive

Manufacturing Systems is poorly defined in literatu

A final perspective of Additive Manufacturing ingltontext of manufacturing systems is the role
which the technologies may play within ‘conventibrepproaches to manufacturing. Additive

Manufacturing technologies have been identified@gributors to other types of manufacturing
system: Gunasekaran (1999) highlighted the roleRapid Prototyping technologies in the

achievement of an overall agile manufacturing systehich has been empirically evaluated by
Vinodh et al. (2009a).

Research Question 1: How is an Industrial AdditiveManufacturing System structured?

Whilst existing literature has given extensive c¢desation to the concept of manufacturing
systems in general (as evidenced in Section 4ig)jg not the case for Additive Manufacturing.
For many Additive Manufacturing publications theyseem’ term is often identified to be
pleonastic, or referring only to the individual rhawe technology. Within this section only a few
publications are shown to consider other resounithén the ‘system’ concept, though these lack
detail and give very limited consideration to cquisesuch as control beyond an individual

machine focus.

A systems perspective promotes evaluation of ‘wiede’ (von Bertalanffy 1969), and ps
demonstrated in Section 2.2 focuses on the mamyegies that are integrated and controlled in
the formulation of a manufacturing system (Hiton8i9g; Parnaby 1979; Parnaby and Towill
2009a). This approach offers the potential to bettalerstand and manage Industrial Additive

Manufacturing, and given the demonstrated deartitephture research question 1 is posed.
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2.9 Literature perspectives on the utilization of hdustrial Additive

Manufacturing Systems in the satisfaction of diffeent demand types

As acknowledged in Section 1.2, enthusiasm for fheeliManufacturing technologies to be used
in a wide range of applications is growing, anddaroverview of current applications the reader
is directed to recent reviews (e.g. Gibson et 8152 Petrovic et al. 2011). Based on the
procedure described in Section 2.7, the curreneweexplores two areas of relevance to this

study:

1. Attributes of Additive Manufacturing that may suppdhe fulfilment of Mass
Customized demand (Section 2.9.1).
2. Approaches to the management of the technologissipport of different demand

types (Section 2.9.2).

As explained in Section 2.7, the ‘Mass Customizati@yword was identified as an appropriate
means to focus the literature search, and in Se@i®.1 the focus of the review concerns how
this particular type of customized production idiaged through Additive Manufacturing. In
Section 2.9.2, management considerations are pesseim which the focus of analysis is
extended to consider a range of different demapéstynot just Mass Customization. In the
conduct of the literature search a large numbgyodéntial results were identified, highlighting
the relevance of the topic to industry, thoughsiacknowledged that (relative to peer-reviewed
academic texts) many of these articles lack qualifyen with little empirical evidence to
underpin their claims. As a result, these are mouded in this review which greatly reduces the
number of texts to be discussed in this sectiod,tharefore constrains consideration to the most

pertinent and useful works.

2.9.1 Attributes of Additive Manufacturing that support different demand types

There are a number of commonalities in the liteeattoncerning the characteristics of Additive
Manufacturing that support different demand typasd in Table 2.11 relevant literature is
synthesized to demonstrate the principal charatiesi identified as supporting Additive
Manufacturing in the production of customized pratdu The most commonly observed
characteristic concerns the production of customnew products (typically through new
geometries), though other justifications existanris of cost [C], time [T], or uniqueness [U] (in
terms of being able to produce otherwise impossiptelucts) as shown in Table 2.11. Whilst
these characteristics are identified in the contéX¥lass Customization, they are also relevant

for different demand types in terms of volume aadety considered in this study.
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Table 2.11: Attributes of Additive Manufacturing supporting customized production

Source: The Author
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2.9.2 Management implications for Additive Manufactiring

Fogliatto et al. (2012) observed that, with theegtion of Bateman and Cheng (2006), there has
been little management consideration of the useAdflitive Manufacturing for Mass
Customization. Despite much enthusiasm for theneldyies supporting Mass Customization,
and as shown in 2.9.1 some explanation as to hawvighachieved, only a small number of
articles are found in the current review to exteegilond the capabilities of the technologies. In
this section consideration is given to four managetrissues pertinent to the current study,
extending the customization concept to considefedint demand types, and issues of

responsiveness and integration.

2.9.3 Production volume

Within the literature there is some focus on theafunities for Additive Manufacturing
technologies to competitively operate at a rangprofluction volumes, though there are notable
inconsistencies between the studies and in margscasy little empirical support for the claims
made. The emphasis in the literature tends to famuscost, with particular attention on
comparability with other manufacturing technologidsor example, a widely-cited article
(Anonymous 2011) in a series of publications by Heenomist on the potential for 3D printing
has identified plastic parts are competitive witimeentional production techniques at volumes of
1,000 units, and expected this to increase as obmfies matured. There is, however, no
explanation of the nature of these parts, nor édmparable manufacturing technology that would
produce them. Similarly, Anderson (2013) noted pleeceptions of one practitioner that the
technologies could yield volumes of 2000-3000 uaitsually. Berman (2012) identify that 3D
printing is suitable for ‘small to medium’ produmti runs, whilst Gunther et al. (2014) has
identified that in the production of cores for fatg; production of 50,000 pieces using Additive

Manufacturing is already a ‘reality’.

The variation in these observations suggests Addillanufacturing may, depending on the
criteria of assessment, feasibly operate at diftevelume outputs. Anonymous (2012d) identify
that there are “barely any economies of scale imithce Manufacturing, the technology is
ideally suited to low-volume production”, which Midr(2014) extends to observe “economies of
scale evaporate and mass customization becomeditgt. r& batch size of one costs the same as
100 or 1,000". However, several sources draw upwhadapt a cost-model for Laser Sintering
originally offered by Hopkinson and Dickens (2008hd subsequently revisited by Ruffo et al.
(2006b). These evaluations focus on the competigise of the focal Additive Manufacturing
technology relative to conventional alternatives) & doing so emphasize the breakeven point
for which Additive Manufacturing is viable. Notablgn important observation that affects the

findings of these studies is made by Atzeni e(2010), who identified that such comparisons do
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not acknowledge the potential to design parts diffdy in order to optimize them for different
production processes. By redesigning parts to bstii¢ Additive Manufacturing, improvements

to the products produced and the viability of mawtiire may be affected.

In addition to this competitive evaluation of Addé& Manufacturing versus conventional
approaches, there has been some suggest of comfaipestrategies being employed. In an
opinion piece, Petrick and Simpson (2013) iderdifteat future manufacturing will take two
paths: one in which conventional manufacturing medbgies address high volume production
and achieve economies of scale, whilst low volumstamized production will be tackled by

using Additive Manufacturing.

2.9.4 Production variety

In addition to production volume, several authoasenextended their considerations to include
the variety (or customization) required to satigigmand. Such notions traditionally align to

variations on the product-process matrix (Hayes afiteelwright 1979), and to the different

types of production process that are best suitédl@Ence cost and flexibility.

Both Anonymous (2012a) and Gunther et al. (2014hlight that, at present, Additive
Manufacturing technologies are engaged in batctcgmsing to fulfil demand, though the
potential exists to change. By increasing the thhpuit of the machines and reconfiguring
layouts, Anonymous (2012a) identify the potentiahiove towards a line-based process. Going
further, in proposing additional automation in thecess equipment, Gunther et al. (2014)
envisage the opportunity to achieve continuous gssig using Additive Manufacturing

technologies.

Vinodh et al. (2009b) has suggested that AdditivenMacturing may support agile strategies,
and as shown in Figure 2.19, Lee and Lau (1999jtifited that an agile production network in
which Additive Manufacturing technologies were eaygd could theoretically accommodate all
potential combinations of volume and variety. Fieg on the individual machine, Tuck et al.
(2008) suggested that the absence of labour andyta degree of automation in Additive
Manufacturing could support all volume levels, whittill achieving a high degree of variety
(Figure 2.20), though this was not evaluated ingtugly. More recently, in an extension of the
basic product-process matrix, Helkié and Tenhi@l@l@) identify potential investigation could
explore whether the capabilities of Additive Maruaitaing could enable a ‘deviation from the
diagonal’ as a result of their ability to producevige range of complex parts. For each of these
examples it is recognized that emphasis is placethe capability of the individual machines,

and manufacturing systems considerations previaghjored in Section 2.8 are omitted.
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2.9.5 Responsiveness to demand

The achievement of appropriately timely responsdeimand was demonstrated in a number of
studies (Table 2.11), and typically the literatbes identified responsiveness as arising from the
capability of the process technologies. Such examipiclude Jackson (2008), who demonstrated
Laser Sintering processes to reduce overall prddadttimes, and Ma et al. (2007) who identify

Rapid Prototyping to support customer driven cusation and to enable rapid changes to

product designs.

To compliment these process capabilities, additiopportunities can arise from the design and
co-ordination of parts. For example, Hu (2013) haitts the potential for Additive
Manufacturing to responsively contribute to thedarction of modules of an overall product.
Furthermore, Pallari et al. (2010) suggest thainilementing distributed manufacturing (rather
than a centralized ‘factory’ approach), single-tkad-times might be further reduced to a matter
of hours. This manufacture may be achieved in ardemand’ environment; for example, Lager
et al. (2014) foresee on-demand manufacture obgpants as a reality, a practice which is shown
to affect the need to hold inventories of finishpedts, which both accelerates product fulfilment
and dramatically affects the supply chain (Holmstr@ind Partanen 2014; Holmstrom et al. 2010;
Khajavi et al. 2014; Walter et al. 2004).

2.9.6 Integration of Additive Manufacturing and other technologies
In the previous sections several authors have meriified as considering the opportunity to

integrate Additive Manufacturing with manufacturiteghnologies, but overall this has received
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little scholarly attention. By comparison, moreailetd work has considered the integration with
Internet technologies. For example, in recognizihg need to consider more than just the
manufacturing technology in the achievement of aus&ted manufacture, Bateman and Cheng
(2006) demonstrated the alignment of manufactuigathnology, mass customization principles,
and internet communications to support a ‘devolrethufacturing’ platform. Related work by

Lee and Lau (1999), Berlak and Webber (2004a), Glzm Bateman (2008), and Reeves et al.
(2011) propose variations on the concept, linkingether the customer with one or more

Additive Manufacturing companies to achieve custmdimanufacture.

Research Question 2: How can Industrial Additive Maufacturing Systems support

different types of demand?

In a focused consideration of the literature ish®wn that much enthusiasm exists for Additive
Manufacturing in the satisfaction of different demdarequirements, for which the analysis has
summarized these characteristics in terms of ciste, and uniqueness. It is, howevgr,

recognized that there is comparatively little engairdata to support many of the propositions

For the management of different demand types adaramount of literature is identified to show
a lack of alignment in expectations for volume asmdiety. Authors disagree over the most

feasible production volume ranges, and the effeotgs of measures for cost assessment jhave

o

been questioned. Nevertheless, Tuck et al. (2008)e hposited the ability of Rap
Manufacturing to competitively achieve high varietyall production volumes. In separate work
concerning the established product-process malttedkio and Tenhidla (2013) suggest that
Additive Manufacturing technologies, by virtue bktr ability to produce a wide range of paits,
might achieve a ‘deviation from the diagonal’. Wramsidered together, these two propositipns
suggest that Additive Manufacturing technologiesy méfer an effective capability to satisfy
different types of demand, however there is no englievidence to support these conjectures
and no consideration has been given in terms ofmthaufacturing system. This leads to the

proposal of research question 2.
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2.10 Literature perspectives on the flexibility ofindustrial Additive

Manufacturing Systems

In Section 2.8 it was shown that the concept of anufacturing system has received little
attention in the context of Additive Manufacturing; therefore follows that assessment of
flexibility from a systems perspective will also benstrained. As a result, this review examines

Additive Manufacturing, rather than focusing onusttial Additive Manufacturing Systems.

The pilot study identified the usage of the terrflexible’ and ‘flexibility’ extensively in

Additive Manufacturing literature, however this i considerably between authors, and in
many cases there is little explanation of why aw ilexibility arises. For example, in a survey of
expert informants evaluating the nature of direcitimg technologies Mortara et al. (2009)
identified that the majority of respondents thoufixibility was an ‘indispensable’ component

of the concept’s definition, though the naturelexkibility is unspecified in the paper.

With the exception of the author's prior work (Eyeet al. 2012a), the structured review
identified no explicit typology or measurement systto assess the nature of flexibility for
Additive Manufacturing Systems. It is, however, gibke to collate a range of flexibility
capabilities identified in existing literature asifg facilitated by Additive Manufacturing, which

form the basis of the structured review.

2.10.1 Flexibility capability 1: Flexibility in pro cess operation

Within the literature much emphasis is given tdetént Additive Manufacturing technologies
offering flexibility in their ‘processes’, thougheither the nature of this process flexibility nts i
achievement is clearly defined. Several authorsdGal. 2012; Jiang et al. 2013; Pfleging et al.
2007) advocate that Additive Manufacturing techgas offer ‘high levels’ of process
flexibility, but the measurement of this capabilityunspecified. Process flexibility is found as
being ‘good’ (Ma et al. 2013), and in the contektspecific applications, is an advantageous
capability (Kuo and Su 2013). Similarly, Additiveadufacturing promotes flexibility in cellular
manufacturing (Onuh 2001), although again the madfithis is undefined in literature.

Other authors are more precise in their treatmetiteoterm. West et al. (2001) ascertain that for
Stereolithography, process flexibility concerns tluenber of different process variables that can
be handled, and leads directly to both accuracyedficiency in part fabrication. Flexibility in
this sense therefore concerns the various parasnébett an operator can choose in the
preparation of the machine for production. In aikimmanner, Wilden and Fischer (2007)

associate high process flexibility with efficiengy production. Gibson (1996) identify that in
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reality, Additive Manufacturing processes are ligssible than some conventional counterparts;
to alleviate this issue he suggests the combinaifoconventional and additive systems in an

integrated manufacturing cell.

2.10.2 Flexibility capability 2: Accelerated and OrRDemand Manufacture

Grzesiak et al. (2011) identified that Additive Mgacturing reduces the number of activities
that are necessary in the fulflment of a custoroeter (e.g. design drawing, tooling, and
transportation of unfinished goods), and in doingrsprove responsiveness to customer orders
by shortening lead-times. By removing many elemeaftsonventional manufacture, Additive
Manufacturing has been termed “a flexible factaryai box” (Alpern (2010) cited in Berman
2012).

The ability to fabricate products “on-demand” cam iflentified in the literature as relevant to
flexibility, though it is typically linked with otér characteristics. For example, Ruffo and Hague
(2007) consider flexibility to take two forms: tlaility to achieve on-demand production, and
variety of products that can be produced by thegsses. Similarly, in highlighting the potential
to use Additive Manufacturing in order to produaenponents faster than using conventional
techniques, Reinke (2007) suggests flexibility cerfrtoem the range of items and speed at which
they are produced. Flexibility in the ability toaf@bly produce low volumes from short
production runs has been identified as advantagepb®th Chhabra and Singh (2012) and Ford
et al. (2014). By extension, this capability hasrbgredicted by Pérés and Noyes (2006) as
advantageous to exploration of space, allowing emahd production of parts rather than the

holding of inventories.

2.10.3 Flexibility capability 3: Flexibility in design

One of the often-cited characteristics of AdditManufacturing is the design ‘freedom’ that is
afforded by removing many of the constraints agsimrough “Design for Manufacture”
(Hopkinson et al. 2006b). Numerous authors havetinthe ability to create a range of designs
to the notion of flexibility (Bak 2003; Ghosh et &010; Gibbons and Hansell 2005; Karevan et
al. 2013; Rechtenwald et al. 2010; Yeong et al4208everal authors consider design flexibility
in terms of the ability to create complexity in idgs (Bourell et al. 2011; Brenne et al. 2013;
Zhang et al. 2012); in this sense design flexipitibncerns the range of complexities than can be
achieved. By extension, the ability to customizesting designs has been identified as a further

capability of design flexibility for Additive Manafcturing (Melchels et al. 2012).
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Unlike ‘conventional’ approaches to manufacturitig ability to easily change designs has been
shown by Anonymous (2012c, 2013) as enabling priodnlcancement, often through the ability
to make iterative developments as the productfise@. More specifically, Heraliet al. (2012)
observed the potential to make design changesriate design cycle as being afforded by the

design flexibility of Additive Manufacturing.

2.10.4 Flexibility capability 4: Flexibility to produce a wide range of parts

The flexibility of Additive Manufacturing processkas also been linked to the range of parts that
can be produced. In theory, an Additive Manufaatyrimachine which produces a plastic
drinking cup could just as easily have made théngasf a computer mouse or a decorative desk
ornament. Rosen (2004) highlights “[Additive Maretfaing] systems will be very flexible in
that they will be capable of fabricating a wide igtyr of parts, and, potentially, products or
modules”; additionally flexibility may also extertd producing a range of customized parts
(Craeghs et al. 2010). Rechtenwald et al. (20L@peast that while flexibility arises from the
ability to produce small series of parts and a eanfjgeometries, flexibility also needs to be
considered in terms of other attributes of partedpced, for example, mechanical, electrical or
optical. Different parts may therefore be distiantmany functional attributes other than merely
their geometries. For example, flexibility has betown in terms of surface complexity (Wong
et al. 2007) and surface finish (Kumar and Chougl2@02). Akin to process flexibility, Prabhu
et al. (2005) identify that the ability to vary theocess parameters in order to control the way the

parts are produced will further support the flelipiof Additive Manufacturing.

2.10.5 Flexibility capability 5: Ability to fabricate a wide range of complex geometries

The ability of Additive Manufacturing processesfadricate a wide range of complex shapes is
one of the most commonly identified uses of thexitility’ term. Emphasis in the literature (e.g.
Anonymous 2012b; Gu et al. 2009; Jee and Sachsa2000et al. 2013b; Schaaf 2000; Schmidt
et al. 2007; Song et al. 2012) tends to focus enattility to achieve a wide range of different
shapes, particularly when compared to conventiappfoaches to manufacture). Several authors
(Chhabra and Singh 2011; Ding et al. 2011; Emmefmetral. 2011; llardo and Williams 2010;
Leuders et al. 2013; Storch et al. 2003; Yasa.e2@l1; Zaeh and Ott 2011) identify Additive
Manufacturing as offering ‘geometric’ flexibilityfwarious degrees. Flexibility characterised by
the ability to produce a range of geometries islimapby Jee and Sachs (2000b); a more specific
statement by Thijs et al. (2010) identified flekilyi to arise from the ability to simultaneously

produce a range of geometries in the same builthijddaet al. (2013) identify that the layer-
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based approach to manufacture promotes an almtistited geometric complexity for parts.
More specifically Levy et al. (2003) find that umdets, overhangs, and free-form shapes are
easily produced through Additive Manufacturing, @fhthey suggest characterises flexibility for
low volume and customized production. Similarly,aBl et al. (2013) observed flexibility in
terms of the ease of achieving complex shapesveltd conventional approaches. At the most
enthusiastic for this capability, Butscher et 2D%3a) and Butscher et al. (2013b) described the

capability to achieve free-form shapes as “outstagid

Brandl et al. (2012) identify that powder-bed baseéditive Manufacturing processes are able to
offer the highest capability for geometric flexibjiland accuracy compared to other approaches.
For the resin-based stereolithography process,|Ziset al. (2013) highlight the importance of
the optimization of geometric flexibility to coseffectively manufacture (e.g. by the achievement

of optimal build chamber utilization).

2.10.6 Flexibility capability 6: Flexibility of materials

For many authors, flexibility for Additive Manufaging can be considered in terms of the range
of materials that can be processed by an indivichedhine (Butscher et al. 2013a; Butscher et
al. 2013b; Butscher et al. 2012; Furumoto et al2&) Furumoto et al. 2012b; Hon et al. 2008;

Jean et al. 2005; Levy et al. 2003; McMains 200&ndgset al. 2012; Zhang et al. 2013). No

evidence could be found of a quantification of ttaage, however it was identified that some

processes offer far more opportunity than othétseein terms of the materials used or the way
in which they are processed (Dadbakhsh et al.; 28l don et al. 2001).

2.10.7 Flexibility capability 7: Ability to fabricate products without tooling

For many authors the elimination of tooling from magacturing represents the underpinning
characteristic which qualifies the technologiesflagible’. Chimento et al. (2011) make explicit
their observations, claiming Additive Manufacturinigchnologies are able to “increase
manufacturing flexibility by eliminating the needrfpart-specific tools”. This is echoed by
Xiong et al. (2013) and Bak (2003), who find thenahation of tooling also reduces cost of
production. As tooling requires both design andestmnent and constrains the range of parts
which can be produced, its elimination is claimedupport increased manufacturing flexibility.
This also supports product fabrication directlynir®D design models, which is observed by
some authors (Overmeyer et al. 2011; Péres ands\N2y@6) as a characteristic promoting the

flexibility of Additive Manufacturing.
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2.10.8 Identified limitations in existing flexibility assessments

Each of the seven capabilities is identified asndpea consequence of specific Additive

Manufacturing technology attributes. The implicatiof many existing studies is that by

possessing some or all of these capabilities, AddiManufacturing is therefore inherently

flexible. However, such inferences have two priatieficiencies when evaluated in conjunction

with the extensive literature that has considehedcomplex nature of the flexibility concept:

1.

In describing the nature of the flexibility achievéy Additive Manufacturing, the
multifarious nature of flexibility is only partiglirecognized via existing capability-based
assessments. Although numerous flexibility typadsgi exist, detailed appraisals
concerning the nature of different flexibility tygpenhave received little application for
Additive Manufacturing. It is therefore unclear whiypesof flexibility afford each of the
capabilities.

Existing assessments have typically focused orvidhal machines in their evaluations of
flexibility, rather than giving consideration toethsystem-based viewpoint espoused in
Section 2.2. Additive Manufacturing machines do retist in isolation of other
manufacturing and fulfilment processes, and assaltr¢hese machine assessments offer

only a partial insight into the total flexibilityhat can be achieved through Industrial

Additive Manufacturing Systems.

Research Question 3: How is flexibility characteried in Industrial Additive Manufacturing

Systems?

Flexibility is important concept, forming one ofethfive principal performance objectiv
typically associated with Operations Managementdé@sonstrated in Section 2.5 it is a comp
concept for which consensus over its nature hasbeen achieved, with many differe
interpretations of its definition, constituent tgpeand approaches to measurement. Ther
however, a long and well-established perspectiveflexibility arising from manufacturing
systems, rather than focusing on individual machiegources. By comparison, the curr
section has demonstrated a lack of detailed attemti the context of Additive Manufacturin
Although many publications describe Additive Maraitaing as ‘flexible’, most use the ter
ambiguously and from an Operations Management petisp it is often unclear what types
flexibility the authors refer to or how it is achéd. Existing research can be categorized
seven distinct flexibility ‘capabilities’, howevéhese do not have a strong alignment with
flexibility types familiar in Operations Managemeurthermore, there is no clear mechan

for flexibility evaluation either in terms of theavhine or manufacturing system.
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2.11 Literature perspectives on the flexibility ofsupply chains for

Industrial Additive Manufacturing Systems
Through the pilot study and initial research by thehor (Eyers et al. 2013), it was identified

prior to the conduct of the structured review tesgtremely few considerations of supply chain
flexibility in the context of Additive Manufacturghhad been made in the research. In order to
broaden the literature search results from Googleolar were included in this part of the

structured process; however upon review only f@apeps were identified as relevant:

1. Eyers et al. (2013) is only paper to focus spedliffcon the topic in the context of
Additive Manufacturing, and is the author’'s earligork that is developed further in
Chapter 7. This conference paper serves to highéigtlearth of knowledge for supply
chain flexibility, and demonstrates an initial exation of an Additive Manufacturing
supply chain.

2. The study of Karania et al. (2004) evaluated thgabdities of specific conventional
processes relative to a specific Additive Manufentutechnology, and whilst they did
not examine supply chain flexibilitper se they did note its enablement through
minimization of initial costs and lead-times. Iristmanner, Additive Manufacturing is
identified as supporting flexibility in the suppthain by reducing the penalty of change
between different products.

3. Nyman and Sarlin (2012) focused on potential ingtians of 3D printing on the supply
chain, and noted the potential to achieve flexipilarises in the location of the
decoupling point. Noting the potential for flexibjl in manufacturing in general, this
study also highlights the potential for differentpply chain strategies to be enabled
through the decoupling point adjustment.

4. In the development of a desktop 3D printer, Lipgbral. (2012) noted that modularity in
its motor design promoted flexibility within the mply chain for this type of machine.
Although this is not developed further in this pagfeom the text it is envisaged that
flexibility arises from opportunities to sourcetarsdard, modular motor from a range of

suppliers, rather than bespoke offerings.
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Research Question 4: How is flexibility characteried in Industrial Additive Manufacturing

supply chains?

Within Section 2.7 the emergence of supply chaifilility as an emergent topic for operatigns
management research was identified, and its napkred. A progression from the concept of
manufacturing flexibility, supply chain flexibilityacknowledges the importance of manading

whole supply chains, not just individual components

The current section has demonstrated that (witreoeption of the Author’s prior work) there
has been almost no evaluation of the concept inctimgext of Additive Manufacturing. Thie
inclusion of the related 3D printing materials icatte that flexibility within the supply chain
needs to take into account the supply of the mashthemselves, and also the contribution
Additive Manufacturing makes to supply chain st#&e. The finding of this review confirms the

existence of a research gap, motivating the fies¢arch question of this study.

2.12 Chapter summary

Manufacturing systems, including their control syss need to be effectively designed in order
to respond to disturbances arising from changingketecircumstances in a competitive global
marketplace (Brennan and O 2004). In responseidootiservation in Part A the main concepts
of manufacturing systems, variety/customizatioexitility, and supply chain flexibility were

examined to understand their nature, and to hightige principal aspects that will be considered

in the current study.

This theoretical understanding is contextualizedeinms of Additive Manufacturing in Part B,
where the research gaps that justify the resequastions posed in this study have been
demonstrated through the structured review proecess an up-to-date synthesis of current
research for each has been presented. The striditerature review highlights that, as yet, little
explicit research attention has been given to weald implications of Additive Manufacturing.

It has been shown that despite the enthusiasm dditike Manufacturing, thus far studies have
focused almost exclusively on individual processhimlogies and machines, and have not
embraced the concept of a manufacturing systernaim assessment. Current approaches have
demonstrated some semblance of functionally linkesburces, but the absence of a detailed
systems perspective on this topic is a notable gioms for both research and practice.
Furthermore, whilst much enthusiasm surrounds AddiManufacturing for low-volume and
customized manufacture as a result of its ‘flekilbs’, these capabilities are poorly understood,

particularly in terms of the implications for thepply chain.
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Chapter 3 Research Design

Chapter Aims

1. Explanation of the philosophical positioning whishderpins this research.
2. Justification for the research instruments seleitedis study.

3. Examination of the advantages and limitations efapproach taken.

3.1 Chapter overview

At its most basic, research design can be colltlgudentified as a “logical plan for getting from
hereto there whereheremay be defined as the initial set of questionsd@nswered, arttiere

is a set of conclusions (answers) about those iguest(Yin 2009, p. 26). For doctoral research
this plan is complex, often convoluted, and is infed and constrained by a number of factors.
Creswell (2009) identified that the design of sesesh study can be considered as an intersection
of philosophy and related strategies, enacted tirdbe use of specific methods. This chapter
commences with an exploration of the methodologytto§ research, in which a critical
examination of the philosophical underpinnings loé study is conducted. This investigation
serves to explain the beliefs and attitudes ofrédsearcher, and the extent to which alignment
between principal philosophical positions is dentiated. From this exploration the selection of
appropriate methods and rejection of those deenwmaripatible with the philosophical position
is undertaken. In this way, the most fundamentastians regarding what kinds of data should
be gathered, where it should come from, and hoshdtuld be analysed (Easterby-Smith et al.
1991) are tackled.

Chapter 2
B Literature Review
Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep.t of Fulﬁlllng dem?nd The flexibility of Sup.pl.y'cha‘m
an Industrial using Industrial Industrial Additive flexibility for
Introduction > Additive - Additive i : - [ndustrial Additivep  Conclusion
= ’ > Manufacturing 3 :
Chapter 3 Manufacturing Manufacturing . Manufacturing
Systems
System Systems = Systems
b Research Method -

Figure 3.1: Thesis structure
Source: The Author
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Doctoral studies such as this are required to naakevel contribution to knowledge, for which
there are a multitude of potential approaches thay be taken. In setting up the research a
careful balance is needed to ensure that the prigjecanageable within the resource constraints,
but is not so prescriptively defined that the arrsware already largely known at the outset: in
order to gain new knowledge we must not alreadyktiee answer in advance (Daft 1983). As a
result, flexibility in both the problem definitioand the research approach is necessary to enable
the exploration of the unexpected. Within this dbaphe premise of a single linear approach to
the design of this study is examined and reje@edt is recognized that real-world research does
not move smoothly between research question andesinga a well-organized data collection
system (Robson 2011). Whilst it is essential tlesiearch is designed before its conduct, the

author is mindful of the guidance of Simon:

“Do not wait to start your research until you firmit the proper

approach, because there are always many ways kie agroblem —
some good, some bad, but probably several good.\wdyse is no
single perfect design. A research method for argjw®blem is not like
the solution to a problem in algebra. It is mole Ia recipe for beef
stroganoff; there is no one best recipe.”

Simon (1969, p. 4)

Within this chapter the ‘recipe’ for the study ieepented, and a justification is given for the
inclusion of each ‘ingredient’. As an exploratorudy the use of an abductive approach to
research is taken (Dubois and Gadde 2002; KovadsSpens 2005), leading to iterations
between theory and data. Furthermore, the authmscsibes to the notion of a crucial interplay
between theory and method (van Maanen et al. 2@0it) consequently the design of the study
has been shaped as a result of interactions betthiesa. Detailed consideration is given to the
strategies and methods applied within this resealemonstrating their applicability, limitations,
and explaining how they were implemented. Ethi@alsiderations of this research have been
summarized in Appendix B, along with appropriatécens taken by the researcher in the conduct

of the study.

3.2 Research paradigms

There have been many interpretations of the fmradigmin the context of academic research,
and as a result there is discrepancy over the usfate term in social science research (Morgan
2007). Simplistic definitions delimit the term asig the distinction between qualitative and
guantitative research, however a fuller considereis given by Denzin and Lincoln (2005), who

identify that it comprises the epistemological, adogical, and methodological premises of the
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individual researcher. Similarly, Morgan (1979) posed that a research paradigm can be
considered at three levels: the philosophical éptare a complete view of reality); the social-

organizational (concerning the conduct of the neges in terms of their school of thought), and

at the technique level (in terms of the tools arethods used in the execution of the research).
Within this study, the perspective of 6 and Bellaf§12) is observed, where a paradigm is the
shared understanding of what should be examinedt wbunts as data, what questions are
important, how data should be interpreted, and whah acceptable in the answering of research

guestions.
Within this definition of a paradigm, two particdiimportant concepts are acknowledged:

Epistemologyconsiders what constitutes acceptable (or valitpwktedge (Bryman and Bell
2011; Saunders et al. 2012). Knowledge may benatiain a variety of ways, and an individual's
epistemological beliefs confirm which approacheg acceptable. Notably for the wider
development of the research area, attention taegpidogical issues is important as they have a

major influence on the quality of theoretical d®prhents (Narayanan and Zane 2011).

Ontology is concerned with “the nature of reality” (Saursdet al. 2012), and asks the
fundamental questions about what is ‘real’. If &gisology concerns ‘knowing’, then ontology
concerns the nature of ‘being’ (May 1997). Ontobadjiconsiderations require the researcher to
consider the nature of social phenomena, and toi@eawhether they are inert or a part of social

interaction (Bryman 2012).

Therefore, ontology is the ‘reality’ that reseanmshmvestigate, epistemology is the relationship
between that reality and the researchers, and weltgy is the technique used to investigate
that reality (Healy and Perry 2000). It is impottéamrecognize that an interplay exists between
ontology and epistemology; as Hitchcock and Hugi€95) identify, ontological assumptions
give rise to epistemological assumptions. What dsc@ived as real influences beliefs about
reality (and vice-versa), and therefore it is regdible to separate considerations of epistemology

and ontology.

It is acknowledged that debates over the natupghiddsophical perspectives towards research are
challenging to define and explain, and that theeenaany philosophical positions with which an
individual may associate themselves that will reguldifferent ‘answers’ being obtained. In
Social Science research great emphasis is plaaadthis element of scholarly endeavour, since
it is only by understanding the implications of tiiefs of the researcher that an appreciation of
the implications for the conduct of the study canghined. Recognition of different perspectives

of philosophy was exemplified by Burrell and MorgétP79), who provided a schema for
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understanding the assumptions of social scienggiioh ontology, epistemology, human nature,

and methodology may be considered on continua (EigL2).

Normalism —— ontology ——H Realism
Anti-positivism  #—— epistemology —H Positivism
Voluntarism #—— human nature —H Determinism

Ideographic #—— methodology —H Nomothetic

Figure 3.2: The subjective - objective dimension
Source: Burrell and Morgan (1979)

The use of such continua in the definition of pddphical positions is frequently employed.
Many focuses are delimited by their epistemolodierothis constitutes positivistic positions at
one extreme, and an alternative (and apparentbmpatible) anti-positivist position at the other,
and in Table 3.1 a synthesis of such evaluatiomsasided. From a pedagogic perspective the
use of such delineations may improve accessilidithhe concepts by allowing basic assumptions
to be established (Remenyi et al. 1998), and helink paradigms with their methodological
approaches (Figure 3.3). Continua can, howeverlyimpme degree of linearity between the
attributes and attempt to identify formal boundatietween philosophical positions that may be
less distinct than may be implied. There is no $essnprogression between categorizations, and
in many instances some characteristics may ovedapy authors disagree over the components
of these positions, and even if one could compil@ecepted list of assumptions that align with
each philosophical position, this may have littldity since as Easterby-Smith et al. (2008)
observe, in implementation no one philosopher aidbntified as exhibiting all characteristics
of a particular perspective anyhow. The consequemndethis situation are not necessarily a

problem, since as Sayer (2000) notes, fuzzy disting are not always fatal.
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Methodology Paradigm
A
Grounded theory CONSTRUCTIVISM
Indepth interviewing and focus groups REALISM

(with an interviewer protocol)

Instrumental case research REALISM
Theory-building research:
emphasis on meaning

\ Survey and structural
-_equation modelling REALISM
N

N

Survey and other
multivaraite techniques
POSITIVISM

B

Theory-testing research: emphasis on measurement

Figure 3.3: Methodologies and related paradigms
Source: Healy and Perry (2000)

Approach taken
Positivist Realist Constructionist Pragmatist
What is A definable ‘reality’ or| A “real” reality but| There is no ‘reality’ or| Reality is tentative
‘reality’? ‘truth’ exists and is| only imperfectly and ‘truth’ beyond our andl ever-changin_g;
observable. Naive realism probabilistically experiences achievements n
“real” reality but| apprehendible rese"?"Ch should  bg
. considered ag
apprehendible provisional, rather
than definitive.
Reality is objective
and socially
constructed
What is the goal | Acquisition of the ‘truth’ A more informed A more informed| The  solution  of
of academic understanding of the construction of thg practical problems in
enquiry? multiple possible| world a practical world
‘truths’
Relationship None — objectivity sought| The researcher is ndthe researcher is ngtThe researcher is ng
between the independent of the independent of the independent of the
research and the ‘researched’ ‘researched’ ‘researched’
‘researched’
What should be | None — objectivity sought| Subjective - persopdtart of ‘reality’ —| Subjective - persondl
the role for value system subjectivity celebrated value system
values? influences what ig influences what g
researched and how researched and how
What kind of Predominantly based onMethodological Predominately basefd Whatever works to
approach? observability or| pluralism embraced; on discourse and satisfy the research
measurability with the aim blending of methods meaning with the aim question
of seeking ‘evidence’; performed to best of seeking a more
experimental/manipulative understand informed
; verification of | interactions between understanding of the
hypotheses; chiefly objects world
quantitative methods
What kind of Predominately quantitative  Quantitative anéPredominately Whatever works fo
datais qualitative qualitative the research question
preferred?

Table 3.1: An overview of research approaches
Source: The Author, based on (Cohen et al. 201ba@und Lincoln 2005; Meredith et al. 1989; Mingetrs
al. 2013; Robson 2011; Sumner and Tribe 2004; \@adsNells 1994)
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3.2.1 Positivism

The origins of the positivist paradigm are typigadittributed to 19 Century work by Comte
(1865), in which all genuine knowledge is basedemperience and can only be advanced by
experimentation and observation (Cohen et al. 20hI)ositivism, the ontological assumption is
made that reality is separate and distinct fromrsearcher. This means that, given enough
attention to the design of a study, it is possfbleresearch to take place as if the researches wer
not present, and the observer is therefore indeperaf the phenomena being observed and the
research is value-free. In positivistic researtie, &im is to identify the laws which serve to
explain observations; these laws may be derived fdypothesis which has been demonstrated
to be true. Positivistic enquiry is typically assted with research that involves quantitative data
(Punch 2005), and tends to result in the conducteductive research (Gill and Johnson 2002).
In positivist Business Management research, prataipsearch methods are questionnaires and

experimentation under controlled conditions.

3.2.2 Anti-positivism

At the other extreme of the continuum is the ansi#ivist belief in a world that is not knowable
or explainable through the scientific method an@@shment of causal laws. One perspective
on an anti-positivist approach is Social Constareim, which asserts that reality is a social
construction, with the purpose of research to leeatmalysis and explanation of how this arises
(Berger and Luckmann 1967). Several examples abkpconstructed concepts are given by
Boghossian (2001) including money, newspapers #@imreship. For each it is argued that their
existence is a consequence of a social construetimm example, there is a social agreement a
newspaper exists (it is not simply just a collectiof pages containing text). Likewise the
Doctorate qualification exists as by social agregnoa the capabilities of the individual and the
credibility of the assessors and awarding insbotytielse it is only a piece of paper with a
University crest. For social constructionists, tisure of knowledge and reality are specific to
individual social contexts; for example a Tibetaonk has a different perspective on reality than

an American businessman (Berger and Luckmann 1967).

Burr (1995) recognises therefore that there cabeobbjective facts in social constructionism.
Indeed, there is even no single definitive undeditay; whilst commonalities between ‘versions’
of can be found, Stam (2001, p. 294) observes‘“thiaat counts as social constructionism is

often dependent on the author’s or critic’'s aims”.
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3.2.3 Realism

A third philosophical position is that of realisemd the realist social scientist:

“is likely to claim that social entities (e.g. matk, class relations...
etc) exist independently of our investigationsiwn.... That many of
these qualities are disputed and not directly oladde (and hence
refracting to quantification) does not rule them oficonsideration for
analysis, a position that distance realist- fronpigitist- or positivist-

orientated analysis. Furthermore, that these dispugntities exist
independently of our investigations of them disengealism from
postmodernism.”

Ackroyd and Fleetwood (2000, p. 6)

The critical realist approach to research has becamsreasingly popular in business and
management studies as a result of “growing didaatisn with the inherent explanatory
limitations of postmodern and post-structuralistsegmologies and their grounding in a social
constructionist ontology” (Reed 2005, p. 1629). Tmological position of the critical realist
author shares some commonality with that of thétipisd, since the world ‘out there’ is deemed
to exist independently of the researcher’s knowdedfyit (Thomas 2004). However, the critical
realist asserts that it is the interpretation ef world that is made by the individual which makes
it meaningful. Reality is not ‘formed’; instead dégtions of reality are developed to express the

essential properties through both thought and laggOuthwaite 1983).

In critical realism, Bhaskar (1975) emphasiseditmgortance of ontology, and that a ‘stratified
ontology’ exists, emphasising the distinction betwéehe real, actual, and empirical in terms of
causal powers. Sayer (2000) characterisedrdhbas ‘whatever exists’ — whether or not it is
understood by the researcher — and concerns objetts their structures and their powers. The
real can be physical (as an object), or social (as restoact), and possesses causal powers
(capabilities to behave in certain ways), and dalishilities (susceptibilities to change). By
comparison, thactual concerns what the causal powers do when activatetiwhat the results

of such activations are. Finally, teenpirical relates to the domain of experience and perception

that are held by individuals.

Explanation in critical realism depends on ideritifythese causal mechanisms, rather than the
‘usual approach’ which finds causation the restilregular occurrences; according to Sayer
(2000, p. 14), “what causes something to happembtng to do with the number of times we
have observed it happening”. Furthermore, causalepo are both irreducible and not always
active, and their future activities are potentiast certainties (Sayer 1992). This is contrary to
the automatic correlation of events typically assted with positivism (Easterby-Smith et al.

2012).
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This possibility of causal powers can be identifisihg Collier's example:

“Wine cheereth the heart of God and man, accorttithe Good Book
— but not so long as it is tightly corked in itsthey

Collier (1994, p. 9)

The potential for the causal powers of wine is Walbwn; whilst corked it is not activated, and
only on consumption may the activation occur. lhgemed with excessive quantities of other
alcohol, the resultant sickness is the result ofiarealised power (in that it has had its effects,
but not those which would have occurred when comesuias intended), yet this sickness would

be a potential, and not always a certainty.

3.2.4 Pragmatism

Some researchers take a pragmatic approach (efiemed to as ‘whatever fits’), which focuses
on the research question under investigation, #fieneselecting the appropriate epistemological
and ontological positioning as a secondary conataer (Saunders et al. 2009; Taskakkori and
Teddlie 1998). As Johnson and Onwuegbuzie (2004,6p.observe, “the bottom line is that
research approaches should be mixed in ways tliat tife best opportunities for answering
important research questions”. Whilst positivisislidve knowledge is objective, and anti-
positivists find it to be too complex to be knowg B single perspective, pragmatists ‘fall
somewhere in between positivists and anti-positvi§Goles and Hirschheim 2000, p. 261).
Pragmatists accept truth, meaning, and knowleddmtstentative and temporal. Achievements
in research should be considered as provisiontherahan definitive since reality is ever-
changing (Maxcy 2003; Robson 2011). Despite them@l flexibility that such a position may
offer the researcher, it is interesting to notet théthin Operations Management research

pragmatism is identified as relatively uncommonrig&na and Fitzgerald 2006).

3.3 Research philosophy and Operations Managemeng¢search

3.3.1 Evaluation of philosophical positions withirOperations Management research

Although justification of research philosophiesingportant in many social science fields, it is
notable that few Operations Management researchake reference to their own philosophical
beliefs in publications. Research issues of epistegy and ontology have received little
attention in Operations Management journal puliicet save only a tendency to call for more

attention in this area. An illustration of this mag found by a keyword search for ‘epistemology’
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within the Journal of Operations Management fromefption through to volume 32 inclusive

(1980-2014). Whilst this is only a single journiljs recognized as being one of the premier
guality outlets for Operations Management reseéirzrvey et al. 2010). Within the search only
four relevant publications may be identified thiscdss the implications of epistemology on their
work. The earliest text of Meredith et al. (198%)ll€ for “a broader epistemological stance

concerning knowledge creation”, yet these searstlteidentify this has not been forthcoming.

The somewhat emergent and fluid nature of Operatdanagement may, in part, explain this
dearth. Whether Operations Management even exdsasdiscipline in its own right is contested
(Pilkington and Meredith 2009). Operations Managaeimaridges a range of well-established
disciplines (e.g. Engineering, Management, Math&®aOperations Research), all of which
have their own established perspectives towardeares philosophies. Different facets of
Operations Management are therefore influencedhbyperspectives which cascade from the
established disciplines, making unification prokdgicy and this is further compounded by the
internal differences within these established @isoeés. For example, within Business
Management the potential for a wide range of meatlagies and methods exists and there is no

one ‘accepted’ approach to this type of researchs@\and Wells 1994).

The problem with a failure to address issues o$tepiology and ontology is that individual
researchers are unable to make informed choicéisein work (Wass and Wells 1994, p. xv).
Such omissions do not enable the Operations Maragemesearcher to simply ignore

philosophical considerations— as Collier (1994ides:

“A good part of the answer to the question "whylgdaophy?" is that
the alternative to philosophy is not no philosopbyt bad philosophy.
The ‘unphilosophical’ person has an unconsciousopbphy, which
they apply in their practice - whether of sciencepolitics or daily
life.”

Collier (1994, p. 17)

Even where it is not explicitly stated, it is imgamt to observe that Operations Management
research has typically adopted a positivistic ameuch of which arises from its origins and
association with Operations Research. In reviewirggInternational Journal of Operations and
Production Management (IJOPM), Taylor and Tayl®@0&) identify that since the 1970’s whilst
there has been a movement towards empirical methesisarch has still been conducted within a
positivist philosophy. This is particularly notaldace, relative to other outlets for Operations

Management research, IJOPM is one of the most tigeejpurnals to methods traditionally
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aligned with non-positivistic philosophy (Craigheagnd Meredith 2008). Within the
neighbouring field of Supply Chain Management, Bsgyet al. (2006) similarly identify that
research is dominated by positivistic enquiry. Tiediance of Operations Management on
positivistic enquiry has been identified as detritaé its development, with Autry and Flint
(2010) identifying that such an approach constrdires extent to which phenomena are being
examined. If other approaches were executed wélséme rigour, then these studies would be
“able to make observations about operations andlysuppnagement phenomena that
positivist approaches by definition omit due toitliecus on theory testing” (Autry and Flint
2010, p. 2)

3.3.2 Justification for a Critical Realist approachin this study

Although explicit discussions of research philogophe seldom reported, as Klassen and Menor
(2007) identify, Operations Management scholarerofaim to find laws and theory by
conducting “scientific” research. Such is the apparextent of the positivistic prevalence in
published Operations Management research, an rexigtath that has been well trodden is
implied, and in terms of academic publication aifpastic perspective is more clearly adopted
and accepted by reviewers. This expectation is/aeke since as Nieuwenhuis (1994) observes,
researchers are often obliged to shape their segaractice to the requirements of their
audience. It would however be incorrect to idenpfysitivism as the only option. Indeed, as
Meredith et al. (1989) and Autry and Flint (201Qpgest, such an eventuality has contributed to
constraint in the development of Operations Managenresearch, and a move towards
interpretative and observation based investigaitimneases the relevance of the findings for a

management audience (Gunasekaran and Ngai 2012).

The author has an established background in Engimgeeesearch and practice, and aligns with
the positivistic assumption that the world ‘out rifieis deemed to exist independently of the
researcher’s knowledge of it (Thomas 2004). SinyiJdre has sympathy to the positivistic traits
such as Durkheim’s guidance for the social sciemtisadopt ‘the same state of mind as the
physicist, chemist or psychologist when he proés & still unexplored region of the scientific
domain’ (Durkheim 1964, p. xlv). However, this aptance focuses principally on the rigour
with which investigation should be conducted. Tleture of the research undertaken within
commercial organizations involving the complexitiaad peculiarities of both human and
machine behaviours leads to an assessment by tthar dliat naive positivism and the laws under

which it operates are inadequate to understand¢amdnunicate the findings of this research.
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Whilst the author may therefore be identified aspdithg a somewhat anti-positivist approach in
this study, it is distinct from the very opposingdeof the continua at which interpretivism is
located. The author rejects the fundamental béhiaf everythingis based in discourse and
socially constructed. As Ackroyd and Fleetwood @Owlentify, if everything comes down to
discourse then it would be possible to simply tafidesirable things away, and this is not a

position supported by the author.

Hence it is Critical Realism that offers a philogvith which the author is most in alignment,

which Thomas (2004) notes ‘bridges’ alternativelggophical stances. Dobson (2002) observes
that “knowledge of reality is resultant from sociabnditioning... it cannot be understood
independently of the social actors involved”. Thehar adopts an ontological position which
accepts the views and opinions of research paatitipas valid social contributions to the
research, and which enables the use of social mietbaoch as interviews. By extension, the
acceptance of a Critical Realist perspective reguthe author to subscribe to the notion of
causal powers (and their relative operation ane@rg@tl operation) as being applicable to the

study.

Characteristic Explanation Relevance to this study

Stratified The real, actual, and empirical ar@he researcher acknowledges the

Ontology distinguished separately. world to be full of emergence, and
accepts that causal powers may exist
in different states.

Research is Epistemic relativity is supported (thatltis acknowledged that the research is

limited and| knowledge is always local and historicdl)influenced by the researcher; this|is

mediated by but not judgmental relativity (that all| not a limitation but a consequence |of

perceptual  and viewpoints must be equally valid) (Mingerdghe nature of enquiry.

theoretical et al. 2013).

lenses

Support for @] Different types of knowledge objects existA multiple methods, predominantly

range of methods| which have different ontological andqualitative approach is adopted in this

epistemological characteristics, requiring
range of methods to access them (Minger
al. 2013).

study to collect data from a range
srelspondents.

of

Value-laden Reality is not ‘formed’; instead descriptionsThe researcher identifies himself fto

enquiry of reality are developed to express thering his own values to the enquiry,
essential properties through thought armmhd must recognize this in the
language (Outhwaite 1983). conduct of the research.

Causation Causal powers are both irreducible and ftat causal powers are potentials, hot
always active, and their future activities areertainties is a fundamental tenet |to
potentials, not certainties (Sayer 1992). the work on flexibility: flexibilities

may be unrealized.

Retroduction Retroduction is often deemed synonysmolinables alignment between Critical

with abductive enquiry (Mingers et al. 2013

)Realism and a Systematic Combini
(abductive) approach.

Table 3.2: Characteristics of Critical Realism rel@ant to this study

Source: The Author
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3.4 Selection of the research approach

3.4.1 Deductive, inductive, and abductive approaclkeo research

Factor Deduction Induction Abduction
Departing Point Theoretical Framework Empirical evations Empirical observations
(theory is absent) (unmatched by/deviating
from theory)
Aim Testing/evaluating theory | Generating and building Developing new
(Falsification or theory understanding by
verification) incorporating existing theory

(where appropriate) or
building/modifying theory

Drawing Corroboration or Generalization/transferability Suggestions (for future
Conclusions falsification of results directions,
theory/paradigm/tool)
Generalization From the general to the | From the specific to the From the iterations between
specific general the specific and general

Table 3.3: Comparison of research approaches
Source: The Author, developed from de Brito and d@nLaan (2000) and Saunders et al. (2012))

In Table 3.3 the three principal approaches toareseare compared. Bryman and Bell (2011)
identified the most prevalent view on the relatldpsbetween theory and research is the
deductive approach in which a theory or hypothissgeveloped, operationalized, tested, and the
observations which arise from the testing processampared with the assertions of the theory
or hypothesis (Gill and Johnson 1991). In this apph, which is prevalent in positivism, theory

is either corroborated or discarded.

Induction offers an approach to research in whiehnegal theory is developed from initial

observations. In what is often termed a ‘bottom approach, patterns in observations are
identified, leading to the generation of hypothesisvhich are then tested to result in the
formation of specific theories; as more observatiare made which support the theory then it is
strengthened (Hamlin 2003). As a result, this apginas prevalent in interpretism, and typically

employs a qualitative strategy.

Both deduction and induction imply a one-way apphoto theory and data: either the research
moves from theory to data (deduction) or data émth (induction). Abduction allows a two-way

iteration between theory and data (Saunders €04l2). The abductive approach is somewhat
unusual for Operations Management research (deo Buid van der Laan 2000), and has
previously been considered as a compromise betwleenextremes of pure deduction and
induction (Atkinson and Delamont 2005). However,tive iterations between empirical data

collection and theoretical development that coutst# an abductive approach, a more realistic
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perspective of the practice of applied managemesgarch may be achieved. Data analysis and
data collection frequently overlap (Eisenhardt 19&hd van Maanen et al. (2007) emphasize

that in management research:

the flow of research is lengthy and uneven, is saest clearly in

hindsight, and, perhaps most important, is consdktudiosyncratic,

often chaotic, and always personal. How we arrivec@nclusions,

insightful or otherwise, is difficult to penetratdhen publication norms
do not favor the presentation of results in the meann which they
evolved and when the personal history of how treeaech process
unfolded over time may be revised or forgotten lees groject moves
towards its final printed version.

van Maanen et al. (2007, p. 1146)

The complex and ‘messy’, non-linear nature of rede& accepted as being relevant to the type
of research conducted in this study. Abductive asde begins with an observation and/or a
theory which deviates from the expected norm, leqdd an anomaly in understanding which is
addressed through iterative research to eithemdxtiee existing theory, or propose a new one
(Kovacs and Spens 2005). In the context of businessarch, this iterative approach has been
coined ‘Systematic Combining’ (Dubois and GaddeZ@D13). Particularly for the Case Study
research method, Systematic Combining has beenrstmallow an ‘intertwining’ of theory and
empirical observation in the conduct of the redeatady. It is identified that “theory cannot be
understood without empirical observation, and viessa” (Dubois and Gadde 2002, p. 555), and
through Systematic Combining it is possible to davyeresearch through iterations of the

processes of matching, and seeking direction agiceion (Figure 3.4).

Matching
Direction & redirection

Figure 3.4: Systematic combining
Source: Dubois and Gadde (2002)

The adoption of an abductive approach (Figure Bi5his research has several motivations.
Importantly, the approach aligns with the othemedats of the paradigm. It is often viewed as

being synonymous with the retroduction espousedHgskar (1975) in Critical Realism, and
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supports the qualitative case-based research vidimbnducted in this study. Furthermore, since
this study transfers established theories (e.xibildy) to the context of Industrial Additive

Manufacturing, the abductive approach allows for exploration of its suitability (and

consequential development) in this research cortewugh iterations between collecting data
within organizations and the assessment of eshadulisheory. Through abduction, the author
brings knowledge of theory to the research setthogn both Operations Management and
Engineering, and through iterations of the System@bmbining process is able to identify

theoretical linkage and development requirements.

=
— .
5 k] 0. P”F’r 2. Theory 3. Theory
i = theoretical . .
] g matching suggestion
2 = knowledge
@ =
)
|
N
h —
© 5
et o= -
; E_ I Dev@t}ng 4. Application
a real-life .
E . of conclusions
= observations

Figure 3.5: The abductive research process
Source: Kovacs and Spens (2005)

3.4.2 Justification for exploratory qualitative resarch

The literature review highlighted a general deasthknowledge pertaining to the nature of
flexibility for Additive Manufacturing systems orupply chains. In recent years Additive

Manufacturing has developed from a focus on thetme of functional prototypes to the

fabrication of end-user parts (Hopkinson et al. &)0Wohlers 2012). The limited volume of

academic research in this area, combined with thveest pace of market and technological
change must be appreciated in the design of thadystds a result, this research takes an

exploratory approach to tackling the research guesipreviously developed in Chapter 2.

Phillips and Pugh (2000) identify that studies whiexplore relatively uncharted areas are
appealing, but inherently more risky in terms ohiawing a successful execution. Collis and
Hussey (2003) identify that for such studies, titention is to gain familiarity with the research
domain, identifying insights, hypothesises anddioms for further research rather than forming
conclusive answers to problems or issues. This doesnean that exploratory research has no
findings; rather that it serves to build the foutimias and provide the initial results in a new area

To achieve this objective, this exploratory workldhs upon the author’s prior commercial and
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academic experience in operations, engineering, madufacturing, bringing this knowledge
together with extant Additive Manufacturing litaxed and the empirical research conducted in

this study.

The exploratory nature of this work and the setectif an abductive approach to the research
supports the use of research instruments that rameigmlly of a qualitative nature. Such an
approach aligns with Edmondson and McManus (208%)p highlight that where the state of
prior knowledge may be broadly described as nastiemtuse of qualitative methods of enquiry

is commonplace (Table 3.4).

State of Prior Nascent Intermediate Mature

Theory and
Research

Research questions | Open-ended inquiry
about a phenomenon

of interest

Proposed
relationships between
new and established
constructs

Focused questions
and/or hypotheses
relating existing
constructs

Type of data
collected

Qualitative, initially
open-ended data that

Hybrid (both
gualitative and

Quantitative data;
focused measures

need to be interpreted| quantitative) where extent or
for meaning amount is meaningful
lllustrative methods | Interviews; Interviews; Surveys; interviews of

for collecting data observations; obtainin
documents or other
material from field
sites relevant to the

phenomena of

gobservations; surveys
obtaining material
from field sites
relevant to the
phenomena of intereg

;observations designe
to be systematically
coded and quantified;
obtaining data from

tfield sites that

interest measure the extent o
amount of salient
constructs

Constructs and Typically new Typically one or more Typically relying
measures constructs, few formal| new constructs and/of heavily on existing
measures new measures constructs and
measures
Goal of data analysesPattern identification | Preliminary or Formal hypothesis
exploratory testing of | testing

new propositions
and/or new constructs

Data analysis Thematic content Content analysis, Statistical inference,

methods analysis coding for exploratory statistics,| standard statistical
evidence of constructg and preliminary tests | analyses
Theoretical A suggestive theory, | A provisional theory, | A supported theory

contribution

often an invitation for
further work on the
issue or set of issues
opened up by the stud

often one that
integrates previously
separate bodies of

ywork

that may add
specificity, new
mechanisms, or new
boundaries to existing
theories

Table 3.4: Three archetypes of methodological finifield research
Source: Edmondson and McManus (2007)
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A comparison between qualitative and quantitatasearch is provided in Table 3.5. Qualitative
research is informative, detailed, reflexive, satije, holistic, and flexible (Sarantakos 1998),
and enjoys a strong alignment with Critical Realetearch. It is traditionally associated with
explorative work, however it is suitable for useydmed the exploratory (Spanjaar and Freeman

2006). Maxwell (1996) identifies five motivationsrfwhich qualitative studies are particularly

suited, for which Table 3.6 demonstrates theirvaabee to this study.

Feature

Quantitative Methodology Qualitative Methodlogy

Nature of Reality

Objective; Simple; Single Subieet Problematic; Holistic

Causes and Effects

linkages

Nomological things; cause-effelsion-deterministic; no cause-effect
linkages

Role of Values

Value neutral; Value-free enqujry luéabound enquiry

Natural and Social

Deductive; Model of natural

Inductive; Rejection of natural

Sciences sciences - based on strict rules | sciences model - no strict rules:
interpretations
Methods Quantitative, mathematical, Qualitative, less emphasis on statistics,

extensive use of statistics

verbal and qualitative analysis

Researchers’ Role

separate from the subject

Active; ‘knower’ and ‘known’ are
interactive and inseparable

Passive; is the ‘knower’ and

Generalizations

Analyticeatonceptual
generalizations; time and context
specific

Inductive generalization

Table 3.5: Perceived differences between qualitatvand quantitative research

Source: Adapted from Sarantakos (1998)

Motivation

Relevance to this study

To understand the
meaning research
participants give to
events and situation

It is acknowledged that different perceptions egistthe capabilities o
Industrial Additive Manufacturing to achieve fleiity within operations
and the wider supply chain. Through a qualitatigppraach it is possibl
5to gain depth of understanding.

To understand the
context within which
research participants
act, and how this
affects their actions.

This study is interested in the practicalities ofddstrial Additive
Manufacturing, which is likely to be affected byetldiosyncrasies o
5 individual companies in the conduct of their mactidang. Qualitative
research enables explorations of how individuarattaristics affect the
way in which research participants make decisions.

To understand the
process by which
events take place

Each of the purposes identified by Maxwell is ralevto this research

and implications of its achievement.

To develop causal
explanations

Within the acknowledged Critical Realist understagdof causality, g
gualitative approach allows investigation of caupalwers (whethe
potential or enacted) to be examined in this study.

and therefore the selection of qualitative methisdappropriate in this
study, which seeks to understand the nature oibiléy and the methods$

11%

D

h

D

To understand
unanticipated

As the topic being explored is not well understaoexisting literature
the ability of qualitative approaches to adapt ifigx in order to

phenomena

accommodate the unexpected is a useful capability.

Table 3.6: Mativations for qualitative research
Source: The Author, adapted from Maxwell (1996)
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3.5 Selection of research strategies

The research approach described in the previou®sadentified that this study is principally
qualitative, and as a consequence of limited rekesr this area, broadly exploratory. In this
study three distinct strategies are employed ([eigu6), through which data are accessed by a
number of different methods. The following threectimns explain each of the strategies
employed, and provide a justification for theirligéition in this study. Within each strategy the
enabling methods are discussed; these were cgrefutisen to most appropriately tackle the
different research questions, and a detailed disouof the rational and justification for these is

included in the corresponding subsections.
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Nature

Quantity

Research
Question
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Case Studies

Industry
Questionnaire

Contextual Activities

Interviews Observation Questionnaire Literature Reviews Engagement Activities
— 1 —— | —— i
| 1 1
Semi- .. Non- . . Conft . Fund tal
Structured Participant . . Email Narrative Structured on erences Projects undamenta
structured participant & Events Resesarch
15 1 Ongoing ‘ ?3 site Usable - ' 13 Conference 2 Major 4 Journal
interviews terviews over 6 year | | visits / plant responses I review 4 reviews Papers Proiects Papers
period tours =7(50%) 4 Major Events ) P
4 1-4 1-4 1-4 4 1-4 1-4

Figure 3.6: Overview of research strategies and miedbds employed
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3.6 Strategy 1: Case studies

A case study is “an empirical enquiry that investigy a contemporary phenomenon within its
real-life context, especially when the boundarieswieen phenomenon and context are not
clearly evident” (Yin 2009, p. 18), and is advamtags when asking “how” or “why” questions

about contemporary events which are not contralalylthe researcher (Table 3.7).

Method Form of research Requires Control of Focuses on
guestion Behavioural Events? | Contemporary Events?

Experiment how, why? yes yes
Questionnaire who, what, where, how no yes

many, how much?
Archival who, what, where, how no yesino
Analysis many, how much?
History how, why? no no
Case Study how, why? no yes

Table 3.7: Situations for different research stratgies
Source: Yin (2009)

Case studies are primarily used to develop newriggooften using inductive methods in order
to collect primarily qualitative data (Barratt et. &2011). For Operations Management,
McCutcheon and Meredith (1993) suggest that casdiest help in the creation of theories to
explain the gap between an academic’s perceptiancohcept and how it actually occurs. This is
particularly relevant in this study, where perceps of the implications of Additive
Manufacturing for Operations and Supply Chain Mamagnt have been evidenced in the
literature, but with little empirical data to sufnstiate these as research findings. Handfield and
Melnyk (1998) identify case studies are well suited the discovery and early theory
development stages of research. Case researctsdiiewesearcher to access the phenomena and
through the application of a number of tools, depeh rich understanding about it. Voss et al.
(2002, p. 195) identify case research as “one ef mhost powerful research methods in

Operations Management, particularly in the develepnof new theory”.

It is essential that case study research identifiesappropriate Unit of Analysis which is to be
examined. In terms of manufacturing and supply rthaianagement, seminal guidance has
focused on the individual product being suppliedewhconsidering appropriate strategies
(Childerhouse et al. 2002; Fisher et al. 1997; &idt997). Early exploratory work conducted for
the current study identified that, in practice, pamies focused and organized their
manufacturing efforts towards individual producpég. Hence, as a result of the research

precedent together with empirical observationd_thi¢ of Analysis for this study is considered to
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be individual product type being produced eitheminole or in part by Industrial Additive

Manufacturing Systems.

In this research twelve case studies are examinedlving three different Industrial Additive
Manufacturing companies and a number of other suplphin entities. A summary of these is
provided in Table 3.8 and Appendix A. Each IndastAdditive Manufacturing company has

been assigned an alternative name for anonymity:

1. HearingCo, a UK manufacturer of hearing aid devicdss company formerly used
conventional manufacturing technologies, but haspleyed Industrial Additive
Manufacturing technologies for 15 years. It is paEfra larger group of companies; the
UK division has over 150 staff.

2. LittleCo, a UK manufacturer providing outsourcedrdau manufacturing’ services. This
company has offered both Industrial Additive Mamtd@ing and conventional
manufacturing technologies for 20 years. It is pafita much larger organization,
however the manufacturing division has less tharstaff.

3. BigCo, a multi-national Industrial Additive Manutacing company that both produces
its own products, and also provides outsourced dareanufacturing services. It has

been established for over 20 years, and has offiogislwide employing over 1000 staff.

It is noted that the researcher enjoyed an ongatagionship with both BigCo and LittleCo for
the six year duration of this study, allowing datde collected and verified at multiple points in
time. As shown in Table 3.8 these case studiesadditionally informed by the suppliers of
machines and raw materials, and for four of thelveveeases data was also achieved from
customers of the Additive Manufacturing companigetably, when compared to much of the
other published supply chain research for AdditManufacturing (e.g. Khajavi et al. 2014;
Ranganathan 2007; Tuck et al. 2007a), this studglaively unusual in the inclusion of supply
chain entities both up-stream and down-stream efprt/product manufacturing activity. As
shown in the literature review, most emphasis hesnbon the individual manufacturer, or
alternatively manufacturer-to-customer activiti@sd has omitted a more extensive consideration
of the supply chain. In particular there has bettie lemphasis on the contribution of machine
and materials suppliers in Additive Manufacturiegearch, and so their inclusion in this study is

identified as a relevant contribution.

In Operations Management research the use of raultpse studies is commonplace, and
emphasis has been placed on promoting internabisalby using cases which contrast
considerably (Stuart et al. 2002). Gerring (20@®ntifies these types of case digerse and

these are used within this study to examine vanabetween cases. This study is an example of
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multiple case study research in which an exployatqualitative approach is predominantly
employed to promote depth of understanding in aargent research area. Seminal guidance on
the number of case studies to conduct indicatestligse is no ideal value; instead a balance
between having either too much and too little damast be sought — and for this reason
(Eisenhardt 1989, p. 545) identified “between 4 a@dctases usually works well”. Easton (2010)
suggests that this guidance is somewhat positivigtinature, with the assumption being that
more cases equate to a better chance of findindirec@tory results. This is somewhat
contradictory to the Critical Realist’s viewpoin oausation, where the number of occurrences is
not related to what causes it to happen (Sayer)200@ selection of twelve cases in this study is

therefore intended to provide depth for analyticather than statistical generalization.

It is acknowledged that diminishing marginal regimmay be experienced as case numbers
increase, and that resource constraints such asainth money impose practical limitations. As a
result, within this study a somewhat pragmatic epph was taken in the selection of cases.
Multiple site visits were undertaken with manufaets, complimented by visits to customers and
trade shows. As a result of this iterative approticicase development a number of different
potential cases were explored but were rejectenh firclusion in this work on the following

grounds:

1. Access was inadequate (depth of data availablsuibtient to support analysis).
2. Confidentiality constraints leading to insufficiegdta to report.

3. The cases were identified as irrelevant to thedaifithis research.
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Data sources utilized in this study

=3 = = = 6]
S8 | 28|88 |2 |28 | 284
ta|£e|23 | L |52 |8s%
— — — 35|85 |92 |£€ |Bc | EEO
Case | Additive Case Name Product Description Additive Mfg Process| = | =& | A S =] S 1 as
© [(GNE;
No. Mfr O < O
Hearing . . . . .
1 Co Hearing Aid In-The-Ear (ITE) Hearing Aid EnvisionTE (| (|
2 LittleCo Model Ship Archaeological reconstruction of Laser Sintering (LS) |
model ship
. Archaeological Archaeological reconstruction of . . .
3 LittleCo Models stones Laser Sintering (LS) | -
4 LittleCo | Architectural Models Model bU|Id|ngr(()J§éLéE{i)ent architecturg Laser Sintering (LS) ™ ™
. Selective Laser - - -
5 LittleCo Exhaust Tool Hydroform tool for exhaussgsm Sintering (SLS) ™
. . . D Selective Laser - - -
6 LittleCo LittleCo Fixtures Inspection fixture foodthbrush Sintering (SLS) | [xI |
7 LittleCo Sensor Tool Functional prototype of exhaust Laser Sintering (LS) ™
sensor tool
8 BigCo Surgical Guides Guide for surgical applicatio Laser Sintering (LS) [xI | [xI -
. Customized lighting product designed L _ _
9 BigCo Custom Lamps by customer via website Laser Sintering (LS) |
: Standardized lighting product Laser Sintering (LS) or| -
10 BigCo Standard Lamps designed by professional designer Stereolithography (SL) i & i
. Modular Fixture Hybrid fixture system customized fgr . _ _
11 BigCo System user application Laser Sintering (LS) | -
12 BigCo Furniture Designer furniture Laser Sinter(b§) | [xI |

Table 3.8: Case studies explored in this research
Source: The Author

96




Chapter 3: Research Design

The objective of this research is to develop knogée for operations and supply chain
management concerning Industrial Additive Manufdofy and therefore the ability to
generalize some of the findings of this study iedfieial. However, the ability to generalize in
guantitative research is contentious; in qualigatiesearch it is even more controversial
(Onwuegbuzie and Leech 2010). In terms of Operatidanagement, Voss et al. (2002)
identifies that there are limitations to the geheation that may be drawn from single case
studies, and highlights the potential risk of makimferences from single erroneous
observations. From this viewpoint multiple cased&s are preferable. This perspective tends
towards statistical generalization; a perspectivécvis commonplace in quantitative enquiry,
but is often not the goal of qualitative researsh@nwuegbuzie and Leech 2010). In case
research, Yin (2009, p. 43) argues that analytreegaization is appropriate, where the researcher
attempts to generalize particular results to broddeory. This technique is employed in this
research, and is compatible with the abductive @ggr taken in the study. Stuart et al. (2002)
likens this to “logical extrapolation” in which resrchers judge where findings might be valid in
other circumstances. Polit and Beck (2010) idegntifat transferability in the case-to-case
approach involves the researcher providing the datta adequate detail that the reader may

extrapolate it to other situations.

Yin (2009) identifies that longitudinal case stigliexamine the same case at two or more
different points in time. Voss et al. (2002) foutheé potential to conduct research over a longer
timeframe was beneficial, though researchers mag paoblems with access as a result. In this
study it was possible to develop the case studiesnfanufacturing companies BigCo and
LittleCo over a six year period (2009-14), with tiple visits from the researcher to each
company supported by teleconference and email gligloTwo principal advantages may be

identified as arising from this approach.

1. It was possible to appreciate how the implicatioh®\dditive Manufacturing changed
over time, and how the companies responded to ttiezanstances. One company grew
significantly during the conduct of the study, vehianother waned; this has interesting

implications particularly in terms of the flexiltiliaspect of this research.
2. It was possible to develop trust between the rebearand the respondents as the
research developed, with particular benefits afkreess within later interviews.
Construct validity

In order to demonstrate that appropriate procedhea® been followed in the conduct of the

research, the tactics of Stuart et al. (2002) alteviied in the explicit discussion of the methods
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employed to achieve the data. This approach resuttee development of a ‘chain of evidence’

which enables other researchers to achieve the sasudts from the same base data. Where
possible multiple sources of evidence are drawnnufeg. process observation to support
interview data) in order to confirm individual fimgys. Results of the research have been verified
with contributing companies through multiple metioishcluding discussions, sharing of process

documentation, reviewing of draft texts, and canétion of case reports.
Internal validity

This applies principally to explanatory or causaldgees (Yin 2009), and is therefore less
applicable to the exploratory research as conduotéus study. Some principles can be applied,
for example Stuart et al. (2002) promotes the Useaee studies which are very different in
nature to promote internal validity. This is aclidwhrough the selection of products that are

produced using a variety of Additive Manufacturpmgcesses for a range of applications.
External validity

Yin (2009, p. 40) emphasises that for externalditgii one should aim to “define the domain to
which a study’'s findings can be generalized”; ihestwords it is necessary to condition the
audience of the research to be aware of how faritbe applied from its original setting. This is
apparent for all research methods, not just cagkest for example, the results of a questionnaire
on teaspoon inventory shrinkage in one institutiiim et al. 2005) is unlikely to be
generalizable to all types of inventopgr se Whilst the current study has been rigorous and
thorough in its approach to understanding the famse studies and associated customers,
manufacturers, and suppliers, the exploratory eatfrthe work does not claim to achieve

extensive generalizability, and in Chapter 8 thidiscussed in full.
Reliability

It is important that case research demonstratesbiigl, for which Yin (2009) has emphasised
the importance of other researchers achieving armdsults in the conduct of similar studies. In
order to demonstrate the ability for replicationtloé study, a case study protocol was developed
and employed, and a case study database was math@uring the conduct of this research. To
further support the work, data collected in therfaf recorded interviews, interview notes, and

email dialogues have been catalogued to allowaa&iptin of the study.

3.6.1 Interviews
The use of interviews in this study is justifiede@ the ontological position taken in this research
acknowledges opinions of individuals as a validtabation, and that from an epistemological

perspective it is a legitimate means to acquira.dd&turthermore, from a pragmatic viewpoint,
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Saunders et al. (2009, p. 324) observe that whamagement are involved in responding to a
research instrument, they are more likely to pigdite with an interview than techniques such as
surveys/questionnaires since it allows the respanideunderstand how their information will be
used (addressing trust issues), and also negatedftnt associated with writing (for example in

the response to a survey).

Semi-structured interviews were used as a techrtigueform the case study development. By
selecting this approach, the researcher admingstguestions intended to address the research
topics directly, but also allowing opportunity fohe development of a more unstructured
approach. This was primarily motivated by the ergtiory nature of this research, since
unstructured interviews can help develop ideascamgepts which are new, either to research as
a whole or perhaps just to the individual resear¢Atvesson and Deetz 2000). By combining
structure with flexibility, the semi-structured enviews should allow the main topics to be
addressed, but also allow responses to be probéuehbnterviewer (Legard et al. 2003). One of
the main motivations for the interview techniquéasichieve a depth of understanding. Depth is
achieved in such interviews as the intervieweeble o talk about the topic within their own
frame of reference, using ideas and concepts wiiciwthey are familiar (May 2001). To
encourage depth, “open questioning”, which discgesa simplistic “yes/no” answers is

employed, complimented by the use of ‘content nghguestions (Ritchie and Lewis 2003).

In Table 3.9 an overview of the semi-structure@nviews conducted and included in this study
is presented. Five additional interviews (combineth a process tour) were additionally
conducted for cases that are not included in #sgarch; whilst these provide some interesting

insights they are not used in this study.

Case Study Mfr Manufacturer Supporting Interviews | Total
Interviewee
1. Hearing Aid Hearing Director (1) Senior Audiologist (1)
Production Manager (1) | Junior Audiologist (1) 5
Co .
Technician (1)
2. Model Ship Production Manager (3) | Archaeologist (3)
3. Archaeological Models Operations Manager (2)
4. Architectural Models . Consultant (1) Architect (2
5. Exhaust Tool LittleCo | technician (1) 2 14
6. LittleCo Fixtures
7. Sensor Tool Engineer (2)
8. Surgical Guides Operations Director (6)
9. Custom Lamps Managing Director (3)
10. Standard Lamps Technical Director (1)
11. Modular Fixture System) BigCo | Product Manager (2) 14
12. Furniture Designer (1)
Conventional
Manufacturer (1)

Table 3.9: Semi-structured interviews conducted itthis study
Source: The Author
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The interview participants were selected basedheir tole within the organizations, and were
principally middle or senior management. Such ‘képrmants’ are a valid means of collecting
data, particularly in inter-organizational situaso(Kumar et al. 1993), and so is particularly
relevant for the supply chain management reseaitttirvthis study. It was recognized these
managerial respondents would have knowledge encssimgalndustrial Additive Manufacturing,
understand its integration within the company, arthve some supply chain
responsibilities/influence. However, it is acknogded that seniority does not ensure knowledge;
managers may not have the same depth of knowlesigaase conducting the focal activity
(Kumar et al. 1993), but may have a better undedstg of the wider context of the focal topic
within the organization and supply chain. To tackhis problem in each interview the
responsibilities of the respondent were eliciteal] gentle probing undertaken to confirm the
extent to which the manager was involved in theafoactivity. In repeat interviews
responsibilities were re-clarified, and as rappaas developed it was possible to build a better

understanding of the manager’s capability to tattkdequestions.

Under ideal situations interviews with a numberstdff from the organisation may yield an
improved quality response (particularly addresgsmyies of single respondent bias). Practical
constraints limit the potential to achieve thisr fmany of the case studies the size of the
companies participating often resulted in onlyragkg informant having the required information
for the study. In this research the contributiormafitiple respondents (typically 2) was possible
for a number of cases as shown in Table 3.9, thaugh important to recognize that two

techniques were employed:

1. Individual semi-structured interviews were recortdgdhe researcher using a mixture of
field notes and audio recordings. This approacowadtl each interview participant to
express their contribution individually, with thesearcher then creating a synthesis of
the multiple interviews afterwards. The challengéhwihis approach is to ensure that
conflicting information is acknowledged, and, whaeeessary, clarification sought from

the respondents.

2. Multiple participants simultaneously contribute tlwe interview. In this approach a
synthesized consensus may be negotiated betwegondEnts, or where there is clear
discrepancy in response it will normally be inciegly apparent to the researcher.
Group dynamics encourage participants to get irachlgépeak their minds, and take into
account the views of the other group members (Dmnbe 2010). It is important to
notice that power relations are more likely to @iein the interviews; within this type of

management research the potential for a subordittatepenly disagree with their
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superior is lessened. This type of interview iscepsible to bias and group dynamics,
and is particularly difficult where there is a laskconsensus within the group (Maylor
and Blackmon 2005).

Denscombe (2010) identifies that audio recordirfgsterviews can accommodate the fallibility
of the interviewer's memory when analysing datayéwer the presence of an audio recording
can inhibit the respondent. Interviews were recordeherever possible, however some
respondents expressed a preference not to be eecaadd their wishes were observed.
Furthermore, where interviews were conducted witthi@ production environment, noise and
other disruptions inhibited the practical recordafghe interview. In the absence of a recording
the researcher made detailed notes, and as sqmacially possible re-wrote these notes in a
clearer, structured form in preparation for analyBiecordings were transcribed by the researcher

as soon as possible after the interview had beeduoted.

The conduct of interviews for this study was pniradly in-person at the company sites, resulting
in the need for the researcher to travel within the to factories and customer premises.
Additionally, three European trips were made tdemtldata from a major Industrial Additive

Manufacturing company in central Europe.

Although such fieldwork incurs expense, its impoda to this study is justified on three

measures:

In relationship forming between the researcherthadnterview respondent.

2. In the achievement of an increasingly detailed wstdading of the phenomena under
investigation. This is particularly relevant in Bugualitative research, where the
researcher and the researched are interactivenaapdrable (Sarantakos 1998, p. 54).

3. The ability to observe the operations of the org@tion, and ask questions in response to

such observations.

These in-person interviews were typically 90 — 12@nhutes. Complementary follow-up
interviews were conducted by telephone, normallyagbroximately 30 minutes duration. The
use of seemingly inexpensive online interviewinghtéques such as email was discounted on
temporal grounds. As Kivits (2005) reports, ematkiviews necessitate much time is spent in
the establishment and maintenance of a persoraiomthip in order to access the informant and
keep them interested in the research. Additionathych time is spent waiting for email

responses from this asynchronous communication tool
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In addition to the semi-structured interviews, ttigdy utilized fifteen fully structured interviews
to elicit information from Additive Manufacturing aterial and machine suppliers at a trade
conference. This is an annual event at which teeameher is frequently in attendance, and was
identified in a previous visit as a very good ogpnity to collect data from representatives of
most of the machine and material suppliers withitbatrequirement for extensive travel to each

of the companies.

The trade show consists of many stands at whicledhgpanies presented their product range to
potential customers. In previous years the researctentified that companies were willing to
enter into discussions on research for 5 — 10 ra@uiut were primarily focused on talking with
their potential customers. Hence the nature ofthent required that data was collected in a short
amount of time since respondents would be unlikelgnter into extended discussions. With this
constraint in mind, a list of interview questiongsvdeveloped and evaluated using the four
evaluation measures of Ulrich (1999, cited in FlicR0O09): relevance, reason,
formulation/wording, and positioning. Probes wereveloped, the questions piloted with a

member of the industry, and a summary protocol ld@eel (which included in Appendix D).

Whilst it is acknowledged that the structured nataf this approach constrains the exploration
that can be achieved, for the environment it wasiqudarly efficient. In the conduct of the
interviews it was observed that respondents wellegvito take part in the interviews when the
researcher clearly identified the limited numbeguoéstions to be asked. Once they had agreed to

answer the questions, all respondents participatédee interview through to completion.

Whilst the structured approach does limit the esgitory nature of the research, it did allow the
achievement of required information necessary ¢kl¢athe research question, and by asking the
same questions in the same manner to all resp@)dbet researcher was able to gain directly

comparable data concerning their companies.

3.6.2 Observation (participant and non-participant)

The interviews conducted in this research were tiomepted by the use of observation methods,
for which one of the main benefits is the directned the approach: instead of asking
respondents about their opinions concerning a ghena, the researcher learns by watching and
listening to the actions which occur (Robson 20T1jis is particularly relevant for this study
since the objective is to understand how Industidtitive Manufacturing actually affects
Operations and Supply Chain Management. Withinrgsgarch observations were recorded, and
these often informed follow-up discussions or wigws. Field notes were made for site visits,

using the guidance of Schensul (1999) in the ctidlecof situational data, mappings, and
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activities of interest in an organized manner thedcribes activities, records useful quotes, and

maintains contextual data including times, dated,lacations.

Lincoln and Guba (1985) found the value of prolahgagagement to support the credibility of
research, and for both BigCo and LittleCo obseovestiwere made through site visits undertaken
over the six year duration of this study. The obasgonal research conducted in this study was
both participatory and non-participatory. For Hego and BigCo, the researcher acted only as
a nhon-participating observer, making observationd eecording notes to inform subsequent
discussion and analysis. These observations wede mma scheduled site visits, at which the

researcher was hosted by the company.

In participatory observation, the researcher isllyfunvolved with the participants and
phenomena being observed” (Collis and Hussey 2012#48). In the context of the LittleCo this
included patrticipation in relevant projects beirgnducted by staff at the organization. Through
this approach the researcher could be involvedoserving the commercial operations at work,
whilst at the same time asking questions of thearh participants in their natural setting. This
enabled the researcher to observe the practichitiegaof the operations first-hand, and to see

events as they arose, rather than through posnedized interviews.

It is acknowledged that there are a number of &itiihs with observation methods as shown in
Table 3.10. One of the most relevant for this stisdhat by definition only the observable may
be observed; the past and future cannot be obsdadhntakos 1998). As a result, when
collecting the data for this study, only the “hared-now” can be examined, and as a result it was
necessary to make multiple visits to a number efdbntributing companies in the development

of this study.
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Source of Error

How do errors arise?

Mitigating acions taken in this study

Lack of ability Observer inability, tiredness;The researcher is familiar with production
or disinterest environments, and has an inherent interest in |this
topic.
Observer Inability of observer tg The breadth of potential observations makes
inconsistency maintain consistency in allconsistency impossible; instead, the researcher
observations shall focus only on process-related observation

Inter-observer inconsistency

observations.

Only a single researatas involved in making

Non-verbal
communication

Influences attitudes an
behaviours of the observed

dThe researcher was mindful of this potential ef
in their research.

ror

Observer bias Observer perceives situatiolméie researcher acknowledges that their values| and
according to their own bias will affect the work, and there is no one &ng
ideology and bias, producing|areality to distort. Pertinent observations were
distorted reality discussed with interview participants.

Deviation Observer behaves and relgtdhe researcher acknowledged this potentiality pnd
to the observed in a manngmade efforts to behave in a consistent manner.
not expected or prescribed

Deception Observer misleads researcrhe researcher explained clearly the nature of thei
participants work and the intentions of their investigation.

Lack of knowledge| Observers are inexperienced ©he researcher is experienced in production
lacking in necessary environments, and has conducted upfront research
knowledge to conduct researctbefore the observations. Where necessary, | the

observer sought guidance.

Problems in| Facts not truthfully recordedThe researcher acknowledges the importance of

recording and Analysis non-systematic andmaintaining records of their observations, and

analysing data subjective reporting  them  appropriately. Follow-Up
discussions were employed to confifm
observations.

Lack of familiarity | Observer not adequatelyThe researcher acknowledges that in most

with observed familiar with the subject to be instances they are an ‘outsider looking in’, and th

group observed is likely to affect the observations made. This is
lessened for LittleCo observations, where the

researcher frequently visited.

Table 3.10: Sources of errors arising from the obseer
Source: The Author, adapted from Sarantakos (1998)

3.7 Strategy 2: Questionnaire

3.7.1 Justification for questionnaire

A questionnaire was employed to examine the supplyndustrial Additive Manufacturing

machines and materials, and to better understamdoplerations of upstream manufacturing

organizations. This approach was motivated by tiee vgeographic dispersion of suppliers

which made face-to-face interviews with key infomtsaimpractical. In the development of the

guestionnaire the process shown in Figure 3.7 wasayed.
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Specify what information will be sought

+

Determine type of questionnaire and method of
administration

+

Determine content of individual questions

+

Determine form of response to each question

+

Determine wording of each question

+

Determine sequence of questions

+

Determine physical characteristics of questionnaire

+

Re-examine steps 1-7 and revise if necessary

+

Pre-test questionnaire and revise if necessary
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Figure 3.7: Flowchart for development of questionnae
Source: Churchill Jr (1991)

Step 1: Specify what information will be sought

The purpose of the questionnaire is to learn atfmuihature of machine and material supplies for
Industrial Additive Manufacturing, and particulatly understand the nature of the supply chain.
Information is needed concerning the way the mashimanufacturers produce and supply

machines and materials to their customers.
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Step 2: Determine type of questionnaire and methodf administration

A mixed mode questionnaire was developed which dvdnal posted to the respondents, and an
identical electronic copy sent by email. Responsl@riuld be free to choose which version they
completed and returned to the researcher. Eachiguesire would be accompanied by a cover
letter or email detailing the purpose of the inigegion, and the way in which the data would be

used.
Step 3: Determine the content of individual questios

Following a thorough review of the literature, aibstorming session was conducted and Post-It
notes used to cluster and group topics worthy olusion in the research. These were drafted,
and through an iterative revision process the ggénswntent for each question decided. All

guestions were made optional and the entire questice was anonymous.
Step 4: Determine the form of response to each qu&m

Most questions had a multichotomous element (ndynaaltick-box), and some had an open
element for an explanatory response. This approashtaken to promote consistency in analysis
for the closed elements, but with a richer, moré¢aitkd qualitative response to aid the
researcher’s understanding of the response (andcafirm the research participants

understanding of the question).
Step 5: Determine the wording of each question

Each question was carefully worded to avoid jargpeomplex terms, and to discuss Industrial
Additive Manufacturing in a way that the respondemere most likely to be familiar with. Care
was taken to ensure that questions were neithdiniganor making implicit assumptions. As
some of the research participants were expecté@ve English as a non-native language, care

was taken to promote clarity in the communication.
Step 6: Determine the sequence of questions

Careful attention was given to the sequencing efdghestions to ensure clarity for the reader.
The first question was used as a qualifier for tbgearch participant, and directed them to
complete the appropriate section(s) of the queséma (these were colour-coded for ease of
reference). Questions of a more sensitive natune wecluded later in the sequence, which

Churchill Jr (1991) identify is likely to make theless objectionable to the research participant.
The intention was not, however, to mislead or ce¢he respondent to complete a question that

they did not want to, and it was made clear tHajustions were optional.
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Step 7: Determine physical characteristics of queisinnaire

The questionnaire was designed in such a mannereheh section filled one page of A4. This
was motivated by a desire to enable the reseanticipant to have a clear understanding of the
number of questions that they would be asked toptete, and to enable them to browse the

guestionnaire before deciding whether to partieipat
Step 8: Re-examine steps 1 — 7 and revise if ne@@ygs

The questionnaire was developed through four iteratof this procedure in order before being

released for pilot testing.
Step 9: Pre-test questionnaire and revise if necesy

The questionnaire was reviewed carefully for gelnemars (typographical, numbering, grammar
etc) before being piloted with an Industrial AdditiManufacturing machine supplier known
reasonably well to the researcher. No revisionsvidentified as being necessary as a result of
this external pilot. A copy of the questionnairatsey manufacturers, together with associated

literature is included in Appendix B.

3.7.2 Selection of research participants

The annual “Wohlers Report” provides an up-to-degeiew of the nature of the Additive
Manufacturing industry, and of the main eventsiagiseach year. Within this publication, an
annually updated chart provides a cumulative caifirthe total number of installed Industrial
Additive Manufacturing Systems worldwide by manuéser, and Wohlers (2008) was therefore
utilized as a means to identify suitable reseamtigipants; subsequently Wohlers (2012) was

consulted to ensure continued validity of theséierathoices.

The small size of the industry is acknowledgeditdya very small population from which to
draw a sample, and some of the companies listee l@ased trading, or have been
bought/merged with other companies and no longist s separate entities. Furthermore, some
of the companies have sold very few (or zero) maehiwhich limit their applicability to this
research and they were excluded on these grourising flexibility research (Dixon 1992) has,
however, asserted that single industry studiesrdffocus and do not have the requirement for

larger sample sizes found in multi-industry reskarc

Where the researcher already knew an appropriatgacio in the company, a telephone

conversation was instigated to establish theiringhess to participate before issuing the survey.
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Where the main contact was not known, efforts emiily an appropriate respondent were made
using the “LinkedIn” social networking tool. In thevent a suitable contact could not be
identified in this manner, an enquiry email wastdenthe company to request a contact name.
Once the potential respondent’s willingness andability to participate was established, the
guestionnaire was sent by email and post. 14 cquesires were sent, and 8 received
representing a response rate of 57%; of these & sugficiently complete to be used in this study
(50%).

The respondents were able to respond anonymousposty however all but one chose to use
email. The researcher was therefore aware of wéoohpanies had responded, but has not linked
these details to the responses made as anonynstassared to the respondents. However, as the
respondents included some of the major supplierthéomarket, it can be asserted that the
companies responding represent over 90% of theuptimh machines that have been sold as
identified by Wohlers (2012). Hence, despite thealsroverall population of companies to
survey, this research has been able to achievedrgsponse rate for an internet or postal survey
(Dillman et al. 2009), and whilst the issue of mespondent bias is acknowledged, the responses

are believed to be representative of the curremketglace.

3.8 Strategy 3: Contextual activities

The two principal research strategies were compltee by a number of other activities that
inform the researcher’s overall understanding @f tibpic, and contribute to the academia and
industrial knowledge on the topics. A third strategncerns ‘contextual activities’ that support
the study, either directly in the form of literadureviews, or indirectly through the related

activities undertaken by the researcher.

3.8.1 Literature review

The literature review is a fundamental part of aoljolarly research, requiring the researcher to
engage and critique previous studies and “strikalance that simultaneously displays criticality

with regard to the assumptions, theories, and nasthosed whilst at the same time

acknowledging the insights and strengths of thelie&l (Easterby-Smith et al. 2012, p. 102).

Literature reviews, when used by experienced rebess, enable the identification and

refinement of questions about a topic, rather #n@wers to what is known about it (Yin 2009, p.

14). Literature reviews therefore serve to bothonmf their reader of the current state of

knowledge, but importantly support the developnamew knowledge. White (2011) identified
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thatconductinga literature review is different toriting a literature review, and set out five skills

that the researcher must possess (Table 3.11).

Skill required Author comment for this study
Identify what is meant by This is contextualized in the literature review asting the
‘literature’ specific areas to which the author refers.
Locate literature Electronic databases, books, ethedrade-publications are

considered as valid sources of literature (thouidferénces in
the quality of these are acknowledged).

Critically appraise literature Data extraction fer@re used to summarize principal findings
in the research, allowing for quick retrieval aediew of papers
as the work progressed.

Manage/Organize literatureLiterature was read from paper to aid comprehernisitiis task-

during writing revisions based activity with electronic copies stored anchagad using
EndNote bibliographic software.
Integrate the literature Two distinct literatureviesvs are provided, and their findings

are revisited throughout the empirical chapters.

Table 3.11: Skills required in the conduct and wriing of the literature review
Source: The Author, adapted from White (2011)

In the conduct of this research, ongoing iteratioveye made between data collection and
analysis and the established literature base. Kbended time period over which doctoral
research is conducted, together with the increapimgularity of Additive Manufacturing in
media and research leads to a dynamic and rapidilviag literature base. Through continual
reference to the literature the author was ablerntgure that the current study utilizes the most

relevant current knowledge, whilst simultaneousigleating the novelty and contribution made.

3.8.2 Engagement with industry and academics focus®n Additive Manufacturing

research

A number of activities were undertaken in the ceurd this research which led to the
achievement of ‘tacit knowledge’ that supported andbled the achievement of the study. Often
such activities are not reported in Business rekeahowever these activities provided
knowledge and understanding to support the ‘manaitagies of case studies and questionnaire
and are therefore included in this section. Thaduision is supported by Wolfinger (2002), who
has previously identified tacit knowledge as beitige most important consideration in
understanding what research observations are warthgclusion in research. Understanding
context and importance is essential for the rebeario ask the most relevant questions, or note
the most pertinent observations. In qualitativedigsi where the ‘knower’ and the ‘known’ are
interactive and inseparable (Sarantakos 1998k thérefore appropriate to acknowledge the

other main activities undertaken by the researtdtarhave informed the work:
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Attendance at industry-focused conferences (e.dtiptau years of the UK Additive
Manufacturing conference), at which research wasusised with other academic and
industrial participants. This allowed the researc¢henake a useful network of industrial

contacts that have been consulted as the reseagiepsed.

Participation in academic research events. Theoauatttended various research calls by
funding bodies (e.g. TSB, EPSRC), during which @swossible to establish alignment
between the current study and current researchireegents. He also chaired a session at
an ESRC research scoping event in Bath, the resfifghich are published in Smith
(2012).

Participation in annual academic Operations Manageroonferences (EurOMA, LRN,
ICPR) to present and disseminate the results sfgtdy as it developed. This allowed
the researcher to formally establish ideas in gkl literature, and also to gain the

feedback of academics in support of the work.

Providing guidance and support in applicationsnafustrial Additive Manufacturing as
an Academic Investigator on a £27m industry-academbllaborative project
(http://lwww.astutewales.com/en/), and for projeetth Cardiff School of Engineering.
These activities provided additional access to amigs and potential case studies,
which although not presented in the current workightened the confidence of the

researcher in the findings of this study.

Conduct of fundamental research in Industrial AgditManufacturing process and
materials technologies. This allowed the researdbetbetter appreciate the basic
principles governing the operation of the machiaed limitations on their capabilities.
Similarly, additional research has examined poaémtiplementation models utilizing e-
commerce technologies. These works have yielded feer-reviewed journal papers,
one of which is published in the International Jalrof Advanced Manufacturing
Technology, and the second in Polymer Testingthhd in Assembly Automation. The
fourth paper has been accepted for publication imndflacturing Technology

Management.
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3.9 Analysis of data

The conduct of this research through a mixture ethods yielded a wealth of data, for which the
challenge for the researcher is to ensure an aecaxaluation to identify true and meaningful
findings that satisfy the research questions. Tikisa particularly pertinent challenge for
gualitative data (Silverman 1997), and is a comisene for management researchers (Easterby-
Smith et al. 2012). Harding (2013) identified thhere is no accepted consensus on how to
evaluate the validity of qualitative data analydisit that reflexivity is an essential element
requiring the researcher to appreciate the chalmshave made in analysis, and the role of the

researcher in the construction of research findings

A useful overarching approach to the analysis ddlitative data was proposed by Miles and

Huberman (1994), in which qualitative data analgsissists of three principal activities:

1. Reduction (or condensation) to sharpen, focus, amhnizes data in such a way
conclusions can be drawn and verified.
2. Display of the data through visual techniques sagmatrices, tables, charts etc.

3. Conclusion drawing and verification to identify tggrities, patterns, and explanations.

This approach was followed in this study, whereadgained through different methods was
condensed to be manageable, displayed throughstaiole diagrams, and conclusions drawn
using these. Using this commonly adopted appro&sthleelps ‘show’ the process to the reader,
which is an important technique employed to helidozonfidence in the findings of research. In
line with Edmondson and McManus (2007), the foardlie analysis of such qualitative research
was on the identification of patterns between casbsch is a technique often employed in the

analysis of case studies (Yin 2014).

In the satisfaction of the research questions tfadyais of data from several methods is used,
which not only helps to satisfy the questions bumany instances helps triangulate the findings.
To promote consistency and reliability in this woall data collection and analysis was

performed by the researcher. The techniques emplioyeach are explored in the remainder of

this section, with the integration of these datscdeed in detail in Section 3.10.

3.9.1 Analysis of interview data

Interviews typically generate a large volume oflgative data, for which the interpretation and
analysis activities are often complex and requieeresearcher to have a detailed appreciation of
their content. One particularly important aspect tbé analysis of interview data is the

researcher’s immersion in it; through re-playingoreled interviews, re-reading transcripts and
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notes, and effectively re-living the interview.dning so, the researcher has increased confidence
that the analysis does not omit any of the detddimally collected (Harding 2013). This was
particularly important for this research, whereadats collected over an extended time period,

and where successive interviews with informant# bui data collected in prior interviews.

The focused nature of the fifteen structured ineawvg afforded a relatively structured approach
to their analysis. The responses to each questene woded to in a data reduction exercise,
through which the principal themes could be idé&difthrough tabulation to afford subsequent
assessment for patterns in support of concluslareddition, each interview was summarized in
terms of its conduct and any pertinent notes tgaerpthese (e.g. demeanour of respondent,

notable opportunities for development etc).

In the analysis of the semi-structured intervietwgds important that the analysis did not lose the
richness and depth afforded by this techniquentige/s were allowed to run to extended lengths
(up to three hours), leading to the achievemento€h qualitative data for analysis and the
researcher was careful to ensure that this wagedilly recorded and analysed in this research.
Where interviews were recorded each was carefullyscribed by the researcher as soon as
reasonably possible after the interview, and thesription checked for accuracy by playback of
the original recording. Such use of transcriptisrtdmmonplace in qualitative research, though
the researcher is in agreement with Kvale (199a) the process of moving between speech to
words leads to a loss of data relative to the palgencounter due to the interpretative nature of
the transcription activity. As highlighted in Sexti3.6.1 as a result of practitioner or practical
constraints not all interviews were recorded, aondtrese could not be transcribed. Instead,
detailed notes were made in the interviews (inclgdany pertinent quotes), and these were

written up carefully as soon as reasonably possitbégwards.

Using the transcriptions and supporting notes weer data was summarized and categorized to
identify pertinent responses, and particularly t@lere alignment and disjunction between
different respondents on a range of topics. Hard@@l3) identified that this comparative
approach is an effective way to move between aelargume of interview data to a more
succinct and manageable amount of data. This agipralowed for a more concise means by
which to display the data, from which subsequeralyais through thematic coding was
employed. It is, however, acknowledged that wheterviews could not be recorded, coding
based on the actual discourse could not be empl@#&doding is bubneway (notthe way) to
analyse qualitative data (Saldafa 2013), this &itih is acknowledged but is not critical to this
work. Such practical constraints instead requiteel tesearcher to maintain detailed notes of

interviews, and to base analysis on these.
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To support the analysis of the interviews, andaey the data to the reader this work also makes
use of quotations. Using quotations is a well-dithéd technique to support the explanation of
the research findings; whilst this can promotergdgeand make a study more compelling to the
reader, as Cameron and Price (2009) note carehmestaken to avoid confirmatory bias through

‘selective’ quotation. Within this thesis a seleatiof quotations has been employed to support

the narrative of the researcher.

3.9.2 Analysis of observational data

Observational data was identified as being a pdaity valuable contributor to this study, and
was achieved through the site visits undertaketiénconduct of this research. There is much
overlap between observational methods and ethnbgragnd a useful means of conducting
observation is the ongoing production of observationotes and findings rather than relying on
the fallibility of the human memory. To support skefield notes the researcher was permitted to
take photographs at LittleCo and at some of itdotuer operations, and some of these are

included in this thesis to support the analysis.

DeWalt and DeWalt (2011) highlight that for obsdimaal data there is much value in reading
and re-reading field notes as part of a procesedidicing and evaluating data for subsequent
write-up, and this was useful in supporting thelgsia and communication of this research. As
much of the observational data concerned the maturfag systems at work, it was possible to
use some techniques widely used in operations neamagt as a means to analyse and effectively
communicate the observational data. Wu (1994) aatedcthe achievement of simplicity in the
assessment of the complex manufacturing systemepbras being advantageous. One such
useful tool applied in this research is IDEFO psscenodelling, which enjoys relative speed in
implementation, together with a strict language #reability to identify both data and control
through its diagrammatic approach (Aguilar-Savé&®94). It is an established means of
analysing manufacturing systems (Williams 1988),viich very detailed guidance on the tool
has been provided by NIST (1993), and a detailgnlaagal of its prevalence within research has
previously been provided by Kim and Jang (2002gniables a multi-levelled evaluation of a
system, from the uppermost level of strategic pglamrio the fundamental operational levels
(Nicholson 1991), and four principal capabilitidd@EFO are given by Buede (2000):

Demonstrates how transformation of inputs to owpaiichieved by the system.
Establishes definite systems boundaries on a codiggram.

Has a single viewpoint from which the system iseviad.

P w DN PRF

Combines graphical and natural languages to focomardinated set of diagrams.
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In application, Drake et al. (1998) identified thREFO is particularly suitable for application in
environments where dedicated systems engineeripgritieents do not exist. In the context of
the current study, recent relevant examples arim® Beckett (2003) who has used IDEFO to
explore systems and subsystems in Virtual Enterpri§Vagner et al. (2014) who used IDEFO
diagrams to compare conventional and changeablaufactaring systems, and the work of
EIMaraghy et al. (2014) in the development of al tm evaluate layout in manufacturing
systems. In terms of customization, Cullinane et(#097) presents a useful evaluation of a
generic Mass Customization production system tHrou@®EFO, whilst for Additive
Manufacturing Meteyer et al. (2014) used IDEF@xplain binder-jetting processes, and Tuck et
al. (2008) demonstrated the stages of productioB@ocustomized parts.

3.9.3 Analysis of questionnaire data

As identified in Section 3.7, a questionnaire wagpleyed to gain data in a structured manner
from senior management in companies supply Indusidditive Manufacturing machines and
materials. The limited number of potential and attaspondents led to a relatively small amount

of data to be analysed, which was achieved manbglthe researcher.

Data from all respondents was collected and recbrite Microsoft Excel, and any

annotations/notations made by respondents notearagety for subsequent consideration. As
none of the questions mandatorily required a respdnwas necessary to identify null values,
and where commonality across respondents couldoterthis is acknowledged in Chapter 7.
The data was tabulated and analysed using deserigtiaitistics and a supporting narrative, and

these findings are presented in detail in Chapter 7

3.9.4 Analysis of archival and company data

Several of the companies involved in this reseahdred process data and confidential company
information with the researcher, complimented bgoselary data sourced from websites and
trade publications. Analysis of this data is spedi® the type of data provided; for example
details of process activities were used in the ldgweent of process maps and in support of
IDEFO diagrams. Similarly, historic details of imtlual builds (e.g. Figure 6.3) supported the

development of some of the case studies in thesareh.
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3.9.5 Ensuring confidence in the analysis of data

Irrespective of the approach taken in the analgbdata, it is important to recognize that there
will be some interpretation activities undertakgntte researcher. To help evaluate the accuracy
of these interpretations, in this study a five stagproach was taken as the research progressed
(Figure 3.8).

ACTIVITY Data ) Dat L Verification s MMM Lol ppD Thesis
Collection Analysis Publication
Research Research Reviewer(s)
PARTICIPANT  Participant Researcher .. Researcher
Participant Researcher
Researcher

Figure 3.8: Process to enhance confidence in resehrfindings
Source: The Author

This process provides a distinct verification stagehich the findings of the data analysis were
verified with the research participants befdreing published in interim conference papers.
Research participants were consulted about theysisaland where an on-going relationship
existed, were sent copies of the proposed pulbticator their comments. At conference
presentations, details of the data and analysie discussed, and feedback used to help ascertain

whether any further analysis was required.

This approach recognizes the knowledge and expmeriefthe research participants, but at the
same time acknowledges that their ability to evaluhe analysis of the research is likely to be
influenced and ultimately constrained by their cvapabilities to appraise research. By exposing
the research to a wider academic audience it wasile to gain additional perspectives that

could be used to support the development of thikwmproving confidence in the findings.

The limitation of this approach is that not all ess of the research have been published in
advanced of the preparation of this thesis. Fosdhsections of the work it is not possible to
‘close the loop’ in this formal way. Instead, wheyessible feedback discussions have been

employed to highlight the findings of the reseandth relevant participants.
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3.10 Working with multiple methods

3.10.1 Integrating multiple methods in the collectin and analysis of data

As described in the preceding sections, a numbediftérent methods are employed in the
collection of data for this research, and in FigBi@ the linkage between methods and research
guestions is identified. The rationale for the sita of each research method has been shown;
however it is acknowledged that these methods @remplemented in isolation in this study, and
that there is much benefit that may be achievedutyit their combination. In particular, much
emphasis has been placed upon the utilization dfiptes methods to enhance confidence in
findings relative to mono-method research (Brym&@04), and it is noted that multi-method

studies are increasingly common for case studyarelBgYin 2009).

The systematic combining approach described ini@e8t4 is identified by Dubois and Gadde
(2002, p. 556) as promoting the combination of mpldtsources of data to “revealing aspects
unknown to the researcher, i.e., to discover nemedsions to the research problem”, and in their
work they demonstrate this to be achieved usingrage of methods including interviews,
observation, and archival data. For case reseatgtipfa sources are important, since without
them “an invaluable advantage of the case studyesty will have been lost. Worse, what started
out as a case study may turn into something etsa fasult of over-reliance one method leading
to insufficient attention to data achieve throudheo sources” (Yin 2009, p. 118). Systematic
combining acknowledges the complexities of caseaeh, and the tacit knowledge with which
such research is conducted (Dubois and Gadde 2&8@}this approach is followed in the current
study using multiple methods of a principally gtatlive nature to collect data from a variety of

different sources. As shown in Figure 3.9, thesthods may be subdivided into two groups:

1. Methods that contribute primarily to collecting @dtom the empirical world to develop
the case.
2. Methods that contribute primarily to collecting aatrom the theoretical world to

contribute develop the theory.

The systematic combining approach aids the integraff these methods, promoting the iteration
between different methods in the collection of eliéint types of data, and then in analysis
through matching, direction & redirection. It ispvirever, acknowledged that such an approach
requires much caution as it is essential to cdgefevaluate the compatibility of different
methods (Dubois and Gadde 2013), and since thusrisistent with any multi-method study, in

the design and conduct of this research this remént was monitored by the researcher.
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Fundamental
Research
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Observation

Industry
Conferences /
Events

Figure 3.9: Integrating methods using Systematic Gabining
Source: Adapted from Dubois and Gadde (2002)

3.10.2 Triangulation through multiple methods

The application of multiple methods promotes methogical triangulation (Bryman 2004),
whereby different methods are used to tackle tmesproblem. Denzin (1978) refers to this
specifically as ‘between-methods triangulation’,iethis a type of triangulation is particularly
important in promoting validity, and can also beuseful aid to the integration of multiple

methods in the research.

As identified in Figure 3.6, during the collectioh data the researcher sought evidence from
multiple sources; for example using observationgriocess-tours to identify consistency (or
otherwise) with previously collected interview dataimilarly, the focus of the structured
interviews and surveys was intentionally desigretdave appropriate overlap that would enable
triangulation between these methods. As noteddky(1979) methodological triangulation offers
the potential to expose data to which a mon-methpdroach would be ‘blind’; for such
exploratory qualitative research the importance oofgoing triangulation during the data

collection process is therefore important in thepshg and direction of the subsequent research
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activities. In final analysis and disseminationtlué research through this thesis, triangulation of
data is demonstrated in the content and narrafitbi® thesis, with alignment and disjunction

reported accordingly.

It is, however, acknowledged that triangulatiomds a panacea for the conduct of good research.
It has long been identified that the applicationmafltiple methods will not lead to the strengths
of one method counteracting weaknesses in anafiee {979), nor does it provide an easy or
well-trodden route to a demonstration of a methadikdity (Mason 1996) or opportunity for
consistency or replication in qualitative reseafehtton 1980). The author is mindful of these

constraints when consideration methodological gridation in the current study.

3.11 Acknowledging the role of the researcher in #hresearch

The critical realist approach taken in this workramwvledges that the individual researcher is
intertwined in the conduct of the study and itsuhess unlike positivistic approaches no attempt is

made to separate the researcher from the researched

Much emphasis is made in research methods textheoskills of the researcher to undertake
their work, particularly in the social sciences amdjualitative studies (Collis and Hussey 2014;
Robson 2011; Rubin and Rubin 1995). The educati@ma industrial experience of the
researcher is therefore important in such workti@darly in terms of ability to understand and

relate to the manufacturing environment.

In recognition of this observation, it is statedttthe researcher is a Charted Engineer, and holds
undergraduate and postgraduate degrees in Engigeéte has been employed in technical and
managerial roles in manufacturing firms, and isentty a Lecturer in Manufacturing Systems
Management. As an academic, the author continuestth closely with industry, and has led a
number of engagement projects with manufacturinghpgamies in Wales. The author has
published a number of conference and journal agiddased on qualitative and quantitative
methods related to Industrial Additive Manufactgrilnd in preparation for this doctoral study

achieved an MSc in research methods.

3.12 Chapter summary

This chapter has presented the ontological andespidogical positioning of this study, along
with a justification of the research instrumentgdiso gather and assess the data. Evaluations

have been provided for the advantages, disadvastage implications of these decisions. It is
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acknowledged that emphasis on the design of rdsepacticularly with regards to methodology
is not always a priority in Operations Managemémieed, Schmenner et al. (2009) complain
“methodology is not knowledge”, and argue more rdaib® should be paid to creativity and
understanding, and less on these seemingly wastefauits. To a limited extent the author is in
agreement with these established Operations Maregeatademics; it is easy to spend too
much time thinking about how research might be ootetl, at the expense of its actual conduct.
However, by extension, the author argues therdtis purpose in conducting research if the
resultant methodological limitations serve to umdgee the outputs. High quality research must
be the objective for the Operations Managementreker, typically linked to industry practice,

and achieved through an appropriate design (Karl2608).

The interaction between these tools and the critiealist philosophical stance taken by the
author has been identified as an appropriate appréa the research process. In adopting a
qualitative, exploratory approach to the reseatrdh acknowledged that the author is deviating
from the Operations Management tradition, but imgao is able to get closer to a ‘reality’ than

can be otherwise achieved:

“... artificial reconstructions of reality and pdejs perceptions of
reality (primarily through surveys) account for §&rcent of OM

research efforts published in 2003. This, in essemay be interpreted
to mean that OM scholars are still “not leavingithafices” as they

develop their research. However, it is becominganamportant that
we, as scholars, directly observe the reality thiat wish to study,
especially for developing rather than testing thiedks an applied
discipline, OM scholars cannot fully capture thenptexity of these
phenomena through “remote” methods such as adiifieiconstruction
and/or surveys. Our results do show movement towaode direct

observation of the phenomenon being studied, buhees to expand
these efforts through such research methods asaabdield-based
studies, action research, and experiments.”

Craighead and Meredith (2008, p. 723)
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Chapter 4 The Concept of an Industrial Additive

Manufacturing System

Chapter Aims

11

1. Establish the activities, mechanisms, and controt®ntemporary Industrial Additiv
Manufacturing practice.
Define the structure of an Industrial Additive M&acturing System.

Identify control architectures in Industrial Additi Manufacturing Systems.

4.1 Chapter overview

The purpose of this chapter is to combine estaddismanufacturing systems theory with
empirical observation of Industrial Additive Manafaring at three different companies to define
an Industrial Additive Manufacturing System. As wioin Figure 4.1, this chapter therefore
follows the earlier Literature Review that provides theoretical foundations, together with the

Research Method which explains approaches to theéuod of the research.

Chapter 2

B Literature Review

Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep.t of Fulﬁllmg dem‘and The flexibility of Suppl:\"cha‘m
an Industrial using Industrial flexibility for

Industrial Additive

Introduction  H o Additive i Additive o : = Industrial Additivepf  Conclusion
5 p : i Manufacturing . :
Chapter 3 Manufacturing Manufacturing . Manufacturing
Systems
System Systems = Systems

Research Method

Y

Figure 4.1: Thesis structure
Source: The Author

In Section 2.2 it was demonstrated that a manufactisystems perspective is well-established
in literature, and also accepted in industrial pcac Within this review the general

transformative manufacturing system was preserded, the merits of a systems approach
outlined. Emphasis was placed on the works of Rdamaby and Denis Towill, in which demand
is satisfied by a range of controlled resourcesaipeg in spite of uncertainties that are internal

and/or external to the system.

By comparison, in Section 2.8 it was demonstratet existing research has predominantly

considered Additive Manufacturing from the perspecof individualtechnologiesrather than
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in terms of a manufacturingystem Although early implementations of the technolggiecused
solely on prototyping capabilities in laboratorywgonments, many contemporary commercial
installations are employed in the competitive piitun of a range prototypes, tools, and end-use
parts. In Section 2.9 it was shown that they atenopromoted for customized, low volume
demand, which for conventional manufacturing waswsh in Table 2.4 as traditionally

introducing uncertainty and complexity in operas@s a whole.

These observations suggest there is merit in censigl Industrial Additive Manufacturing as a
manufacturing system, and the purpose of this endptto examine contemporary Industrial
Additive Manufacturing in the context of Parnabysnufacturing system concept. Specifically,
it provides a detailed exploration of the structwfean Industrial Additive Manufacturing
System, developing the limited existing literatuvith new research to propose a concept that
underpins the subsequent chapters of this thediss ®hapter therefore tackldResearch

Question 1: How is an Industrial Additive Manufacturing System structured?

To support this chapter, Appendix C contains amothiction to the concept of Industrial

Additive Manufacturing, providing a detailed statarhof the terminologies used in this study,
an overview of applications in which Additive Maaafuring is employed, and up-to-date data
on the nature of the industry. This technical congrt is a necessary consideration of this
management study, since Additive Manufacturing netbgies approach the fabrication process
in different ways, which may have consequencestli@ir application and management in
industrial environments. In the context of thisdstuthe rationale for the inclusion of a process-
focused section to this work is more formally jfietd by the guidance of Hopp (2011), who

identified the necessity of understanding fundaieioiv-level process elements of any supply

chain in order to understand the chain as a whole.

4.2 Method overview

In Chapter 2, the concept of a manufacturing systess developed based on established
literature, and was defined as “a structured ctdlacof manufacturing resources that are
organized and controlled in order to transform tnpsources into useful outputs to satisfy
market requirements”. Individual manufacturing tealogies such as Additive Manufacturing

are therefore contributors to the focal system, arel subject to and influenced by the other
components of the system. The complexity of mariufa@ systems requires several actions to
be taken to make their assessment both manageablgractical, and these are shown in Figure
4.2.
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Figure 4.2: Stages of evaluation for an IndustriaAdditive Manufacturing System
Source: The Author

1. To understand the nature of an Industrial AdditManufacturing System, this study
examines thectivities undertaken in the fulfilment of demand for eachilad twelve case
studies. Previous work has prescribed generic psocéains for Additive Manufacturing
(Dotchev et al. 2009; Eyers and Dotchev 2010; Gibsb al. 2010), however these are
developed conceptually rather than empirically, @miphasize machines rather than the
manufacturing system. By understanding what isdeimdertaken (functions), and the way
these are performed (through mechanisms & contritisis possible to understand the
elements of the system that are relevant for censitbn. To achieve this understanding, the
researcher used interview and observation methodste visits with each of the three
Industrial Additive Manufacturers, together withopess data provided by some of these
companies. To delimit the focal system from othetems and the wider environment, it is
necessary to understand system boundaries partjcuiaterms of activities undertaken by
the customer. To achieve this, visits to the custopremises were undertaken and in cases
where such visits were not possible, informatioonfrthe manufacturer concerning the
customer’s activities was sought. Based on thisestigation, IDEFO diagrams were

produced for all twelve case studies.

2. The second phase of system assessment is thdiaiun of systencomponentso define
the totality of activities in a manageable manméanufacturing systems are complex, and
may be comprised of multiple sub-systems (Wu 19®%ijhin an IDEFO model, each box

represents the boundaries of an activity (Kim aartgJ2002); therefore by grouping multiple
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boxes a logical assignment of activities to syswmmponents may be achieved. This is
achieved through functional and logical assessmamdscontributes to the definition of a
general system structure, within which the resaurerist. It is, however, important to

recognize that whilst from a structural perspectvaystem may be divided into smaller
components, from a functional perspective thisds the case; when divided some of the
essential properties or characteristics are losh he overall (Ackoff 1997). To mitigate this

issue, it is therefore essential to understandirtkerface between identified boundaries.
These can be thought of as the interconnectioris hiblal the various elements together
(Meadows 2009), for which Parnaby (1987) advoc#tedusage of input-output diagrams in
exploration and explanation. Through this apprdaehprincipal components of an Industrial
Additive Manufacturing System can be identifiedaleling the generalization of the research
in the development of a conceptual model of an $imal Additive Manufacturing System

based on empirical observation.

Having identified the components of the manufaasystem, attention turns to the system
controls within which these operate. Parnaby (1979) idiettifthat system control is
attainable by careful design and a professionatagmi in the execution of the system, and
as described in the literature review, Dilts et(&P91) presented four over-arching models
for the control of automated manufacturing systefiithough it is not the intention of this
research evaluation to examine control enginegrargse from a management perspective it
is valuable to understand the approach taken ircéherdination of the Industrial Additive
Manufacturing System to achieve control. Using cdaéa through this evaluation, the
structure of an Industrial Additive Manufacturingsgem is defined and evaluated (as shown

in Figure 4.3)

h 4 . 4
¥ > M »
= x = ¥
b 4 h 4 h 4 ¥ b 4
> > M » "‘ |—§ » » — ¥ —M »
£ S x ES x
e N, 1 F
¥ > ¥ 4
x * *
Stage |: Identification of activities, Stage 2: Identification of system Stage 3: Identitfication of a controlled
their enablement and control components system structure

Figure 4.3: Progression of the development of an ttustrial Additive Manufacturing System
Source: The Author
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Developing an understanding of an Industrial AdditManufacturing System demonstrates the
abductive approach taken in this research. By cogntiie limited existing literature theory with
the findings of the individual case studies, ipssible to identify alignment and disjunction,
leading to the development of the manufacturingesysconcept informed by existing theory, but
which also makes a contribution to new theory. $sist the reader in the interpretation of the
following sections, a summary of the case studsesepeated in Table 4.1 and extended to
identify the distinct Additive Manufacturing condefRapid Prototyping (RP), Rapid Tooling
(RT), Rapid Manufacturing (RM)) as defined in ApdenC.

Case | Additive Case Name Product Description AM Additive Mfg
No. Mfr Concept Process
. . . In-The-Ear (ITE) -
1 HearingCo Hearing Aid Hearing Aid RM envisionTEC
Archaeological
2 LittleCo Model Ship reconstruction of RM Laser Sintering
model ship
Archaeological Archaeological
3 LittleCo g reconstruction of RM Laser Sintering
Models
stones
: Model building
4 LittleCo Architectural (student architecture  RM Laser Sintering
Models .
project)
5 LittleCo Exhaust Tool Hydroform tool for RT Sele.ctlve. Laser
exhaust system Sintering
, LittleCo Inspection fixture for Selective Laser
6 LittleCo Fixtures toothbrush RT Sintering
7 LittleCo Sensor Tool Functional prototype RP Laser Sintering
of exhaust sensor tool
8 BigCo Surgical Guides Guide f_or s_urg|cal RM Laser Sintering
applications
Customized lighting
9 BigCo Custom Lamps| product designed by RM Laser Sintering
customer via website
Standardized lighting Laser Sintering or
10 BigCo Standard Lamps product designed by RM : 9
) . Stereolithography
professional designer
. Hybrid fixture system
11 BigCo Modglar Fixture customized for user RT Laser Sintering
ystem e
application
12 BigCo Furniture Designer furniture RM Laser Sinteri

Table 4.1: Summary of case studies explored in thigsearch
Source: The Author
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4.3 Managerial perspectives on the nature of Indugtl Additive

Manufacturing Systems

The scope of a manufacturing system is subjecttespretation by the designer or analyst, and as
such it is acknowledged that there are differemsexctives on the delimitation of systems from
their sub-systems and individual components. Tiemo single definition of a manufacturing
system (Parnaby 1979), and through the structutedhture review (Section 2.8) it has been
demonstrated that Additive Manufacturing is mostownly considered from the perspective of
the individual machines, rather than the manufaogusystem. A focus on the manufacturing
technologies in the literature is perhaps unsungjssince it is the additive nature of the
manufacturing processes that is the emphasis oft rmoademic research on Additive
Manufacturing. In many research articles, consiitaraf the way in which these operate within
a wider systems perspective is outside the natanait of the paper. However, from the earliest
interviews conducted in this research it was euidiest managers considered the machines to be
but one component of their overall manufacturingragions. When a semi-structured interview
became increasingly focused on the contributiothef machines in the fulfilment of customer

orders, the managerial research participant exeldim

“so you'rejust interested in thabne machine, not the rest of what we
do?”

Operations Manager, HearingCo
Emphasis added to reflect dialogue

For this respondent, Additive Manufacturing macbkimere recognized as being a contributor to
flexible production at their factory, but not s@lalesponsible for its achievement. Instead, a
range of different manufacturing processes invguooth machines and labour in a number of
different activities were identified as contrib@gino the output of the line and satisfaction of

individual orders.

A similar perspective was demonstrated by the Qmers Director at the largest Additive
Manufacturing company, BigCo. Noting the 1000+ fs&hployed, it was emphasized that the
majority of effort for the company was in the desfgeparation and post-processing activities, in
which the majority of the workforce are engaged. il¢ththis organization has the most
comprehensive set of Additive Manufacturing tecbgas in the world, it was apparent that
most interviews on the realization of customer sdecused not on the machines, but on the

related activities undertaken outside of the mazbimld chamber.
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These senior staff emphasized Industrial AdditivenMfacturing machines as but one part of the
overall process, and took an increasingly holigigav on the nature of manufacturing systems.
Such findings highlight the need to consider thetidoution of Additive technologies, but also

the other elements that comprise the IndustrialihvddManufacturing System.

4.4 |dentifying the activities undertaken by Industial Additive

Manufacturing Systems

4.4.1 ldentfying functions in Industrial Additive Manufacturin g Systems

By examining twelve case studies across three raatwing companies, a wide number and
range of activities were identified as being unaleh in the fulfilment of demand. Through
interviews and observations it was possible to tifienhat these may be grouped into three

principal categories:

1. Primary activities that either directly add valoghe manufactured part, or are necessary
for manufacture but not directly adding value. Téhaee the focus of this study.

2. Secondary activities that provide support for mantifring. Activities undertaken by the
manufacturer that are not directly linked to thedurction of the product, but performed
by resources of the system. This includes act&/isech as stock-takes and routine
maintenance, which whilst essential to the firm o0& core activities in the immediate
satisfaction of demand. To afford focus, thesevdids are not examined in this study.

3. Unrelated activities that are undertaken by ressiaf the manufacturing system, but for
which no relevance to the manufacturing system har products produced. These

activities are not examined in this study.

Through observation (participant and non-participand interview methods, for each case study
multi-level IDEFO diagrams were developed to expléhe way in which focal parts were
created. An example may be found in Appendix Dotder to support comparative analysis of
these twelve cases, a common terminology was wusddfine each activity undertaken. In Table
4.2 an overall summary of activities undertakepris/ided based on the IDEFO data. It is evident
that there are many commonalities that exist batwibe different cases, irrespective of the
technology employed or the organization implementthem. For example, CAD model
generation, capacity planning, machine setup, ardity assessment activities can be observed
as occurring in almost all cases, and for all mactuirers. By contrast, many of the activities
undertaken are not consistently employed for eade study, which required the researcher to

evaluate their inclusion within the definition oh@mnufacturing system.
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Case Reference

Activity 1 2 3 4 5 6 7 8 9 10 11 12
Create design idea 4| 4| 4| 4|
Select item to scan M| o ) ) o4}
Prepare item for scanning M | 4 %} %} 4} %}
Scan item M| o ) ) o4} )
Review pointcloud 4| 4| 4| 4| 4|
Inverse existing CAD design o4}
Create 3D CAD model M| 4| 4| 4| 4| 4| M ) M| o
Conduct Virtual Prototyping %} 4} %} %}
Conduct Physical Prototyping %} %} 4} %}
Design optimization 4} %} 4} %}
Prepare STL file M 4| M| M| M| 4| M| M| M| 4| 4|
Check STL file quality ¥ | 4| ¥4 | 4| 4| M| 4| &4 | M M| o
Evaluate part manufacturability M 4| 4| 4| M| 4| ™ M| o
manufacturabilty 2 @lg|@|@ @@ 2| @
Prepare final production STL M| 4| M| M| 4| 4| M| 4| M M| o
Eraot(cj::;'(l;hs for simultaneous 7 7 7 7 7 7 7 7 7 7 7
Identify accuracy requirements M| M| 4| 4| 4| M M| o
Configure build layout ¥ | 4| ¥ | 4| ¥ | M| 4| M| 4| M| 4|
Eaert::n”;'tg‘: optimal buld V| ¥ | ¥ |¥W | v | v |vw|w|v|z|=
Finalize build configuration 4| 4| 4| 4| 4| 4| 4| 4| 4| 4| 4| 4|
Identify production capacity M 4| M| M| M| 4| M| M| M| 4| 4|
Identify production priorities 4| 4| 4| 4| 4| 4| 4| 4| 4| 4| 4| 4|
Produce production plan M | 4 %} M | 4 M | 4 M | 4 M | 4| &
Perform machine setup M | 4 %} M | M M | M M | M4 M | 4|
Photocure resin 4] 4]
Laser Sinter powder %} %} M| M M | M M| M M | 4| &
Drain build o4} o4}
Cool build %} 4]
rDeicsxz)i\s/;eymble build & material 7 7 7 7 7 7 7 7 7 7 7 7
Remove excess powder / Clean M | ¥ %} M | M M | M M | M M | 4|
Perform oven processing 4|
Perform quality assessment M 4| M| M| M| 4| M| M| M| 4| 4|
Perform part collation / ordering 4| 4| 4| 4|
Perform part colouring M | 4| &
Assemble parts o4} ) M | o ) M| o
Additional processing %}

Table 4.2: Summary of activities undertaken by thenanufacturing systems
Source: The Author
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4.4.2 Identifying mechanisms in Industrial Additive Manufacturing Systems

To understand the nature of the manufacturing systds necessary to appreciate the way in
which the functions undertaken are achieved. Withim definition of a system using IDEFO,
mechanisms are defined as the resources by wHiatction is performed. In Section 2.2 it was
identified that manufacturing system resources beaphysical (e.g. machines or labour), or non-
physical (e.g. information). In evaluating a mamifiaing system, Slack (1987) differentiated
between structural and infrastructural resourage#hé current study, infrastructural resources are
taken to extend to overarching resources suchaeri@s and warehouses, whereas structural
considerations include resources such as machiegsipment, information systems, and

people/labour involved in manufacturing.

The current study identifies a range of differemchmnisms through which the system functions
are achieved, with considerable commonality actbesdifferent cases. A coding schema was
employed to identify the different enabling mecisam (Table 4.3). Using this technique a

summary of the principal mechanisms for each otHses is shown in (Table 4.4 - Table 4.6).

Labour / People Machine / Equipment Computer / Information
Processing
A | Skilled Labour Z| Automated Machine 5 General @aite
B | Semi-Skilled Labour| Y| Semi-automated Machine S odRct Specific Software
C | Unskilled Labour X| Manual machine/handtools |T dess Specific Software
D | Documen

Table 4.3: Coding schema for IDEFO mechanism analis
Source: The Author

4.4.2.1 Labour resources
For each activity undertaken, Table 4.4 providesemaluation of the nature of the labour

involved in its satisfaction. These capabilitieseveoded in terms of three skill levels:

A. Skilled: Possessing high technical competency in a rold/oarhigh flexibility in the
capability to perform activities. Highly trainedo(tdegree level or equivalent),
autonomous, experienced resource that is diffitulsubstitute. Typically involved in
complex areas of design or management roles.

B. Semi-skilled: Trained in the achievement of a narrow varietyasks and capable of
achieving these to a high standard, but operatiity @lose managerial supervision.
Typically performing technical but routine operaiso

C. Unskilled: No training or experience in the task undertaleasily substituted, close

managerial supervision required.
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Case Reference

Activity 1 2 3 4 5 6 7 8 9 10 11 12
Create design idea - - - B - - A - B . 1 A
Select item to scan B A A - A - - A - - - -
Prepare item for scanning B A A - A - - A - E A E
Scan item B A A - A - - A - - A
Review pointcloud - A A - A - - A - - A -
Inverse existing CAD design - - - - - A - - - - .
Create 3D CAD model B A A|AB | A A A * * - A A
Conduct Virtual Prototyping - - Al AB - - A A - - - A
Conduct Physical Prototyping - A A A - - A - - - - -
Design optimization B - - - - - A A - - A -
Prepare STL file * A A A A A A * * A A A
Check STL file quality * A A A A A A A * - A A
Evaluate part manufacturability] - A A A A A A Al -l- A A
Evaluate feature i A A A A A A A i i A A

manufacturability

Prepare final production STL B A Al A A A A A * - A A

Batch STLs for simultaneous
production

Identify accuracy requirements . A A A A A A - - - A A

Configure build layout * A A A A A A A A A A A

Determine optimal build
parameters

Finalize build configuration B A A A A A A A A A A A

Identify production capacity B| AB | AB |AB |AB |AB |AB | A A A A A

Identify production priorities B|AB|AB |AB |AB|AB |AB | A A A A A

Produce production plan B A A A Al A A A A A A A

Perform machine setup B B B B B B H H B

Photocure resin * - - - - - - - _ * . -

Laser Sinter powder - * * * * * * * * * * *

Drain build * - - - - - R - _ * R _

Cool build - * * * * * * * * * * *

Disassemble build & material
recovery

Remove excess powder / Clean B B B B B B B B B B B B

Perform oven processing - - - : * - . .

Perform quality assessment B A B

Perform part collation / ordering - B - B - - - B 1 1 - B

Perform part colouring - - - - - - - - - B B B

Assemble parts A - - - A B B - B B B -

Additional processing - - - - B - - - - - - R

- = Not evidenced * = Not required A = Skilled BSemi Skilled C = Unskilled

Table 4.4;: Summary of functions and their enablindabour resources
Source: The Author
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For some activities a clear delimitation was nadernced, with staff of differing skill levels
performing the task. In such examples both skilele are recorded. Where a hyphen is recorded,
this activity is not undertaken; therefore it idyotihe activities where an asterisk is shown ttmat d

not have a demonstrated requirement for labour.

Although much enthusiasm has been extended in ndsdar Additive Manufacturing to
significantly reduce labour in the production oftege.g. Tuck et al. 2007a), the results of this
study shown in Table 4.4 highlight that labour esgmts an important contribution to the overall
manufacturing system’s capability to fulfil demaidithin the remit of the activities presented in
Table 4.4, HearingCo employed approximately 100ff,sthittleCo 2 staff, and BigCo
approximately 800 staff. For each company thisatil@bour for manufacturing represented the

bulk of their workforce, highlighting the need fmuman involvement in manufacturing.

The data presented in Table 4.4 demonstrates #uwefoelabour to be involved in the majority of
activities undertaken within the manufacturing egst Furthermore, this assessment particularly
emphasizes the involvement of skilled labour, whicimconsistent with the viewpoint of Nyman
and Sarlin (2012) that Additive Manufacturing igfa skill manufacturing”. The analysis shows
that the manufacturing system is reliant on a warif skills, ranging from skilled design
capabilities through to manual skills in materiailvement and machine loading. No examples of

unskilled labour could be identified in any of tieslve cases.

Each of the three manufacturers identified the fiesnef a multi-skilled workforce, and this was

evidenced in practice through the process tours.

» For HearingCo (Case 1), staff were trained in tdetake many different roles in order
to accommodate daily fluctuations in demand. Fangxe, staff involved in scanning
hearing aid moulds would, later in the same shétinvolved in the assembly of the final
devices.

* For LittleCo (Cases 2-7), the small scale of therapons required staff to be skilled in
multiple capabilities, but also to be adaptabled¢w demand requirements. For the focal
cases, despite the differences in product, a simglmber of staff performed all design
evaluation and configuration activities. Likewisggspite the differences in the size,
shape, quality, and applications requirements chezase, another member of staff
performed all machine unloading, part finishinggasling, and assembly activities.

» For BigCo (Cases 8-12), the scale of the operati@nsonstrated enabled staff to work in
team-based activities that promoted specialism.example, focused teams of medical
design staff worked only on medical products (€gse 8), which was enabled by the

predictable demand volumes and similarity of atigirequired.
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Using Table 4.4 it is possible to identify the wities undertaken that require no labour
(highlighted with a *). Common to all cases it i®ntonstrated that Industrial Additive
Manufacturing machines have no requirement for huingrvention, as in normal operation
they are fully automated and each of the compatéesonstrated their abilities for unattended
operation. Likewise, the post-manufacture actigitié draining or cooling are achieved by the
machines. It is this capability to physically faiatie that is typically reported in literature as
eliminating the labour requirement in Additive Mdacturing: it is, however, noted that the same
unattended operation is achieved in an oven-prowesactivity for Case 5; this is a
‘conventional’ manufacturing technology that extsbihe same abilities to conduct its process
without human intervention. When questioned, Lteidentified the similarity of unattended
automation for a number of conventional technolega@d Additive Manufacture as “ironic”,

noting the emphasis placed in the Additive Manufectiterature on this capability.

The process tours evidenced that all of the congganperated multiple Industrial Additive
Manufacturing machines simultaneously, with falif@ma achieved in unattended operation.
However although labour was not needed for the maatwring activity, in processes of longer
build durations (e.g. LS and SL), periodic obseaoratof the machine was performed by
technicians to assure continued operation, andateerany necessary interventions in the event of
build failure. Typically a single technician ovensdahe operation of multiple machines. This
supports the earlier postulation by Walter et 2004) of the potential for cost reduction in a
multi-machine environment through labour sharingisThuman observation of processes was
particularly employed with LittleCo, since their anes provided no electronic feedback from
the manufacturing processes to the controller. bt tommencement of this research, similar
behaviour was exhibited by BigCo, however havingogmized the limitations of this manual
approach, the company invested in the integratioprecess monitoring tools to increase real-

time feedback to controllers and to support aut@nadh the management of processes.

Through comparison between the cases several eaanipt which activities are achieved

without labour as a result of substitution withtaafre tools are identified. This is shown to be
prevalent where part designs are similar, and aategproduction volumes exist to justify the

costs of software development and maintenance. Casevides a good example of this, where
specialist software is employed to support mucthefdesign activity. Since all hearing aids are
approximately the same overall size and have thee gguality requirements, production of the
STL and its evaluation are achieved by automatétvae. Similarly, since overall part sizes are
predictable, batch layouts can be readily plannesgdftware to achieve simultaneous production

of multiple devices (Figure 4.4).
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Figure 4.4: Hearing aid batch
Source: Eyers and Dotchev (2010)

Software is also used to aid the design-elicitapoocess, by providing customers with assistive
tools with which to specify their parts. Such udeconfigurators has been widely cited as
supporting customization strategies (Forza and &lalv 2002; Trentin et al. 2011), and was
demonstrated in Cases 8, 9 and 11 to aid custamére design of their products. This capability

is explored in more depth in Chapter 5.

4.4.2.2 Machine Resources
By its definition in Section 4.2 Additive Manufaciing utilizes machines in the fabrication of

parts; however in a variety of supporting actiatiendertaken within the system other machines
and equipment were identified as being employedimFFable 4.5 these can be identified as used
in the elicitation of design through scanning ag p a reverse engineering process, or in the
support of the design process through virtual pypiag. Similarly, for all cases machines are

used in the manufacture of the part, but sincelfinig activities are required for all parts the use

of additional equipment for these activities is coomplace.

Within this study, equipment used is delimited bg hature of human involvement required
whilst they are operating: whether fully automat{@d involvement), semi-automated (some
involvement), or manual (hand tool or requiring thamal involvement). These machines may be
employed in pre-production activities (e.g. scagreguipment used in Reverse Engineering), or

post-production (e.g. in measurement and testitigitaes).
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Case Reference

Activity 1 2 3 4 5 6 7 8 9 10| 11 17

* * _ * _ _ *

Create design idea - - - - -

Select item to scan - - -

Prepare item for scanning * X - X - - X - - Y| -

Scan item Y Y Y - Y - - Y - - Y -

Review pointcloud - -

Inverse existing CAD design - - - - - - -

Create 3D CAD model * * * * * * * * * - * *

Conduct Virtual Prototyping - - * * - - - - -

Conduct Physical Prototyping - Z Z Z - . Z

Design optimization * - - - - - * * - - Y -

Prepare STL file * * * * * * * * * * * *

Check STL file quality * * * * * * * * * . * *

Evaluate part manufacturability] - * - -

Evaluate feature . . . . . . . . .
manufacturability

Prepare final production STL *

Batch STLs for simultaneous . * % * * * * * * * *
production

Identify accuracy requirements . -

Configure build layout * *

Determine optimal build * * . * % * % * * * *
parameters

Finalize build configuration * *

Identify production capacity *

Identify production priorities *

Produce production plan * *

Perform machine setup * X X X X X X X X X X X

Photocure resin z - - - - - - - - Z -
Laser Sinter powder - z z z Z Z Z Z Z Z Z Z
Drain build z - - - - - - - - Z - R
Cool build - Z Z Zz Zz Z Zz 4 Zz Zz Zz Zz

Disassemble build & material
recovery

Remove excess powder / clear X X X K

Perform oven processing - - - .

Perform quality assessment

Perform part collation / ordering - - - - -

Perform part colouring - - - - - - - - - X X X
Assemble parts X - - - X X X - X X X -

Additional processing - - - - X - - - - - - -
- = Not evidenced * = Not required X = Manual Y = Semi Automated Z = Automated

Table 4.5: Summary of functions and their enablingnanufacturing machine resources
Source: The Author
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Examples of resources identified in this studyude!:
Automated hardware (Category Z)

» Additive Manufacturing Machines are employed in the production of parts for allesas
and are discussed in detail within Appendix C.

» Ovens are used in post-processing of some Additive Martufad parts, and were used
in Case 5 for bronze infiltration of the part. Tréguipment is used to improve the
material characteristic of the part through inditeol manufacture, and once loaded runs

unattended.
Semi-automated hardware (Category Y)

» Optical scanning tools such as 3D scanners are used extensively in ttigabn of
designs for Reverse Engineering, and were evideimc&ahses 1-3, 5, 8, and 11. These
tools capture the geometry of an existing artefand, produce a digital representation for
subsequent manipulation.

* Measurement & Test Equipment are used for all cases in the verification of paots
ensure that they have achieved the required qugldyameters, and includes
measurement systems (from mechanical rulers tostapted CMM equipment), as well

as tools for destructive and non-destructive agseiss
Manual hardware (Category X)

» Hand tools are used in the finishing processes for all céigekmbourers, and include a
range of resources such as paintbrushes, air ldasteewdrivers etc.

» Material recovery tools are used to recover material used in Additive Maaturing that
may be re-used in future manufacturing activitiesthe Laser Sintered powder-based
cases (2-12) this constitutes scoops and showwlsesin-based processes (1, 10) liquid

collection receptacles are used.

4.4.2.3 Computers & Information Processing
Parnaby (1987) explicitly noted the importance ofmputers within the manufacturing system,

and today computers are ubiquitous in most prodacenvironments including Additive
Manufacturing facilities. Each of the three manufaers made use of conventional desktop PC’s
within their operation, however their utilizatioaned dependent on the software, which may be

delimited as follows:
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* General Software includes conventional ‘office’ tools such as spisdeeets to serve
administrative functions within the manufacturinggess. Whilst each of the companies
used these tools in their office functions, in ter@f manufacturing only LittleCo
demonstrated their application as part of the maetufing system, particularly for use in
planning.

* Process-specific Software includes Additive Manufacturing specific tools suets
Materialise 3-matit™™ and Materialise Magics, which are used in the gesand
configuration of parts for Additive Manufacture. &3e tools were demonstrated in all
cases as performing a range of tasks, particuiarlthe activities leading up to the
utilization of the Additive Manufacturing machine.

*  Product-specific Software has been developed for a number of products thaypically
customized, but produced in high volume (e.g. fer design of ITE Hearing Aid Shells
or Surgical Guides). The repeatability of work ifiss initial expenditure on software
that makes the design and manufacture process afbceent. Similarly, web-based
configurators are also employed to support custsrirethe design of products within
bounding constraints (for example in the selectdnoptions in the manufacture of

custom lamps).

In addition to the computer resources, it was noted paper-based documents may be used to
enable many different activities within the manifaing system. Where these of particular

importance they were recorded in the IDEFO moddlsubsequent analysis.

» Documentsare typically paper-based resources that are usifulfilment of demand.
This could include a work order, design/assembhesgatic, or a physical build plan that

is used in part identification post-manufacture.
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Case Reference

Activity 1 2 3 4 5 6 7 8 9| 10 11 12

Create design idea - - - D - - - . * - i _

Select item to scan D D D| - D - - 0 i ] ]

Prepare item for scanning O * D - * - - D - . O

Scan item * * * - * - - * - - * -

Review pointcloud - T - - T - - T - - * -

1

.

.
—

.

1

Inverse existing CAD design - -

Create 3D CAD model S T

Conduct Virtual Prototyping - -

old[d
gl|l=[d

Conduct Physical Prototyping - D

Design optimization S - - - - -

_|

Prepare STL file S T

Al Al gl
n
(1)

Check STL file quality S T

S|4
S|4

Evaluate part manufacturability - D TD D DT| SD - - TD| TD

Evaluate feature
manufacturability

N
\"£J
=4
T
=1
_|

Prepare final production STL S T T T T T T

Batch STLs for simultaneous
production

Identify accuracy requirements - T T TDO Tp TD 1D - - - TD | TD

_.
.
.
o
4
_.
»
.
.
.

Configure build layout S

Determine optimal build
parameters

Finalize build configuration S

Identify production capacity

@lo|H
Dlpl-

Identify production priorities T

ol®lo|-
Al

Q
o
53]
U’
=
=
=
=
=

Produce production plan T

*
*
*
*
*
*
*
*
*
*
*

Perform machine setup *

Photocure resin * - - - - - - - _ * - R

Laser Sinter powder - * * * * * * * * * * *

Drain build * - - - - - R - _ * . _

Cool build - * * * * * * * * * * *

Disassemble build & material
recovery

Remove excess powder / Cleah - D D D D D D D D D D D

Perform oven processing - - - : A - - .

Perform quality assessment D

Perform part collation / ordering - D - D - - - O {1 - - D

Perform part colouring - - - - - - - - - * * *

Assemble parts D - - - D D * - * * * j

Additional processing - - - - * - - - - - - -

- = Not evidenced * = Not required G = General SoHucts Specific T=Process Specific D=Documen}

Table 4.6: Summary of functions and their informaton processing resources
Source: The Author
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4.4.3 Identifying activity controls in Industrial A dditive Manufacturing Systems

Activities that are enabled by their mechanisme alsed controls which guide or regulate the
individual activity as it is undertaken, and aslidahe et al. (1997) demonstrated these can be
wide-ranging in their nature, including organizatib policies and environmental influences. By
evaluating the cases presented in the current stivdyprincipal controls and their typical nature

can be identified:

1. Product design controls. These are maimtgductspecific, and may reflect industry
norms concerning the approach to be taken in teaeFor example, in the design of
an architectural part (Case 4), conventions fothatie and mechanical properties are
well-established and applied in design. Similaiythe development of custom fixtures
(Case 11), standard interfaces to connect thetpdts modular beam are essential, and
design controls exist for these. Additive Manufaictg has been acknowledged to
remove many constraints concerning ‘Design For Mecturing’ (Hague et al. 2003a),
which support this observation.

2. Preparatory controls. These are typicgltpcessspecific, and concern the application of
established procedures to achieve requisite parforpgance in manufacture. For
example, controls exist to promote accuracy ingfugluction process in the layout and
orientation of parts within a build chamber. Muasearch has explored the various
options to achieve optimal preparation of partsm@anufacture (e.g. Franco et al. 2010;
Gibson and Shi 1997; Soe and Eyers 2014), anduglthéhe different manufacturers
have their own approaches in the execution of tleesgrols, in general commonality
exists for each process.

3. Controls in manufacture. These are maiphpcessspecific attributes of individual
manufacturing machines, and are intended to enthaethe manufacturing process
achieves its requirements. For the twelve cases;dhtrols observed related to the focal
machines, and were instigated by the machine manuéas.

4. Controls in post-manufacture processing. These gwnboth product and process
specificity, for which the purpose is to prepare tmanufactured part for finishing
activities. For example, process-specific contrfils Laser Sintered parts concern
effective material recovery for recycling. Prodspecific controls are typically
associated with post-manufacturing operations mmgl cleaning and finishing, where
the individual products have specific requiremeatise observed.

5. Controls in assembly and testing. These are mairdgiuctspecific, and exist to finish a

part to meet the requirements of the customer.

A notable distinction concerning the sophisticatidrthese controls can be identified relative to

the repeatability of the activity. For example,Gase 1 the design of the hearing aid shell is
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achieved through the pouring of a silicon mould anldsequent reverse engineering. Whilst each
part design is different the method is identicad asontrols to regulate the activities are
standardized. Likewise, for surgical guides (C8sthe repeatability of production leads to the
development of standard controls that may be dontedeand adherence measured. In new
applications of Industrial Additive Manufacturintpe nature of the controls for design activities
was identified as being developmental. For Modap $6ase 2), whilst the archaeologists were
experts in the processes for recording and produein2D model ship using conventional
approaches in cardboard, they were unfamiliar with different activities to be undertaken for
reverse engineering and development of CAD modela\dditive Manufacturing. Development
of controls concerning these activities was dematesft as an iterative process, achieved by

ongoing collaboration between the archaeologisgdes and the manufacturer.

For process-specific controls, commonality betwesses exploiting the same Industrial Additive
Manufacturing technology is more evident. For ex@nmlifferent manufacturing processes
require different preparatory activities (e.g. supstructure generation for SL, powder recycling
for LS), but for each activity the controls areglelly unchanged irrespective of the nature of the
demand. However, different manufacturers are ifledtias having different sophistication in
their controls; for example in material managemfamt LS BigCo demonstrated a far more
sophisticated approach than LittleCo in terms otemal traceability and recycling policies.
Similarly, approaches to production planning differ each of the three manufacturers, but

within the individual organizations their contrelstandardized for each process.

It is also identified that despite Additive Manufiatng being recognized as a technological
approach to manufacturing, many of the controlsctvhinderpin its operation lack technological
sophistication. The increasing competency of comguesources has meant that emphasis in the
literature has long prescribed the applicationahputers in the production and control process,
without which control would be “inconceivable” (Kldcar et al. 1995, p. 411). Various
approaches to computer-based control have beeroggdpas technologies have increased in
competency, however all aim to satisfy the samécl@®blem of how to marshal and allocate

resources to best achieve the transformative psoces

o LittleCo operated the least sophisticated compoésed system in terms of
manufacturing control, relying on spreadsheet ttmlsroduce basic manufacturing plans
and with no computer control within the manufactgrsystem.

» HearingCo implemented an ERP system to controbtider processing and production
scheduling aspects of its operations, however tisane overall computer control evident

within the defined manufacturing system.
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* BigCo implemented a bespoke production control esystwhich integrated order
processing, engineering design, production plannimgnufacturing execution, and
assembly procedures. For some of the newer madeictenologies feedback from

process control systems was integrated in to tleeanehing production control system.

4.5 Identifying the components of an Industrial Addtive Manufacturing

System

Section 4.4 demonstrated a multitude of activitiest are undertaken by Industrial Additive
Manufacturers in the fulfilment of customer ordéngnilst this provides a detailed appraisal of
the way in which parts are achieved through Indaisfdditive Manufacturing, it is both product
and process specific. In the development of a génesncept for an Industrial Additive
Manufacturing System, it is necessary to identiyse principal activities that can be identified
as common to the entire system concept. This setiierefore defines the system structure from

these empirical observations.
This definition was achieved through three stages:

1. A logical assignment of activities was performedsdsh on the identified activities in
Section 4.4. Despite the parts being produced gaazinumber of differences (e.g. size,
application, material type), many commonalities @&wadent in their manufacture.
Through a clustering exercise these are groupedrder to ascertain the principal
components of the system at a higher level of abstm.

2. An examination of the functional assignment of \atés observed within the three
Industrial Additive Manufacturing companies wasfpaned. Consideration was given
to the layout of operations, the assignment ofuesss (e.g. machines and labour), and
to organizational structures that affected the imayhich activities were achieved.

3. The functional and logical assignments were congpaned combined to identify the
general concept of an Industrial Additive Manufaictg System that is informed by

practice, but is neither product nor process teldgyospecific.

As a result of this activity, the four identifiedoroponents of an Industrial Additive

Manufacturing System are presented in Figure & discussed in the remainder of this section.
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DESIGN I PRE-PROCESSING IMANUFACTURING POST-PROCESSING) | FINISHED PART

N4

Figure 4.5: Four identified components of an Indusial Additive Manufacturing System
Source: The Author

4.5.1 System Component 1: Design

Design in Industrial Additive Manufacturing Systemepresents all activities from the inception
of the original idea, to being ready to producedratial STL file. This definition acknowledges
that the traditional boundaries of the manufactueard external customer overlap; the use of
Additive Manufacturing as part of a co-design orceceation strategy has been discussed
(EIMaraghy et al. 2013), in which collaborationsas between the customer and manufacturer in
the achievement of a design, typically to promatst@mization. Depending on the nature of the
product and customer, the Additive Manufacturer inaynvolved from the outset, or later in the
design process, and Table 4.7 provides an overoiethe nature of this activity identified in

each of the twelve cases

Case Study

Activity 1 12345 6] 7| 8 9 10 11 1P
Initial design idea development 4] 4] 1]
Configurator provision | = |
Reverse Engineering M| ™ o4 |
CAD Design M M M| 4| 4| 4| M M|
Virtual Prototyping M| ™ M|
Physical Prototyping M| M| ™ |

Table 4.7: Manufacturer involvement in the co-creaibn of products
Source: The Author
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4.5.1.1 Elicitation of original design

Although there is currently enthusiasm for custa@rterdesign their own products (Anonymous

2011a), the difficulty of eliciting customer desifpr Additive Manufacturing is well established

in the literature (Ariadi et al. 2012), and caseslenced in this project highlighted a significant

involvement of manufacturers in the process. Fppr@aches to design were evident:

1. Manufacturers conduct all aspects of design initiabn behalf of the customer.

2. Manufacturers provide a basic design, from whiehutilization of configurator software

is utilized to finalize the customer design. Thigowbach does not require such advanced
design skills on the part of the customer, and lgsanused for the customization of
existing designs.

Reverse Engineering through 3D scanning of an iegisartefact. This process is
relatively quick, through requires specialist haadev and often needs manual
intervention to correct issues.

Design (or customization of an original design)ngsiCAD. This process is typically

time consuming and requires much skill on the patihe designer.

4.5.1.2 Design Prototyping

Prior to committing a design for manufacture, thiits to perform prototyping may be required.

Two types of prototyping are evidenced from theesas

1. Virtual prototyping arises where designs are iteedy prototyped on-screen. This

approach allows a designer to evaluate a desigh,neeke ongoing changes before
committing to manufacture. This approach has beews as advantageous by Dodgson
et al. (2006), particularly in the reduction of gust development costs.

Physical prototyping may be undertaken to makda&ruin of the intended part, or to
produce a sample part for evaluation. This wasenddd for cases 2, 3, 4, and 7 to assist
both the customer and manufacturer understand pportunities to produce parts

through Additive Manufacturing, and best meansctieve this.
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4.5.2 System Component 2: Pre-Processing

Section 2.9 demonstrated that many literature ®suradvocate the ability for Additive
Manufacturing machines to produce directly fromDadesign, however in the current study the
activities identified through the twelve cases |gjdghis to be an oversimplification. In practice,
each manufacturer demonstrated the evaluation sigile to consider the best approach to
manufacture them, and related activities of pradagblanning to determine how best to manage

the manufacturing system.

4.5.2.1 Assessment of manufacturing feasibility
Although much enthusiasm exists for Additive Mamiifiging machines to produce almost any

part (e.g. Anonymous 2011a), cases from both Big8d LittleCo demonstrated a range of
activities that needed to be undertaken to evalii@@otential capability and suitability of a part

for manufacture.

1. To ensure the successful manufacture of a parinthestrial Additive Manufacturers all
validated the STL files before their use. Errorghia received STL file were identified by
production managers as a principal cause of baildre for both BigCo and LittleCo,
and much emphasis was made by these companietdateahe incoming design files.
The companies employed software and human-baskdi¢ees to evaluate the incoming
files to ensure they were as-expected, completeh@les found), and without any
obvious identifiable corruption. If necessary, antlere possible, the manufacturers

typically repaired damaged files on behalf of thetomer.

2. Overall ability to manufacture a given part is assel to examine whether the design is
suitable for the selected manufacturing process. &mmple, this may include
fundamental considerations such as the physical agizhe part to be produced. The
build chamber size is finite and so parts of a gresize must be produced in sections
(for subsequent joining). In the example of the aadt tool (Case 5), such limitation
required the part to be split into three sectiosistaould not be produced as a whole.
Notably, where production is of similar parts (elGE Hearing Aids in Case 1), as a

result of prior experience the requirement for #ssessment is lessened.

3. Feature assessment is performed to ensure thatclired features are reproducible
using the focal manufacturing technology. As disedlsin Appendix C, each Additive
Manufacturing process has minimum operational 8mitthin which it can operate, and
some Industrial Additive Manufacturing technologiese better than others at

reproducing fine details. As with the previous stathis activity was identified as
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particularly important where prior experience ofnufacturing the part (or a similar
part) did not exist.

4. Generation of STL files was performed for all cagesnable manufacture of the part.

4.5.2.2 Build Preparation
Once the design has been confirmed, and the SEks filuilt, preparation for the Additive

Manufacture of the part may commence. Whilst imgigle the part may be produced directly

from the STL model, in practice further configueattis needed by the manufacturer to optimize

production.

1. Collection of multiple parts to build. Whilst Addie Manufacturing can make one-of-a-

kind manufacturing economically feasible (Hopkinsen al. 2006b), all companies
involved in this research identified this was omiable with a ‘full build’. Such
simultaneous manufacture has already been shownffagng cost advantages by
amortizing the expense of the machine and its settgr a range of products; for
example see Ruffo and Hague (2007) in terms ofriLasgering.

Identifying requirements for accuracy. Approacteadcuracy differ between processes,
and may incur trade-offs in terms of processingetiamd/or cost. It was identified by
both BigCo and LittleCo that different parts haffatient accuracy requirements, and as
a result this needed to be considered in the paéparstages.

Identifying optimal build parameters to meet thguieements of each build. Many of the
cases use LS, for which build parameters includesiderations such as recycling ratio,

part orientation, scan spacing, and wall tempeeatwhich affect the manufactured part.

4.5.2.3 Production Planning
Mellor et al. (2014) identified that little resebrtas been conducted into the planning of

production for Additive Manufacturing, save onlyr fefforts by Munguia et al. (2008). Within

the current study, the companies demonstrated esigpba two principal activities: loading and

scheduling. Each of the companies took a diffea@proach to this activity.

As a result of much uncertainty in demand, on #yd=isis HearingCo experienced very
high variations of demand making daily producti¢tenping for same-day despatch very
difficult. The Production Manager identified thatpning was instead possible on a

monthly horizon, where demand was much more praliet Work was typically
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sequenced first-in-first-out (FIFO), unless pripridrders were received. Multi-skilled
labour resources are reallocated through the matuifiag system as required.

* As LittleCo has only one instance of each technpltge, all work for that type is
simply loaded to the individual machine to be praetli The order of work is sequenced
principally by customer requirement date, howewemaximise utilization any excess
space in the build chamber will be filled with shaalfuture orders. The other enabling
resources of the system (e.g. technicians, posepsing equipment) have no plan for
loading or scheduling; technicians self-allocatewiark, and use the other resources
however required.

» BigCo has a number of instances of the same tescpypohkllowing the allocation of
work to different machines based on availability. &tension, labour was allocated to
different parts of the factory based on demandh wWits flexibility made possible by a

multi-skilled workforce.

4.5.3 System Component 3: Manufacturing

Upon completion of the preparatory activities, fimal production STL model is transferred to

the Industrial Additive Manufacturing machine faabfication. Whilst the operation of the

individual manufacturing processes is process fipeand is performed according to the

principles detailed in Appendix C, the overall aute of this activity is the direct fabrication of

the required part. The machines operate in anem@ggtd mode for the duration of the build, and
this time is principally determined by the speedthw individual machine and the size of the
build being performed. Various simulations of builthe taking this into account have been
developed (Pham and Wang 2000; Ruffo et al. 200Bajing this time the cases indicate no
requirement for labour in the production processyéver for processes of a longer duration (e.g.
LS and SL), demonstrated practice for BigCo antld@o was for labour to be involved in the

monitoring of production systems for faults.

4.5.4 System Component 4: Post-processing

The final stage component of the manufacturingesysis post-processing, which encompasses
all the finishing activities for parts produced ngsilndustrial Additive Manufacturing. As
evidenced in Section 4.4, all of the cases demaiestra need for a variety of different activities
to be performed after the Additive Manufacturingcimae-based processes. From this research,

five distinct activities are identified:

144



Chapter 4: The Concept of an Industrial Additiveridacturing System

4.5.4.1 Removal of build contents from machine
The build is removed from its machine, and takena tedicated area for further processing. For

all companies and technology types this activitys \amahieved by the technician, using manual
lifting equipment to carry the load. A demonstratiof this activity is provided in Figure 4.7
(Stages 1 & 2).

4.5.4.2 Identification and extraction of parts frombuild
All three companies demonstrated the simultaneoasufacture of multiple parts in their

Industrial Additive Manufacturing machines, whichshpreviously been identified as reducing
individual part costs by amortizing setup and deipiteon costs (Atzeni et al. 2010; Ruffo and
Hague 2007). Figure 4.6 demonstrates a typicali+pait build at LittleCo for Laser Sintering,
which the technician needs to remove from the dvbrald and correctly identify each part. To
aid in part identification, LittleCo and BigCo piide technicians with copies of the build plan,
allowing them to identify parts based on the lamativithin the build. In Figure 4.7 (Stage 3) the

beginning of the removal process is shown.

Figure 4.6: Contents of a LS build chamber for simltaneous manufacture of parts
Source: LittleCo

4.5.4.3 Material recovery for recycling or disposal
For every build there is the need to remove exoeserial and/or support structures before the

part can be finalized. Depending on the Additive nMfacturing technology employed and

material selected, it is possible to recover unusederials for recycling, thereby lessening

production and disposal costs. For the focal cas#sis study, recycling was performed for LS

and SLS by manual recovery of some of the unuseep(see Figure 4.7, (Stage 4) and Dotchev
and Yusoff (2009) for a detailed appraisal).
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1. Completed LS build for EOS P700 machine 2. Tpartsition of build

3. Extraction of part(s) from build in dedicatedifiy 4. Material recovery

Figure 4.7: Initial stages in post-processing for &ser Sintering at LittleCo
Source: The Author

4.5.4.4 Quality inspection
Three principal approaches to quality inspectionewidentified within the focal companies, with

each chosen based on the requirements of the oeistom

» Visual inspection and comparison to expected design
* Measurement of conformance to design

* Functional testing to assess mechanical charaitsris
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One of the main challenges in quality assessmenstidentified by LittleCo, who identified a

“best-effort” approach to quality assessment wasetines taken:

“You must have an idea of the design to understduwed customer
needs. The trouble is, we never really know theefided] application —
sometimes we can't even recognize the potentighefpart — but we
always have to ensure we get the right quality. &Weays need to
check the part out before we finish”

Production Technician, LittleCo

4.5.4.5 Finishing & Assembly
Once the part has been verified as being adequiatelicated it may either be despatched to the

customer, or may have further activities perforrire€inishing and assembly. This may include
aesthetic aspects such as colouring, or furthezgsging such as polishing or infiltration. As a
result of these activities further evaluations gélify may also be necessary.
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4.5.5 Summary of system components

Section 4.5 has shown how, though the detailedysisabf observed practices in commercial

manufacturing systems, a number of different aitivitake place in the satisfaction of the

demand. These activities have been noted as baiaombination of product and process specific,

and in this section commonalities between the te&vebses have been identified and summarized

into four general components of an Industrial AgditManufacturing System, as shown in

Figure 4.8
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Figure 4.8: Components of an Industrial Additive Manufacturing System
Source: The Author
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4.6 Identifying the control architectures of an Incustrial Additive

Manufacturing System

The preceding sections have demonstrated the gmweltt of a general understanding of an
Industrial Additive Manufacturing System from lisgure and empirical research. The activities
undertaken together with the individual mechanisimg controls have been demonstrated, from
which clustering has allowed the general systempmorents to be developed. This has enabled a
systems perspective to be adopted, and in this $ection the integration of these findings in a

holistic model to include the organization of cohfor the entire system as shown in

Figure 4.3, leading to the definition of the sturet of an Industrial Additive Manufacturing

System.

Dilts et al. (1991) identified that control arcliteres concern the coordination of control
information and system operation, and proposed deneric architectures that were evaluated in
Section 2.2. This conceptual understanding is adph this research to understand the possible
ways an Industrial Additive Manufacturing Systemynize controlled. Using data from the
twelve case studies and three Industrial Additivenufacturers, this section demonstrates the
application of each of the control architectures] axamines the implications of these. The work
of Dilts et al. (1991) is particularly applicable this thesis, since the focus of their four prati
forms of manufacturing control system architectisrentended for application in the context of
automated and flexible manufacturing systems. shimswn in this chapter that Industrial Additive
Manufacturing Systems have some degree of automédtiang the ‘manufacture’ stage, and in
Chapter 6 some types of flexibility are evidendddwever, Dilts et al. (1991) focus on the role
of computers to co-ordinate the control of the nfiacturing system; within the current study it is
acknowledged that computers will form part of tiatecol, but it is a more general understanding
of the principles of control that are of most iesr and their technological enablement a
secondary consideration. The assessment is stedctaround the characteristics that have

previously been synthesized in Section 2.2 and@amamarized in Figure 4.9.
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Additive Manufacturer Control Architecture Reconfig urability Extensibility Fault Tolerance Mfg Autonomy
Centralized Form
LittleCo % Low Low Low Low
Proper Hierarchical Form
HearingCo @ High Medium Medium Medium
Modified Hierarchical Form
BigCo é@} High Medium Medium Medium
Heterarchical Form
BigCo Collaborative %% High High High High
Control componerD Manufacturing entitQ Gohinterrelationship

Figure 4.9: Identified control architectures for focal manufacturing systems
Source: The Author
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4.6.1 Centralized Form: LittleCo

LittleCo is a small Additive Manufacturing bureauth a range of different machines and three
permanent staff to perform all activities assodatéth manufacturing. A single manufacturing
facility exists, with labour and infrastructure oesces shared between each of the different
manufacturing process types. Within this systermniping and co-ordination of all operations is
performed centrally by the commercial manager, aggnting a central control element in the
system. Such a configuration is typical in smalldAide Manufacturing bureaus, wherein a few

machine resources are controlled by a single cbairtity.

At the cell level decision making is minimal, arsdlargely based on the established procedures
implemented by the central controller. Examplesaif-level decision making typically focused
on approaches to achieve effective finishing otpavlanufacturing autonomy is therefore low.
Parts are produced according to the instructionth@fcontroller, and established relationships
between the controller and manufacturing entities tght and long-term. As there is no
electronic feedback mechanism, feedback arises thmrhuman operators rather than through
the Additive Manufacturing process resources, anthérefore manual, ad-hoc, and typically
informal in nature. This leads to identified diffides in planning and scheduling of work, and as

a result the controller does not plan for full igaition of the system’s resources.

The system comprises of individual instances ofustdal Additive Manufacturing machines,
with no redundancy in the event of component failBimilarly, there is little opportunity to
interchange resources. The system has no defingohsgor expandability or reconfiguration,
and does not collaborate with any other manufactdreis has negative implications for the
company which were demonstrated during this rekeattten an extended period of machine
downtime was observed for one of the manufactuprazesses. During this time LittleCo was
unable to satisfy customer orders, and as a resnie orders were delayed and some orders lost
to other companies. Similarly, during this reseatehamount of work for the system decreased

significantly, yet there was no reconfiguratiorsgétem control in reflection of this change.

4.6.2 Proper Hierarchical Form: HearingCo

As a member of a larger group of companies, theufaaturing operations of HearingCo operate
relatively autonomously from other group companias, within the overall control of a central

control entity. As a result, from a single UK maactiiring site the company fulfils demand for
UK and Western Europe, with a dedicated productiim® producing customized ITE Hearing

Aids. A management hierarchy oversees the facilitjth dedicated production planners

managing the planning and co-ordination of all agiens. Control is therefore delegated
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hierarchically through the operations, with indivéd elements of the operations under control of

local controllers.

Large variability in order volumes on a daily basguires reconfiguration of labour within the
manufacturing system to optimize its usage. Mildiilesd staff move between order processing,
design, manufacturing, and assembly activitiesegsiired to maximise their utilization. This is
controlled centrally by the production manager, ea also be reliant on individual team-leaders
in execution. A clearly defined production procegjether with a factory layout promoting
series-based production means that work moves batweorkstations independent of the
controller; however there is very little feedbadkieprocess activity. Unless a manual request
for feedback is instigated, controllers have lillwareness of the state of a given entity of the

manufacturing system.

The system comprises of multiple instances of mmchand labour resources that can be
interchanged in the event of component failure, dx@v there is no excess capacity for
redundancy. In the event of a major failure of $histem the ability exists to reallocate work to a
different system within the network, however tlisneither seamless nor desirable. In the event

of this occurrence, manufacturing control is defeddo the alternate system.

It is identified that expansion of the system may dchieved using additional components;
however the ability of the central controller to mage increasing numbers of manufacturing
entities constrains the extent of such extensiaming the conduct of this research there was no

demonstration of this capability.

4.6.3 Modified Hierarchical Form: BigCo

BigCo splits its manufacturing systems into spestidacilities (for medical device production),
and generalist facilities for all other productimyuirements. It employs two sites for its most
specialized medical applications, in Europe anthenUS. This second US based site provides
additional production capacity for specialised matlicomponents, local to demand for US
customers. Each manufacturing system has assigsedrces for the four manufacturing system
components; these are specialized and are notatiypghared between systems. Overall control

of the multiple systems occurs at the Europeanduesatkrs.

Each system is under the responsibility of a sirdjlector, and is distinctly controlled by
production planners who schedule work using the paoty's planning software. Control is
therefore delegated hierarchically through the af@ns, with individual elements under control

of local controllers. An individual system compssaf multiple instances of machine and labour
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resources that can be interchanged in the evetttroponent failure, however there is no excess
capacity for redundancy. Compared to the Properarbical form, the principal difference
observed in this example is the inter-relationgbgween manufacturing systems. Work and
resources can often be switched within manufaajusirstems without major penalty, and this is
frequently employed to achieve load-balancing actbe entire company’s demand. Notably this
is constrained by some of the specialist applioati@quiring particularly high quality production
(e.g. medical parts), where dedicated systems ssensial in promoting both quality and

repeatability.

4.6.4 Heterarchical Form: BigCo Joint Venture

True heterarchical form requires that a manufaatugystem has no overall supervisor, with
entities self-configuring in the achievement of mi@cturing. It is noted that in the context of
Additive Manufacturing a similar notion was propdsby Berlak and Webber (2004a) in
‘competence networks’, however in this system anief controller coordinates the product
fulfilment process.

Within the current study it is identified that sealecompanies in the Additive Manufacturing
industry have joined together in a heterarchidad-fiorm, and BigCo is a participant member. As
demand is placed upon the system, individual comgaake work based on their competencies,
capacity, and potential responsiveness (the laften dictated by production location relative to
demand). Each manufacturer controls its own proedugciand therefore has a high degree of
autonomy in manufacturing. Similarly, there existsne redundancy in the system, since the
system is able to draw upon the capabilities ofstriduted network of major manufacturers.
Communication within the system is identified a®djowith most information shared using the
internet. The focal heterarchical system is a dosestem; members are fixed and so unlike a
marketplace there is little movement in-and-outhef system. Nevertheless, relative to the other

control architectures, relationships within thetegs are loose and transient.
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4.7 Discussion

Building on the preceding sections of this chajetonjunction with Appendix C, the purpose
of this section is to address the first researastjon posed in this studiResearch Question 1:

How is an Industrial Additive Manufacturing Syststmuctured?

In Section 2.8 it was evidenced that research esipl@s concerned the capabilities of Additive
Manufacturing machines to achieve production objest with little emphasis on contribution
made by other manufacturing resources. Whilst 8ec#.2 demonstrated a long-established
systems perspective exists for general manufagfusimch a consideration has not been extended
to the specific context of Industrial Additive Mdaaturing. To address this research gap this
chapter has explored the activities, mechanismd, aamtrols that are demonstrated in three
different commercial manufacturers that utilize usttial Additive Manufacturing technologies

in the production of twelve different products (Get 4.4).

An important finding presented in this chapter @ne the nature of the activities undertaken
within the manufacturing system, highlighting theed for a ‘systems’ rather than ‘machine’
perspective. It has been demonstrated that cutrehistrial practice is poorly aligned to
prophesies for ‘just click print’ production, witB6 distinct activities identified in the case
research. It has been shown that many activitiesiadertaken in the design of parts, and these
have been shown to differ based on the means cfation (e.g. original design or reverse
engineering), with differing levels of involvemeiinbm the manufacturer. Likewise a number of
activities are undertaken in preparation for mactufiee, and in the post-processing of parts

which have often been overlooked in evaluation&difitive Manufacturing.

The way in which these activities are achievedrbasived a detailed consideration in this study.
In the fulfilment of demand it has been shown thaange of different resources are necessary to
achieve production objectives in addition to thdustrial Additive Manufacturing machines.
Whilst the technologies of Additive Manufacturinggimt offer a range of potential advantages,
they are shown to be incapable of entirely satigfydemand independent of other system
resources. Only two activities directly involve thdustrial Additive Manufacturing machine,
and through a detailed investigation it has beerwshthat a multitude of labour, machine, and
computer/information processing resources are zatli in production. These are the
manufacturing system'’s resources which need tdfbetively managed; by focusing only on the
individual machine these are neglected. The impogaof labour resources within the
manufacturing system has been demonstrated inntipérieal work in this chapter, and this is
noted to be contrary to observations made in seeeraceptual papers. It has been shown that
labour is not eliminated from the manufacturingteys and is needed for many of the activities

undertaken in the achievement of production. Whitet Industrial Additive Manufacturing
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machines are able to operate without direct labowoivement, the absence of feedback from the
machines and the criticality of their activities sMshown to result in labour being employed in

the monitoring of machines through observation.

Whilst it is demonstrated in this chapter that\atiis (and therefore the consumed resources)
may differ according to specific product or procesgquirements, by considering twelve case
studies and three different manufacturers, idettiftommonalities support generalization. This
has led to the proposal of four general system oommpts in Section 4.5design, pre-
processing, manufacturing, and post-processingnd the identification of the three principal
resources oflabour, machines, and information processingresources by which these

components are enabled.

These important findings both justify the considieraof Industrial Additive Manufacturing in
terms of a manufacturing system, and are usedfaoninthe way in which its structure has been
identified. Based on the findings presented in tbiwpter, in Figure 4.10 the empirical
observations drawn from the twelve cases are cagdbiwith the concept of Parnaby’s
manufacturing system to provide a general frameviorian Industrial Additive Manufacturing
System. The four principal components are idemtiied (within the dotted lines) shown to be
within the domain of an overall control architeetuand Section 4.6 has demonstrated alignment
to different architectures, and the implications @dch of these. The resources of the

manufacturing system (structural and infrastrudjurave been explained in this chapter.

This framework satisfies the fundamental requireseia manufacturing system, and serves to
consolidate and extend some of the relevant AdditManufacturing literature. It presents a
manufacturing system which is driven by demandbktathrough resources, and affected by
disturbances (such as uncertainty). It aligns He top-down input-transformation-output

perspective (de Neufville and Stafford 1971; PaynaB79), and is comprised of component
subsystems that facilitate focus at different patsthe system (Bhattacharya et al. 1996).
Recognizing the importance of control in a manufany system (Parnaby 1979; Parnaby and
Towill 2009b), within this chapter approaches tatcol of individual activities, subsystems, and

the entire system have been demonstrated.
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SYSTEM CONTROL i

Design Pre-processing Manufacture Post-processing h

Disturbances

Figure 4.10: The concept of an Industrial AdditiveManufacturing System
Source: The Author

4.8 Chapter summary

This chapter has evaluated the nature of Indusidalitive Manufacturing Systems, and has
provided an up-to-date and detailed appraisal afteroporary commercialised technologies
leading to the development of a novel typology oidustrial Additive Manufacturing

technologies. Combined with Appendices C & D, #higloration contributes to the overall thesis
through the presentation of relevant technicalitdethat are requisite in understanding of how

different Industrial Additive Manufacturing processfulfil demand.

The chapter has explored the nature of Industrilidve Manufacturing Systems in satisfaction
of Research Question 1. Through the evaluatiorctdfiies undertaken in the production of both
component parts and whole products in Industrialdithe Manufacturing Systems,
commonalities and differences in terms of actigiticomponents, and controls have been
highlighted. It has been demonstrated that someewurresearch which generalizes the
management implications of Additive Manufacturimgrfi a theoretical perspective has omitted
to consider the implications that can only be ididt through functional analysis based on
empirical research. Based on the work of Parnat®7qL in the development of the
manufacturing system concept, and Dilts et al. 198 terms of manufacturing system control
architectures, this empirical research has ledht development of the Industrial Additive
Manufacturing System concept that underpins mucdh®fesearch undertaken in the remainder
of this study.
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Chapter 5 Fulfilling Demand through Industrial Additive

Manufacturing Systems

Chapter Aims

1. Examine the nature of demand experienced by Indusfrdditive Manufacturing

companies.
Demonstrate how Industrial Additive Manufacturings&ms fulfil demand for products.

D
(o

Examine the alignment of Industrial Additive Mancii&ring Systems to establish

manufacturing theory.

5.1 Chapter overview

The purpose of this chapter is to explore how lfhlsAdditive Manufacturing Systems are
employed in commercial practice to fulfil custontmand. In Section 2.9 it was shown that
existing literature has much enthusiasm for the ufesturingtechnologieso produce a wide
range of products for many different applicatiomswever there was little demonstration of this
in applied commercial manufacturisgstemsilt is acknowledged that recent works have begun
to focus implementation strategies for Additive Meacturing (Mellor et al. 2014), however a

research gap remains in understandiiogy manufacturing systems satisfy demand.

As shown in Figure 5.1, this chapter builds upaawork of Chapter 4 in which the concept of
an Industrial Additive Manufacturing System was @leped, and is a precursor to subsequent
chapters that provide a detailed evaluation ofrizeire of flexibility in both the manufacturing
system and wider supply chain. In doing so, theptér tacklefRResearch Question 2: How can

Industrial Additive Manufacturing Systems support different types of demand?

Chapter 2
B Literature Review
Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep‘t of Fulﬁlllng demfand The flexibility of Sllppl}"cha‘;n
an Industrial using Industrial Industrial Additive flexibility for
Introduction  H > Additive - Additive > i , i [ndustrial Additivepf  Conclusion
< : i : Manufacturing . :
Chapter 3 Manufacturing Manufacturing . Manufacturing
Systems
System Systems = Systems
> Research Method

Figure 5.1: Thesis structure
Source: The Author
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To satisfy this research question and addressithe af this chapter, as shown in Figure 5.2

three activities are undertaken:

1. An assessment of overall demand placed upon thefagtaring operations of the focal
Industrial Additive Manufacturing companies is ma@@ection 5.3), establishing the
context in which the individual cases exist.

2. An analysis of three case studies is performedti@ex5.4 — 5.6) to achieve a detailed
understanding of how demand is satisfied for gipmuducts.

3. An assessment in terms of Hayes and Wheelwrightdyzt-process matrix is provided
(Section 5.7) using all twelve cases, identifyialignment of the focal Industrial
Additive Manufacturing Systems to established maouwifring systems theory and

potential configuration strategies.

Manufacturing Manufacturing Manufacturing
Operations (HearingCo) Operations (LittleCo) Operations (BigCo)
A 4 \ 4 A 4
Individual Case (1) Individual Case (2) Individual Case (9)

\ 4

Alignment to Hayes & Wheelwright’s Product-Process Matrix (using all 12 cases)

Figure 5.2: Investigation undertaken in Chapter 5
Source: The Author

This third activity is motivated by a conceptuatenby Tuck et al. (2008) in the context of Rapid
Manufacturingtechnologies which suggested that future developments ancelin@nation of
labour in manufacturing would enable the efficipnbduction of high variety products at all
levels of production volume. A similar propositibas more recently been suggested by Helkio
and Tenhiala (2013), who identified a lack of speity in the technologies as supporting the
production of complex products. This would be imftiot with the established product-process
matrix prescribed by Hayes and Wheelwright (19%@)ereby decisions on process choice are
aligned to demand requirements placed upon thermsysh essence, Tuck et al. (2008) suggests
the potential to achieve total flexibility, andftdly overcome volume-variety trade-offs through
Additive Manufacturing. Such a capability could le valuable asset, and would clearly
distinguish Additive Manufacturing from many othgpes of manufacturing system, however as
a conceptual proposition it has not been examinegbirecally, thereby motivating this

investigation.
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5.2 Method overview

The purpose of this chapter is to report identitedimercial practice, and in the achievement of
its objectives a qualitative investigation is urtdken. Such an approach is intended to provide a
rich understanding of the nature of some Industdalditive Manufacturing Systems,

emphasizing theowandwhy concerning manufacturing operations.

In Section 5.3 the overall nature of demand expegad for each of the three Industrial Additive
Manufacturing companies is presented, based on geaa&interviews and observational data
collected during site visits. This section drawsmiplata from senior staff, and contributes to an

overall understanding of the operations of the rfecturers.

Sections 5.4 — 5.6 provide a detailed account ®f Hdemand is satisfied through three in-depth
case studies (Table 5.1), with one case selectedafch of the focal manufacturers. The case
reports are written to explain the implicationseng from choices made, and in doing so identify
demonstrated current practice in manufacturing.e Witing of these case study reports is
structured to the linear-analytic style as defimgdYin (2009); this is akin to the ‘scientific

approach’ defined by Robson (2011) which suppaxsszcase comparison. A full discussion of

case study methods used in this research may be folChapter 3.

Building on the previous work, Section 5.7 conssdire alignment of the manufacturing system
to the traditional product-process matrix (Hayed Wheelwright 1979) using data gathered from
all twelve case studies through observation, mamggaterviews, and supplementary company
data. This section provides an empirical evaluatbnTuck et al. (2008), and demonstrates

different approaches Industrial Additive ManufaoigrSystems may take to satisfy demand.

Section Case Additive Mfr Research Method Data soges
Audiologists (2)
; Interviews D‘Fec“” 1)
Hearing Production Manager (1)
5.4 Aid HearingCo Technician (1)
(Case 1) Process Observation Production site tour (1)
Document analysis Process data from company
. Archaeologist/Project Manager (3
MerI . Interviews Production Manager (2)
55 Ship LittleCo -
(Case 2) Participant Observation Custo_mer .S'te tour (2)
Production site attendance
Production Director (3)
Custom , Interviews Technical Director (1)
5.6 Lamps BigCo Product Manager (1)
(Case 9) Process Observation Production site tour (3)

Table 5.1: In-depth case studies examined in thishvapter
Source: The Author
! These customers represent a major UK retail orgéioh which supplies approximately 60,000 unitsialy,
representing one quarter of all digital hearingsgdvately purchased in the UK. The UK marketplacseplit between
private vendors and public provision by the Natlodaalth Service (NHS). Hearing-aid manufacturarppy both
markets, however this study does not have ethggalcval to conduct research in the domain of theSNidd therefore
constrains its investigation to the private seotdy.
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5.3 Understanding the nature of demand experienced Industrial

Additive Manufacturing companies

The unit of analysis in this case research is rthliévidual product type being produced, however
it is acknowledged that the manufacturing systehag produce these exist within the wider
manufacturing organization. The three Industriaitide Manufacturers examined in this study
serve a wide range of customers, consistent wehrnbfustry as a whole (Munguia et al. 2008;
Wohlers 2012), and this section therefore expltiiesoverall demand facing Industrial Additive

Manufacturing companies.

In Section 2.2 it was shown that manufacturingesyst exist to fulfil a demand, whether external
or internal to the system. The nature of this deinzam, at its most basic, be delimited in terms
of its variety and volume, from which Hayes and \height (1979) proposed the
manufacturing system should be appropriately coméid. Unless overall demand increases
proportionately, increasing variety and customaatwill reduce the volume of any given
product variant, and in Section 2.3 it was showat thcreasing variety can lead to a number of

characteristics detrimental to the effective peri@ance of the manufacturing system.

To understand the nature of demand facing manufagtwrganizations, four attributes are

explored in this section:

Total volume of different parts or products reqdire
Variety / customization requirements.

Requirements for responsiveness in the satisfaofidemand.

E A

External uncertainties faced in satisfying demand.

By recognizing demand facing the firm to be mutiéted, this approach is consistent with
previous techniques employed in Operations Managente.g. Childerhouse et al. 2002).
Confidentiality dictates that some data in the dwihg assessment has been omitted, and

production volumes given with less precision thhtamed in the conduct of the research.

5.3.1 HearingCo

HearingCo is the UK manufacturing division of Hegi€o Group, which has operations around
the world. HearingCo has a single UK manufactursitg, at which products are made and
supplied to a network of audiologist customers. ritggCo only produces its own range of

devices, and does not produce products that aneladed to audiology.
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Production Volume
HearingCo produces tens of thousands of ITE devisesy year in response to orders from
audiologists. Most individual orders are for ondwo identical devices, and normally these will

be batched on a daily basis by audiologists.

Variety / Customization in ordering

HearingCo has an established range of hearingesiit@s to suit a range of patient requirements,
for which the ITE Hearing Aid device is the onlyiuproduced using Industrial Additive
Manufacturing technologies. The ITE device offeieccustomized to the requirements of the
customer. A series of configuration options is jed for each device (Figure 5.3), and the outer
shell of the device is customized to the shapdefindividual wearer (described in detail within
Section 5.4).

Requirement for responsiveness

HearingCo stressed the importance of their devasesontributing to the quality of life for the
end customer, and the market requirements for guiskonse manufacturing. The production
manager identified that the company needed tofgdkie majority of its orders same-day, which
(when combined with 2-3 days total transport tinme¢ant that for each device design elicitation,
manufacturing, and delivery should be achievediwitive working days. From interviews with

audiologists such a schedule was observed to ®stent with other companies in the industry.

Uncertainties in demand
HearingCo identified that on a daily basis it exg@eced much uncertainty concerning the volume
of orders that it would receive, or the mix of thdsom its product range. It was identified that

demand for individual devices was subject to thpiirement of the patient:

“[it] is impossible to forecast for each day whatwites we will need to

make, but we have to be able to make them regattlles
Operations Manager, HearingCo

The company receives orders from a network of hesslrof audiologists, with each placing
orders based on the patients presenting at theicgl HearingCo identified that they envisaged
little ability from the audiologists to forecast ilgarequirements for different device types;
through interviews with audiologists this was comied. It was identified by the Production
Manager that the difference between ‘busy’ days‘goget’ days equated to “300% variability”

which posed challenges for the operation in thisfsation of demand.

HearingCo identified that despite considerabletflaton in daily demand, on an annual basis

the requirements for different device types wergdly predictable. In practice, it identified the
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use of historic monthly production data as beingsaful source for longer-term planning; the
Operations Director defined overall demand for @dvice as enjoying a small degree of growth
annually, with month-on-month requirements largebnsistent and without notable deviation

arising from issues such as seasonality.
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Figure 5.3: Configuration options for ITE Hearing Aid device
Source: Adapted by the author from an original liego document

5.3.2 LittleCo

LittleCo is a UK based manufacturing bureau provgdbutsourced manufacturing services for a
wide range of industrial customers. It offers calitigs in LS, SLS, SLA, and envisionTEC
technologies, together with post-processing andingaapabilities. It accepts orders from a
range of customers, and one of its specialismgage-based activities, where it undertakes

consultancy for design, prototyping, and developmen

Production Volume

LittleCo produces hundreds of different product€hegear, mainly using its LS and SL
technologies. Individual orders can constitute lginmit requirements, or may extend to several
hundred similar or identical parts. Total produstimlume for all machines was estimated by the

Production Manager to be less than 10,000 partarparm.

Variety / Customization in ordering

LittleCo has no product range of its own, insteaalvigling outsourcing capabilities to produce
parts on behalf of other firms, for many industiiesuding automotive, aerospace, construction,
scientific, and education. Observed examples irclmbdels for city planning, prototype parts
for aerospace applications, gifts for marketingivites, prototype engine parts, and replica
automotive parts. LittleCo produces prototypes (R&Y! patterns for investment casting (RT),

and some end-use parts (RM).
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Requirement for responsiveness
The company has a split between short lead-times,pand longer and more complex project-
based work. Some short lead-time work was ideqtifie being 3-5 days for fulfiiment, whereas

longer projects could be many months in their catigh.

It was identified that timescales are agreed betwbe customer and company at the point of
guotation, which took into account expected wordkfor LittleCo. However, it was recognized
by the Production Manager that the timing of acte@mand was often uncertain, leading to

difficulties in effective production planning.

Uncertainties in demand

LittleCo identified that demand was very unpreditdain both short and long-terms, and that a
combination of a diverse range of customers togettith little visibility of demand posed
challenges for the manufacturer. In addition togeral uncertainties, LittleCo also identified
challenges arising from uncertainties in the natfréhe parts demanded. For some short lead-
time items, LittleCo had little involvement in thikesign process, and often did not know the
purpose or requirements of the product being preduSuch uncertainty provided challenges
particularly in the pre-processing and configunatistages of production, where parameters

influencing part quality and performance are detide

“We build stuff for a lot of different people, antley don't always
know when they are going to need it. Sometimeswiaiks for us but
sometimes it doesn’t and that can lead to ups¢bowess or they go [to
another provider].”

Production Manager, LittleCo

5.3.3 BigCo

Of the three Additive Manufacturing companies ggptiting in this study, BigCo is identified as
being the largest, with significantly more staffogucts, production capacity, and annual growth
than either of the other firms. It serves a broadge of customers that were defined by the

company as ‘medical’, ‘industrial’, and ‘consumer’.
The work performed by BigCo may be categorizedvio tvays:

1. As a manufacturer of its own products. BigCo presiits own product range of medical
and consumer products, most of which are offereal fiorm for further customization to
meet the customer requirements. These products tenbe for end-use (Rapid

Manufacturing).
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2. As a provider of outsourced manufacturing for otbempanies (as a manufacturing
‘bureau’). The applications of these products \&(Rapid Prototyping, Rapid Tooling,

and Rapid Manufacturing) and is not always appacetite manufacturer.

BigCo has two principal manufacturing sites; oneeurope (which is the focus of this study),
and a recently opened, smaller unit in the US. Thmpany utilizes multiple distribution

channels:

» Direct sales enabled via the internet

0 Customers upload their designs directly for mantufac

o Customers customize existing designs online fossgbent manufacture.
* Indirect sales via supply chain intermediaries

0 A network of sales offices in America, Asia, and @ne.

0 A network of independent agents and retailers.

o A small network of its own retail stores.

The manufacturing systems are organized and managed ways, and the nature of demand is

explored in this section in line with these:

1. Specialist production, where dedicated productinesl are established for high volume,
repetitive production of the same products (alisitit customized characteristics)
2. Generalist production, where resources of the naufing system are shared amongst

the production of a wide variety products at a emafproduction volumes.

5.3.3.1 BigCo Specialist production
Production Volume

A large proportion of the specialist production artdken by BigCo concerns medical devices,
most of which are used as part of surgical opemati®igCo produces tens of thousands of
medical devices each year for a worldwide markaty demand for these was identified as

consistently growing strongly each year.

Variety / Customization in ordering

BigCo offers a small range of medical devices topbeduced using its LS processes and
specialist post-processing techniques. These dewace chosen by surgeons based on the
application requirement, and customized by surgemasexperienced medical designers to meet
the individual patient requirements. Multiple capfiation options can be selected by the
designer, which is complimented by the ability thi@ve geometric customization in order to be

of an appropriate shape for the patient.
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Requirement for responsiveness

BigCo identified that individual medical componetypically had a three week lead-time, with
the majority of effort arising in the design compahof the manufacturing system. The physical
production and finishing of individual products wsisown to normally represent three days of

this total leadtime.

Uncertainties in demand

The Production Manager identified that whilst “eaatd every device is different” and required
iterative development with the commissioning surgethe overall volume of parts to be
produced was largely predictable. The company alsserved that the three week lead-time
provided some visibility of orders to be producesing Industrial Additive Manufacturing
machines. This allowed them to plan manufacturinbetter optimize machine utilization. Hence
whilst uncertainty existed over the specific custation to be made, from the perspective of the
manufacturing system demand volumes were identdgeteing stable, predictable, and growing

on an annual basis.

5.3.3.2 BigCo Generalist production
Production volume

Generalist production at BigCo constitutes a ldgmfidential] proportion of the company’s
total output, and accommodates demand from a wigkebrer and range of different customers.
The overall production volume is split across a hamof different Industrial Additive
Manufacturing Technologies, with LS, SL, and FDMinge the principal contributing

technologies.

BigCo identified that requirements for individuarps varied considerably, from single unit

production through to thousands.

“The largest unit we made was 10,000 off. That \wafphysically]
small part.”

Operations Director, BigCo

Variety / Customization in ordering
The generalist approach to manufacturing is intdrtdesupport a very wide range of different

product requirements.

- Most of the work for the manufacturing system arif®m the outsourcing of work to
BigCo. It is therefore unique to the individual tarser, typically as a wholly new design

submitted for manufacture. In outsourcing, the canypdoes not offer a standard ‘range’
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of products, rather the capability to manufacture tndividual requirements of the
customer.

- A smaller amount of work for the manufacturing systarises from the manufacture of
BigCo’s own product range of consumer goods. Thesalefined products, listed in the
company’s catalogue range, and are typically cuig@emto meet individual customer

requirements.

Where BigCo provides an outsourced manufacturinmploidity, there is typically a high degree
of variety observed, with little commonality in paproduced. This was evidenced in practice by
process tours undertaken by the researcher, whegletheora of different products was shown to
be in production simultaneously. It was observeat fharts ranged considerably in size, shape,
and materials and required a variety of differenstgrocessing operations (e.g. painting,
cleaning, assessment etc). Some identifiable agifgits included automotive and aerospace, but

in many instances the purpose of the part was antdethe observer.

By comparison, the company’s own product range maee readily identifiable in the process
tour. These consumer products were typically cutapte in terms of geometry, material

choice, and finishing operations, all of which wpredefined by BigCo.

Requirement for responsiveness
BigCo identified that the generalist productiondhwed many different customers, from a diverse
range of backgrounds and with different requiremdnt responsiveness in the fulfiiment of

orders.

e Short lead-time products (1-2 days fulfiiment) weated as arising frequently, and the
ease of satisfying these requirements typicallyeddpd on the workload and available
manufacturing resources at the time of production.

» Longer lead-times were negotiated with some custenaad were identified as assisting
with production planning within the organizatiororfproducts from their own range the
company typically defined standard lead-times foodpcts, however interviews and
observation highlighted difficulties for the manctiarer in matching its timeliness of

order fulfilment with the requirements of the custy:

“in the beginning [for consumer products] we thougheverybody

thought — we can let them wait a little longer, dexe if we work for

automotive sometimes that's two days and the thiag to be there.
Initially we were looking at terms of two weeksdonsumers... we can
do it faster but just to be safe if there’s too mgomplaint.”

Technical Director, BigCo
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The availability of some slack provided both a buffo the company, and also helped with the
batching and scheduling of work. However, it wasniified that the nature of some goods

attracted customers with specific responsivenapsnements:

“Depending on products of course because in custtion we see you
have a very big market — for example gifts for tialis or birthdays,
and it's always the way that people take on that days or five days
before the anniversary. That's always the same.”

Technical Director, BigCo

In the context of its own product catalogue andamgable products for consumer markets, the
informant at BigCo identified the need for respeasess to be achieved in order to compete

with bricks-and-mortar distribution channels:

“.. if you look at the overall online internet boess | believe we have
to work, | believe we have to make it faster anywmscause even
consumers are very impatient: if they go to a shg they want a cell
phone they pay and they get it. If you want to cetagrom an online
way it is very important that they choose a cebhpdand you send it to
them the day after and they receive it the dayr.afts got to be

competitive.”

Technical Director, BigCo

Likewise, for industrial B2B customers the needriEsponsiveness was echoed by other staff in
the organization as being an important considardtothe company:

“we have a very short horizon on what we produod, @istomers have
a short, efficient time for buying our product.”

Operations Director, BigCo

“We have to make it when they [the customer] want not later or
we’re not in the game.”

Product Manager, BigCo

Uncertainties in demand
BigCo identified that for its generalist productiaincertainty was a major challenge for its
operations. A most succinct but informative quatarf an interview highlights the challenge for

the firm in terms of the uncertainty it faced, andesire to increase repeatability of production:

“If I exclude the [specialist products], then | wdwsay that 95% [of
demand] is short term, unpredictable.... repeat fegsiwill not solve
everything, but it will give us a certain stability

Operations Director, BigCo

167



Chapter 5: Fulfilling Demand through Industrial Ak Manufacturing Systems

This uncertainty in demand inhibited some plannoggrations, and was identified by the
Operations Director as requiring the company todhstocks of raw materials and surplus
capacity for production. As a result, this was tifesd as limiting the ability of the company to

achieve full utilization of its manufacturing asseteading to strategies being employed to

stimulate demand:

“So what we see, and apply, is that you have aaicemumber of
planned buyers. If we see, and can predict a cooipldays — if the
workload is getting down we broadcast an emailh® internal sales
team ‘these are the technologies with free capaatyyou can [take
confidential action]. So we have mechanisms toecaopth it
[uncertainty] — but then yesterday | heard thatturmed down some
order from some customers because we just candupmthem. And
that is really bad because in a week from now we imave free
capacity.”

Operations Director, BigCo

5.3.4 Summary findings

Sections 5.3.1 — 5.3.3 have demonstrated thatafable manufacturing companies experiences a
wide variation in demand requirements, which hagerbexplained in terms of their volume,
variety/customization, responsiveness and exteroatertainty characteristics and are
summarized in Table 5.2. Although there is commional some aspects of the demand nature,

the three companies can be observed to have téfferedt strategies:

 HearingCo has a narrow product range and employsuraber of constraints on
customization to limit the range of options avdiab

» LittleCo produces for a wide range of different tousers, and as a result of the high
degree of uncertainty does not plan for full uéition of its resources.

» BigCo has split its operations into two functiomtisions. Similar to HearingCo, the
specialist division produces high volume customigeztiucts that have a limited number
of configuration options. A second generalist dosisaccommodates the more uncertain
demand, producing a wide range of volumes and t@siein response to market

requirements.
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HearingCo LittleCo BigCo Specialist BigCo Generalis
e | Typicalrange per 1-2 1-1000 1 off 1-10,000
S part (units)
o Total production Very High — tens of| Medium —up to| Very High —tens | Very High — tens of
> per annum (units) thousands ten thousand of thousands thousands
Nature of variety _ Variety in new | Customization of Variety in new
- or customization products geometries products
o Customization of
’g? Nature of geometries ) Customization of Customization of
customization Customization of geometries geometries
functionality
" . .
4 Typical prqductlon 1 day Varies 3 weeks Varies
bt lead time
(0]
=
(2]
c
o
(o
4 Critical
o . . ritical, .
Importance Critical, contractual Varies contractual Varies
Some uncertainty|
Nature Daily volumes Daily volumes over daily Daily volumes
g unpredictable unpredictable production unpredictable
z volumes
8
] Workforce o
o
£ Miiation Workforce flexibility Workforce fiexibilty
techgni Les flexibility Excess capacity Process flexibility mang emyent
q Process flexibility Process gement
o Process flexibility
flexibility

Table 5.2: Nature of demand for focal Industrial Additive Manufacturing companies
Source: The Author

Within this overall context, the following threectiens explore in more detail how each of the

manufacturers satisfies demand for an individuatipct type.

5.4 Case Study 1: Production of hearing aid shells

5.4.1 Case overview

This case concerns the manufacturer of hearingeattes by HearingCo. Hearing aids are used
by individuals with impaired hearing to provide soategree of correction. Figure 5.4 illustrates
a range of alternate hearing aid device types @y be used dependent on the patient’s
requirement. In the UK, laws govern the sale ofringaaids, limiting their supply to authorised
professionals (known as audiologists), and prifamanufacturers include GN Resound, Oticon,
Phonak, Siemens, and Starkey. Audiologists maywdependent providers, work for one of the
larger retail chains (e.g. Boots or Specsaversheoemployees of the NHS. It is commonplace

for audiologists to purchase hearing aids from iplgltsuppliers.
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The ITE hearing aid is a particular type of dewdeich is widely used for both children and
adults with higher degrees of hearing impairmenfitd entirely within the ear canal, selectively
amplifying noises from outside the ear. The ITEidexonsists of an outer shell, within which a
number of modular electronic components are hatdyuding a microphone, and a Digital Signal
Processor (DSP) which is used to process the eteaund and convey it to a speaker. It is a
customized product, with the outer shell manufaatio the shape of the individual ear, and the

modular electronics within the device configuredtte individual hearing loss profile.

The ITE hearing aid product was identified by btite audiologist and manufacturer as having
important implications for the quality of life fahe wearer, and so where new or replacement
devices are required, responsiveness in supplggsimred. HearingCo identified that it almost

always satisfied its target of same-day productiot despatch of ITE Hearing Aid devices.

HearingCo is part of a multi-national group of canijes that supplies over 300,000 hearing aids
annually, and has utilized Industrial Additive Méacturing technologies in the fabrication of the
hearing aid shells for over 12 years. Within thealitgyCo factory, the Industrial Additive
Manufacturing system is integrated within the ollaranufacturing operations, in which shells
and electronic components are assembled to forrddkiee. Hearing aid shells are produced as
part of the overall line-based process, and lalesources are multi-skilled to allow them the

flexibility to move between functions in the shelanufacture and assembly processes.

Completely-in-
the-Canal (CiC)

Figure 5.4: Different types of hearing aid
Source: Crystal Hearing Limited
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Figure 5.5: Sample audiogram Figure 5.6: Production of hearing aid
Source: Persad et al. (2007) shells
Source: envisionTEC GmbH

5.4.2 Design elicitation

Each ITE hearing aid is configured to the requinets®f the individual client. This necessitates
a customised hearing aid shell to fit the individear, and a customised configuration of the
internal electronics to match the hearing-loss if@ofThe configuration process is normally
initiated by the client visiting the audiologistrfan assessment of their hearing. A standard
process is performed at the assessment, wherdi¢he will respond to a series of tests of their
hearing. If the demonstrated hearing capabililig fshort of an expected standard, a hearing aid
device may be suggested. The device will be chbased on a number of factors, including the
extent of hearing loss, the client’s age, and tlifeistyle. A profile of the hearing loss (known as
an audiogram) is recorded and used to configurdn¢iaging aid electronics during manufacture
(Figure 5.5). Where an ITE hearing aid device ibaautilised, the geometry of the individual ear
needs to be captured with which the shell can betoacted. In ITE devices it is particularly
important that this matches the shape of the dverl since poorly fitting devices are less
effective, uncomfortable and will potentially fallt of the ear whilst being worn. In such devices
a characteristic whistling noise is often preseuitich is uncomfortable for the client and those

around them.

A common technique to elicit the ear shape is theripg of silicon into the ear, where it is
allowed to set for a few minutes before being reeaov From this silicon mould an inverse
representation of the human ear can thus be igmhtiivhich is used to shape the hearing aid
device. This mould, the audiogram, and an ordemfaietailing other configuration details
(including colours, wax prevention systems, vertians and accessibility aids) is batched with

other orders, and are sent daily via Royal Mail po$he manufacturer.
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HearingCo receives daily deliveries of hearing midulds from all parts of the UK, and has
standardized the order processing and manufactpringess (Table 5.3). Deliveries are opened
at the manufacturer and entered as jobs withirptAening system. The audiologist’'s mould is
scanned using a 3D non-contact scanner to obte@tvease engineered digitised representation
which will be the basis of the manufactured pad.fihalize the design, the Materialise Rapid
Shell Modelling (RSM) software is used by a techanicto correct and configure the part. The
software tool has been developed especially far phoduct to enable the technician to identify
potential pressure points that would cause discdmédad to correct any defects in the scanned
item. It also can simulate the placement of thaouar electronic components, and perform
quality checks on the proposed build. As a resh#, finalizing of the design for manufacture

takes about five minutes per shell.

5.4.3 Pre-processing

The company has standardized its manufacturinghtd#ogy, and all parts are configured for a
single machine type. Every hearing aid is produeid the same machine parameters, and so in
pre-processing there is no requirement to congdeer orientation or optimization issues. The
main activity undertaken is collecting of orders(mormally) 24 units, which is a full build for
the envisionTEC machine. Once a full build is sefat production, a technician uses the RSM
software to configure the production process. As $loftware is optimized for the application

and focal machine type, this activity requires dityited intervention from the technician.

5.4.4 Manufacturing

The physical dimensions of the hearing aid shalwique to the patient, however the overall
small nature of the shell means that their prodactan be achieved relatively quickly. The
production of hearing aid shells is performed usome of HearingCo’'s four envisionTEC
machines, and takes between 1 and 2 hours to ctemflee selection of machines that could
achieve the production of small batch sizes (Figu@® relatively quickly was identified by
HearingCo as being optimal, since prior experienitk larger capacity machines had disrupted

flow during the batching process.

The individual machines are employed in the rejpetiproduction of hearing aid shells, and do
not make any other products. As a result, theifigamation is optimized and maintained for this
application. With the exception of loading matesjathe manufacturing process is largely

unattended.
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5.4.5 Post-processing

On completion of shell manufacture, labour is reggiito identify and split individual hearing aid
shells from the build, and minimal post-processimy be performed to clean the device prior to
the conduct of a quality assessment procedure.itg2o identified that overall the Additive
Manufacturing process was very reliable, achiegjogd surface characteristics and consistently

high quality parts that needed little work in ppsbcessing.

Once the hearing aid shell is complete, it is madcto the correct order and then enters the rest
of the production system, where component modubetuding microphones and DSP’s are
added by skilled technicians to finalize the prdadudl devices are tested, then packed and

despatched by courier to the audiologist for subeetfitting for the customer.

S|58| €| o
Time = |5 2 2 z
g | 8|2/ 8|15«
# Task Description Units Sl 2|29 > | 2 =
Minutes O <: D
1 | Create audiogram 20-30 | v v
2 | Pour silicone mould 5 v v
3 | Wait for mould to set 5-10 4 v
4 | Complete customisation sheet 5 v v
5 | Complete order form 5 v v
6 | Package items 5 v v
7 | Wait for Royal Mail collection Up to 600 v v
8 | Deliver to manufacturer 1 day v v
9 | Unpack items 5 v v
10 | Enter order on SAP 5-10 | v v
11 | Scan mould 5 v v
12 | Configure and fix using RSM 10-30 v v v
software
13 | Collate 24 units 4 v
14 | Configure job 20 v v
15 | Load resin and prepare machine 20| vV v
16 | Manufacture 60 v v
17 | Unload machine 10 v v
18 | Identify individual shells 10 v v
19 | Transport to assembly line 1 v v
20 | Add electronics v v
21 | Configure electronics v v
22 | Quality Assurance & testing v v
23 | Pack goods for shipment v v
24 | Wait for courier Up to 480 v v
25 | Deliver to retailer Overnight v v

Table 5.3: ITE hearing aid process map
Source: The Author

173



Chapter 5: Fulfilling Demand through Industrial Ak Manufacturing Systems

5.5 Case Study 2: Production of a model ship

5.5.1 Case overview

This case examines the process of archaeologicalelrmsaking in an Industrial Additive
Manufacturing System, in which a 1&entury medieval ship was recreated from individua
‘timbers’ manufactured by LittleCo. Overall, over0Q0 individual wooden timbers were
recovered from the original sunken ship, for whedich is unique in terms of its physical
dimensions, surface profile, and the location oflividual ‘clinker holes’ that originally
contained iron nails or wooden treenails. Thegqubjequired approximately 700 scale timbers,
intended to form an accurate representation ohthleof the sunken medieval ship, originally of

an estimated 30 metres in length.

The ship had spent hundreds of years in riverbdioingnt, and it was identified that attempts had

previously been made to dismantle it. As a redludt timbers were distorted and warped, making
conceptualisation of the original size and shaffecdit to evaluate. Specifically, it was difficult

to appreciate the shape of the original hull. Tagpse of the project was to faithfully reproduce

these individual timbers at 1:10 scale, and thrahghassembly of each timber, better understand
the construction and shape of the original shigh&af the timbers to be produced ranged from

20 - 450mm in length, with the average width betbgm.

Archaeological model-making is commonly appliedthe context of ships to provide a scaled
reconstruction of the original hull-form, and trigainally this would be achieved through careful
measurement and tracing of the original timberfyrieebeing reproduced in cardboard or wood.
This approach has a number of limitations affecitsgsuitability, including the functional and

mechanical characteristics of the materials, trghdabour requirement for measuring and

cutting materials, and the limitations in accur#itgt can be conveyed through craft approaches.

5.5.2 Design elicitation

To acquire a digital representation of the modathetimber was scanned by the archaeologist
team over a two-year period using FaroArm co-orgimaeasuring machines (Figure 5.7) and
non-contact laser scanning systems. This activéy identified as slow and labour-intensive, and
at its peak, 15 staff worked on the Reverse Engmgéask. As each timber was completed, 3D

data was assembled using a general purpose sofpackage.
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Figure 5.7: Geometry capture process Figure 5.8: Partial ship hull in assembly
Source: Soe et al. (2012) Source: The Author

The archaeology team were not aware of any prevaitempts to reproduce a ship using
Industrial Additive Manufacturing, and whilst theyere familiar with 3D scanning techniques
they had no previous experience of producing dssifpr Additive Manufacture, and
acknowledged that the initial stages constitutegteat deal of learning for them about how to
appropriately create part designs that were saeitdbt manufacture. Similarly, whilst the
LittleCo manufacturer had much experience in madaking, they had little experience of this
type of archaeological application and so theahistage constituted a ‘learning experience’ for
them both.

As part of the design stage, meetings occurred dmtwModelShip and LittleCo, in which
requirements for the physical characteristics effiarts were developed. The archaeologists had
limited awareness of the characteristics of diffiéngroducts or processes, and so in the initial
discussions there was a need for LittleCo to pmvgpropriate explanation of the options and
their implications, and as result of exploratiomepmse a suitable selection of machine and
material for the application. It was also necesgargonduct a ‘prototyping’ phase, with design
samples being sent to LittleCo for evaluation, whan experienced designer evaluated them
using a combination of software tools and his peaperience in the manufacture of other
products. From these initial parts, the designentified a number of characteristics that made
the parts unsuitable for manufacture, including-farmat errors and incomplete designs (with
data missing leading to holes). This initially lalbéntensive process therefore helped the
archaeologist develop best practices in the achiene of the original design from the timbers.

In addition to the practicality of achieving a 3Bsign, it was shown that much labour effort was
needed to ensure that it was manufacturable. ®tleedargest challenges for the designer and
archaeologists was the achievement of ‘scalinghiwithe production model, since although the
3D model could be accurately displayed on a comnmmgdeeen, it was identified that very small
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details would not be reproduced in the manufacguprocess. Just as a reducing photocopier
may lose some of the smallest details in its asti@o too may this be a problem in the

manufacture of models created from scanned argefact

The archaeologists involved in the project weretipalarly keen to understand how the
positioning of the nails would bend the timbergrdby recreating the shape of the hull as shown
in Figure 5.8. Through reverse engineering, theatioa of the holes could be accurately
determined, together with their respective sizehEoriginal hole was different, ranging from
10 to 40mm in diameter. The process of scalingethvess straightforward, and initial modelling
identified they could be replicated in the 1-4mmga. Notably however, for the model (which
employs screws, rather than nails), the practiealibf sourcing 1mm screws for assembly
required minor deviation from this scale on theuguas of functional practicality. It was therefore
found that for each part, a review of its ‘manuaability’ was needed, and manual interventions

made to ensure all required features would be deymexd in the physical parts

Additionally, as part of the design it was necegsarevaluate the desired mechanical properties
of the physical parts. It was identified that timelividual timbers needed a limited degree of
flexibility, to allow them to bend slightly when sembled to form the ship’s hull. The LittleCo
designer explored three possible approaches tqghit hollowing, part hollowing with lattice,

parametric change), and manufactured prototypethé&customer to identify the best approach.

5.5.3 Pre-processing

The choice of Industrial Additive Manufacturing pess was made as part of the design process,
and with an EOS P700 machine justified on buildndber size capability, processing capability,
and its ability to fabricate without support sturets. Of the available materials, polyamide 12

was selected based on its mechanical performararaatiristics and relatively low cost.

The need for accuracy in the production of theséspaeant that process parameters needed to
be held constant over the extended duration optbct (18 months in total, but in intermittent
builds). Since the machine and materials woulddm®nfigured many times between builds to
satisfy orders from other customers, LittleCo neeiecarefully plan for repeatability in builds.
To do this, the production manager ensured thatdimee machine was planned for each batch,
and that all of the machine-specific settings sashlaser power and scan speed were held
constant between builds. To mitigate thermal iniescies between builds, each were
configured to contain only the model ship partsaged in approximately the same part of the
build chamber. In doing this, LittleCo were notlyultilizing the capacity of the machine,

significantly increasing the costs of production.
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In ideal circumstances, using the same materiathbgiromotes increased consistency in
production however as ten builds were produced awverighteen month period, storing the
material was unfeasible. Instead, best efforts weaee to keep the ratio of recycled to virgin

material constant.

5.5.4 Manufacturing

To produce each batch, the virgin and recycledglge material was manually loaded into the
two storage tanks by a technician, and productmmmenced according to the planned build
parameters. Once the manufacturing process hdaddténere was no labour involvement and the
machine operated in an unattended mode to manudaitta parts through laser sintering. Once
sintering was complete, the build was left to dooin its production temperature (approximately
177°c) to an ambient temperature. LittleCo use la-ofithumb approach for this process,
allowing the build to cool for the same amountiofe that processing occurred. This process was

repeated for all of the ten builds.

5.5.5 Post-processing

For each build, the need existed for basic postgmsing activities to be undertaken in
preparation of the parts for the customer. With dssistance of mechanical aids, a technician
removed the build from the machine and emptiechib@ breakout table. The objective of the
technician is to remove the parts from the builtdilst at the same time recovering the maximum
amount of recyclable material. Although the simtgrprocess should sinter just the part, the
material immediately surrounding it is heated ia inocess, and as a result it becomes degraded
and unsuitable for recycling. The technician mbstéfore carefully extract the parts to preserve

as much material as possible, but at the samedirsere that all parts are successfully removed.

For each of the individual parts, hand-finishingswaerformed by the technician. To remove
excess powder, each part was brushed using a aoftbpush before compressed air was
delicately used to remove any stubborn or hardeémi powder. A sample of parts was quality

inspected, and all parts packed for despatch toukmer.
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5.6 Case Study 9: Production of custom lamps

5.6.1 Case overview

The ability to produce highly complicated geomedtrieas led to the application of Industrial
Additive Manufacturing technologies in the prodaontiof a wide range of artistic and design
applications. One such example is that of lampschvbhomprise of a base with stem, a light-
fitting, a bulb, and an Industrial Additive Manufared lampshade that features a textual

message.

BigCo identified that customer awareness of thedssinvolved in the design of customized
products was limited in terms of several importaspects. It was observed that many potential
customers were unfamiliar with 3D design tools, #rat the current complexity of these meant
that for many customers, the ability to create rttein innovative designs that could be
manufactured using Industrial Additive Manufactgrimachines was significantly constrained by

their technical abilities.

These limitations also extended to the customewnareness of general product development
issues. For example, it was recognized that cus®meuld not typically be aware of how their
design would best dissipate light, and safety issagarding the required distance between their

design and the heat-generating light bulb.

Whilst the company provides support to a rangeustamers to support their design of products
this labour represents a cost to the company, wihigpplied to the lamp product could make it
uncompetitive. Additionally, it was noted that fmany customers, simpler customizations were
adequate, as they did not require anything morept®mnthan a simple personalization of their

product, and nor did they want to interact with tbenpany in the achievement of a design.

5.6.2 Design

BigCo offer two different styles of lamp which areen customized by the customer to meet their
requirements. Although the components of base,,dight fitting, and light bulb are standard to
all lamps, it is possible to change several asp®Edtse lampshade. Design is elicited via BigCo’s
website, which allows customers to customize tbein lampshade in several ways. It is possible
to choose from three different surface finishesl tinembed a short piece of text into the design

of the lamp, with a choice of three typefaces.
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By constraining the overall shape of the design, maucing the customization to configuration
options and text, the ability is offered for custamto quickly and easily to create their own

unique design directly on the website, withoutriked for interaction with 3D design tools.

One notable implication of this approach to desgthe ability for automatic conversion from
the web-based design representation into a praductady STL file, without the need for
manual verification of the design. Since both o€ ttamp styles are already verified as
production-ready, and their surface finishes psteid it is only the text that changes the overall
geometry of the product. This customization hagmaications for the verification of the design

file, leading to quicker and simpler productiorvefified designs for production.

5.6.3 Pre-processing

This approach to configurator-based design alsweighed opportunities to lessen the activities
normally undertaken in pre-processing for custosigies. Many of the decisions involved in the
pre-processing stage concerning accuracy, buikhtation, and machine parameters are already

well-defined for the standard product, and the matd the customization does not affect these.

In preparation for manufacture, the customer oislentered into BigCo’s computerised planning
system alongside all other production orders. Aduese planner allocates the work to a specific
Laser Sintering build, manually configuring its &ion within the build chamber based on

established conventions.

In terms of production planning, the customizeduratof the lampshade requires that it is
produced in response to an individual customerrofld O), rather than as a stock based item
(MTS). If capacity is constrained, this can havelioations for the prioritization of work overall

within the system and therefore production planpeiritize work accordingly.

5.6.4 Manufacturing

In the Industrial Additive Manufacturing machineete is no difference in the way the custom
lampshade is processed relative to a standardizesion. The nature of the customization makes
no difference to the way in which the machine hiilde parts, nor to the costs incurred in its

production.

Custom lampshades are produced using a LaseriBmteachine, which is manually loaded by
an operator with virgin and recycled materialsnémmal circumstances, these custom lamps will

be fabricated as part of a larger build in ordefulty utilize the build capacity of the machine.
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Production is performed on general purpose machinad lamps will be produced in a
simultaneous build, often with other types of comgat requiring the same material
configuration and build parameters. Once the machiegins operation, manufacturing is
unattended, with the build time based on the imlligl machine, its configuration, and the size of

the build being produced.

5.6.5 Post-processing
Parts created in the Laser Sintering process needra post-processing activities to be

undertaken once the manufacturing activity anddoeiioling are complete.

With the assistance of mechanical aids, a techmigéanoves the build from the machine and
empties it onto a breakout table. The technicianuafly removes all parts from the build, and in
doing so carefully identifies potential powder thmaay be recycled for future use. Material
control policies in the organization promote trdmkiy and quality, and so material recycling is

performed particularly carefully to ensure confono@ with these internal requirements.

To remove excess powder lampshades are gentlyetiaging handtools or compressed air, and
the quality of the part is confirmed. As the ovessilape of the product will be consistent with all
other customized lamps of this type, techniciasfamiliar with the expected shape that they

will be processing, offering potential benefits &déandardization and repeatability of operations.

5.7 Identifying potential strategies to satisfy demnd

The qualitative case studies presented in the giegesections have demonstrated the way in
which the three different Industrial Additive Mamagfuring Systems satisfy different demand
types. All of these companies are producing padshave unique requirements, either as a result
of a variety of new products (Case 2) or in terfhrsustomization of an existing one (Cases 1 and
9). These observations support the general clamthe literature (Table 2.11) that Additive
Manufacturing technologies support the ability ffeively produce customized products as a

result of their geometric processing capabilities.

Based on the capabilities of the individual machifgck et al. (2008) proposed the hypothetical
position that Rapid Manufacturing could supporthhigriety manufacture at different production
volumes, facilitated by the elimination of labouorh processes as a result of tooling and
automation. In this section this proposition is lergd in an empirical observation of how
Industrial Additive Manufacturing Systems may bafigured in practice to accommodate such

demand.
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5.7.1 A product-process evaluation for Industrial Alditive Manufacturing Systems

Although not acknowledged in their paper, Tuck lef(2008) effectively propose a version of
the Hayes and Wheelwright (1979) product-procesixndut for which the same process type
is able to achieve high variety, but without anyadéy at different production volumes. Such a

system would enjoy high process flexibility, buthdut any holding cost of that capability.

Hayes and Wheelwright characterise demand througlfitative “low” and “high” rankings for

each axis of the product process matrix. Whilss Hpproach is sufficiently generic to promote
transferability to different industries, it lackket necessary specificity to facilitate empirical
assessment. In the current study, increased fatugrins of industries and manufacturing

technologies enables the researcher to be moriieipldefining these attributes:

Volumeis considered in terms of the annual demand placethe system as informed by the
focal manufacturers. It concerns the total numkfeurots of a product that are produced (or

expected to be produced) on an annual basis.
Varietyis considered in terms of the degree of varietyustomization in the focal case product.

* High customized products are mainly customized teetman individual customer
requirement. This customization is usually importarthe customer.

e Medium customized products have some degree obmiztion, but also a number of
standardized attributes.

* Low customized products are either standardizetiawe such little customization that it

does not constitute a major factor in the custosnéecision to purchase.

The twelve case studies explored in this studypagsented in the context of the product-process
matrix for an Industrial Additive Manufacturing $gm as shown in Figure 5.9 and Table 5.4.
On the vertical axis, each case has been evalt@atéts variety/customization categorization in
terms of a high/medium/low scale. Classifying degref variety and customization is a complex
activity outside the scope of the current studychEease is therefore plotted in the centre of its
categorization, and within the same category nengit is made to indicate whether one case is
more or less customized that others in the catedonythe horizontal axis, each case has been
evaluated in terms of its annualized volume andtgdoon a logarithmic-like scale. This scale
was developed through analysis of the overall deh@aced on the manufacturing system for
each of the three companies (as explored in Sebtl®)n Space constraints require cases 2, 5, 6,

and 12 to overlap; each has a volume of 1.

Using the descriptors of Hayes and Wheelwright,ahginal four process types (job, batch, line,

continuous) are mapped to the matrix based onttaecteristics given in Table 2.5.

181



Chapter 5: Fulfilling Demand through Industrial Ak Manufacturing Systems

» Job based processes exist for 1-off and low volprnoegluction, using general machines
and standard configurations. Setups are frequemt, lengths are short, and overall
process speeds tend to be quite slow. Job basembgses typically have a large
requirement for labour, which is often skilled. s particularly evident for cases where
much work is needed in the design and pre-procgssages, where decisions are needed
to understand the best way to produce parts.

» Batch based processes produce higher volumes dftanounterparts, but still employ
general machines and fairly standard configuratidie nature of batch processing has
fewer specific setups than job processing, andangths are longer, with some efforts to
reduce labour requirements (through standardizaticactivities or substitution through
software tools).

» Line based processes are used at high volumesharel dedicated machines that are
setup especially for long runs of the focal prodiype. Setups are infrequent and run
lengths long, with efforts made to reduce labowunmements. Flow is rigid and well-
established, and the speed of production is fasterresult of specialisation.

» Continuous processes are included in this mattkwere not demonstrated in the focal
cases. Such approaches are intended for very haglugtion volume, with almost no

setups and no relative inflexibility in terms obpuction volume.

Project-based processes were not included in tiginal definition by Hayes and Wheelwright

(1979), and are thus subsumed within job proceasiss study.
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Figure 5.9: Volume-variety assessment for twelve sa studies
Source: The Author
Case | Additive Case Name Annual Variety
No. Mfr Volume
1 HearingCo Hearing Aid 10,000's High (Customized)
2 LittleCo Model Ship 1 High (New Product)
3 LittleCo Archaeological Models 4 High (New Product)
4 LittleCo Architectural Models 20 High (New Product)
5 LittleCo Exhaust Tool 1 High (New Product)
6 LittleCo LittleCo Fixtures 1 High (New Product)
7 LittleCo Sensor Tool 3 High (New Product)
8 BigCo Surgical Guides 10,000’'s High (Customized)
9 BigCo Custom Lamps 100’s Medium (Customization)
10 BigCo Standard Lamps 100’s — 1000 Low (Standardized
11 BigCo Modular Fixture System 100’s — 1000 Mediunug@mization)
12 BigCo Furniture 1 High (New Product)

Table 5.4: Volume and variety for twelve case studs
Source: The Author
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5.7.2 ldentified alignment to Hayes and Wheelwrigtis model
Figure 5.9 demonstrates that in commercial practiwhustrial Additive Manufacturing Systems
are employed to meet a range of volume and varadguirements, and for nine of the twelve

cases a good alignment to the traditional ‘diagamabts.

Job-based processes

Seven of the case studies demonstrated a stromgnadnt to the low-volume, high-
customization, job-based manufacturing system ddfiny Hayes and Wheelwright (1984) and
presented in Table 2.5. In terms of equipment, gdpairpose resources are used to produce
products in short runs with frequent setups. Prtduds slow, discontinuous, with multi-week
lead-times required to fulfil demand as a resultmafch effort demonstrated in design, pre-
processing, and post-processing (as previouslyeaeied in Sections 4.4 - 4.6) in the production
of these new products. These cases demonstratesa tihkage between customer and
manufacturer in the development of designs, aridarproduction of the required products. Akin
to Hayes and Wheelwright, labour in the design;goeessing, and post-processing activities is
typically skilled (see Sections 4.4 - 4.6), thoughot required for attended operation of the

Additive Manufacturing machine.

Batch-based processes

Two cases demonstrated characteristics typicahtuhblike manufacture, whereby production of
parts utilized general purpose equipment in thelpebon of multiple similar (although often not
identical) parts. These products have a lower @degfeustomization than those produced in job-
based processes, requiring less effort in termshwhan labour in their preparation and
manufacturing. Some scale economies can be obsepasticularly in the relatively labour
intensive post-processing activities, and as altresfuthese parts being produced in their
hundreds, BigCo had developed software solutiongdoice labour requirements in the design
and pre-processing stages of production, and posepsing techniques were refined based on
experience in production. Furthermore, BigCo derrated that batch production could also be

aligned to material management in order to impmx&rall production quality:

“that is one primary reason for going to batch picichn — that we have
control, so we are basically creating internal bascfor which we
know the origin of each batch and the virgin powdaming in, so we
know the material.”

Operations Director, BigCo
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5.7.3 Identified disjunction from Hayes and Wheelwight's model
Whilst Figure 5.9 demonstrated most cases enjogirggpod alignment of demand to job and
batch process types for low volume products of taghd medium variety/customization, three

cases do not conform to such expectations andxatered in this section.
Line-based processes for high customization

Cases 1 and 8 are both evident as deviating frenmtnmal alignment with the product-process
matrix. Both are examples of medical applicatidoswhich the nature of customization is very
high, with each item made specifically to fit thelividual patient requirement. However, both
examples also represent the largest productiormedufaced by the manufacturing system, with

tens of thousands of each product produced annually

In their production, Cases 1 and 8 demonstratedyrofithe attributes Hayes and Wheelwright
(1984) associated with line-based production. Trelyrction facilities were physically large,
using specialized technologies with a rigid flow attivities through the system. The
repeatability of production allowed both compantesoptimize their processes in terms of
performance and cost, with machines tuned to preroptimal performance and repeatability.
Where bottlenecks existed in the flow of parts ¢h@gere known to the organizations. By
comparison to the other cases, labour contentamptbduction of these processes was reduced as
a result of investment in software configurators €esign, and defined approaches to pre-
processing and machine setup. Whilst labour iehiwtinated from the manufacturing system (as

was proposed by Tuck et al. 2008), it is reducad,the skillset required is focused.

In terms of the Additive Manufacturing machines tieometric customizations required in the
production of the individual products have no nt#aimfluence on production equipment, a
capability that has been termed ‘geometry for figtigue et al. 2003a). Combined with the use
of software tools in design and pre-processing, #ffects of geometric customization

requirements on the manufacturing system are ledsddoth HearingCo and BigCo set up

dedicated line-based production facilities in resmto these high volume products:

“This is a change compared to a couple of yearsagbwhat we see is
that mostly if you get an application that produgetumes then you
will setup dedicated machines and production liamed that of course
changes the whole game, moving into a more indlstonventional
approach. You organize it, but are also gettingligudrom the
machines — repeatability, things like that, soiggtta better grip on
technology.”

Technical Director, BigCo 2013
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Batch-based process for low customization

In Case 10 the production of standardized lamghasvn to deviate from the natural diagonal of
matrix. These parts have no customization optiand, having a lower volume than was deemed
worthwhile investing in line-based system confidimas, production of these parts was
demonstrated in BigCo to be performed in batch ggses, sometimes in the same batch as the

customized lamps of Case 9.

The absence of a need for customization, but wigitagluction volume requirement less than
justifiable for a line positions this case off-duagl. Traditionally, this would be suboptimal with
the process having excess flexibility and therefameassociated cost (Hayes and Wheelwright
1979). For this case, the lack of customization eésako difference to the production machines
with the manufacture and post-processing of thefdrade taking the same time as a comparable
custom item. The main distinction identified is design (which is eliminated due to the
repetitiveness of production), and pre-processimigich is simplified as a result of repetition in

production).

5.8 Discussion

The purpose of this chapter is to expl&®esearch Question 2: How can Industrial Additive
Manufacturing Systems support different types of dmand? This chapter has therefore
tackled the identified research gap that has deeelas Industrial Additive Manufacturing has
moved from one-off production of prototypes andteos parts through to higher volume
manufacturing. To answer the research questionctiapter has provided a detailed exploration
the nature of demand experienced, before focusmghe way in which different demand
requirements are satisfied in contemporary comrakngiactice through Industrial Additive
Manufacturing Systems. This chapter therefore exads the manufacturing system in operation,
and by exploring alignment and disjunction to thellwestablished work of Hayes and
Wheelwright (1979), demonstrates characteristicat ttifferentiate it from ‘conventional

manufacturing systems which is an important coatrdm of this part of the research.

The first part of this chapter has focused on ustdeding the nature of demand, and the
empirical data presented in this study has showh Additive Manufacturing companies are
subject to many challenges familiar for ‘convenibmanufacturing. Evidence of these has been
achieved through interviews with multiple manadesiaurces in Section 5.3, providing a clear
demonstration of the requirements being placechermanufacturers. Such an understanding is
important since it exemplifies the requirementsvitrich the Industrial Additive Manufacturing

System needs to respond. It is shown that a vadge of variety requirements is experienced,

186



Chapter 5: Fulfilling Demand through Industrial Ak Manufacturing Systems

often producing products that are often either RKigtustomized or bespoke for individual
applications. By extension, the need to achievpamsiveness in the satisfaction of such order
has also been shown, and these attributes arestamtsivith perspectives held in the literature of
the suitability of the technologies for customizggplications (Section 2.9). However, two further
characteristics that are seldom observed in thetikddvianufacturing literature are identified
through this research: the application of the tethgies for higher volume production, and the
nature of uncertainty that exists for demand ovefdéceived wisdom in operations management
has frequently identified variety as introducingnyahallenges for manufacturing (Table 2.4),
making this a particularly interesting area of egsh that makes an important contribution in the
understanding of how Industrial Additive Manufaatgr Systems are able to address challenges

that are difficult in conventional approaches.

Having identified the nature of demand placed ufenmanufacturing system, Section 5.4 has
shown how it is satisfied in practice through India$ Additive Manufacturing Systems, with
three case studies being reported in detail. Gtergi with the literature it is shown that
Industrial Additive Manufacturing Systems are alte produce a wide range of different
products, with much capability in terms of geonmetustomization. However, this section also
evidences a multitude of activities that are uradem both pre- and post-fabrication, and it is
particularly notable that a range of different ates are undertaken for different products,
particularly in terms of design and preparatoryvaats. This makes an important contribution to
the research as it documents in detail the a@s/itind resources of the manufacturing system,

rather than focusing solely on the individual maelsi

This detailed understanding of the nature of denaamttithe way in which it is satisfied makes an
important precursor to the exploration of how Irtdas Additive Manufacturing Systems can be
considered relative to conventional approachesdgstified in Section 2.9, two papers (Helkio
and Tenhiala 2013; Tuck et al. 2008) have offeredceptual propositions that Additive
Manufacturing technologies could effectively overeo constraints inherent in conventional
manufacturing. The contribution of Section 5.7 Heen to provide an evaluation of these
propositions through case study research, whichbkag visualized in Figure 5.9. The research
has been demonstrated that that in commercial ipeadhdustrial Additive Manufacturing
Systems are employed in production both on-andtwdf ‘optimal’ diagonal. Seven cases are
shown to align well to the traditional job-basedgess, with low volume production requiring
much labour effort in the design and configuratadrthe work. Similarly, two cases with more
volume, more repeatability, and less effort neetfedlesign and configuration demonstrate
alignment to a traditional batch-based procestothl these nine cases demonstrate the Industrial
Additive Manufacturing System employed in a simitaanner to ‘conventional’ manufacturing

systems.
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However, that three cases that do not conform ¢oaittepted ‘diagonal’ is a very significant
finding made in this chapter, and understanding Wiy is the case represents an important
contribution of the work that has been shown inti8ads.7. This section has demonstrated that
geometric customization of parts (when combinedh ajppropriate design elicitation techniques)
has very limited impact on the manufacturing systdmareby allowing customized parts to be
produced in the same manner as their standardigedadents. This is best evidenced in the
comparison between Case 9 (Customized Lamp) and C@s(Standardized Lamp), both of
which are produced in batch processes. Previolithgue et al. (2003b) has identified that
customized geometry is achievable within the mashitfor free”; this study shows that the
impact of geometric customization on the rest efgiistem can also be achieved at minimal cost
providing the work involved in design elicitationdipreparation can be appropriately managed
(e.g. through configurators). The implicationsd&tcapability also extend into the application of
Industrial Additive Manufacturing Systems in higblwme and high customization applications.
Cases 1 (ITE Hearing Aid) and 8 (Surgical Guideghlshow that where expected volumes are
sufficient, investment in design elicitation andeqmrocessing mechanisms can readily support
the use of Industrial Additive Manufacturing Systetio achieve customized parts are high
volume without the penalties observed in convemtiapproaches to the production of these
customized parts. The managerial quotes, togetliter s@mmercial success of these products
highlight the importance of these findings, anaalfign to the suggestions of previous authors.
Common to these cases is a reduction in the impacustomization on the manufacturing
system using software tools promoting the reduqestificity posited by Helkid and Tenhiala
(2013), together with a focusing of labour reduditsgoverall contribution to manufacturing as
suggested by Tuck et al. (2008).

The research presented in this chapter therefokesnan important contribution to knowledge
concerning the nature of demand and the way #tisfeed by Industrial Additive Manufacturing
Systems. It provides a detailed understanding®htiture of demand for contemporary practice,
highlighting not only the requirements for respeegiess and customization, but also the range
of different production volumes and uncertaintigthim which the system operates. In addition,
it evaluates the manufacturing system with respetbe product-process matrix, through which

the ability to effectively deviate from conventidmarms has been shown.

5.9 Chapter summary

This chapter has tackled the second research gneby exploring the nature of demand
experienced for three Industrial Additive Manufactg companies, and shown how it is fulfilled

through three in-depth case studies. The applicalif the concept of an Industrial Additive
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Manufacturing System has been demonstrated thrthegljualitative case studies, together with

the supporting analysis and empirical assessmergligfiment to established manufacturing

theory.
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Chapter 6 The Flexibility of Industrial Additive

Manufacturing Systems

Chapter Aims

1. Distinguish between internal and external perspestiof flexibility for Industrial
Additive Manufacturing Systems.

2. ldentify the relevant flexibility types and measurdor Industrial Additive
Manufacturing Systems.

3. Examine the sources and inhibitors of flexibilior industrial Additive Manufacturing
Systems.

6.1 Chapter overview

The purpose of this chapter is to examine the rabfiflexibility that is achieved in Industrial
Additive Manufacturing Systems, which as shown iguFe 6.1 follows the work of previous
chapters that have defined and demonstrated thicatpgn of the system concept. These
chapters have noted the requirement for flexihilaypd in the current chapter the following
research question is tackle®Research Question 3: How is flexibility characteried in

Industrial Additive Manufacturing Systems?

Chapter 2

P Literature Review

Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep} of Fulﬁllmg demand The Hexibility of Suppl_y'cha‘m
an Industrial using Industrial Industrial Additive flexibility for

Introduction  H - Additive ! Additive - - - Industrial Additivep|  Conclusion

5 ’ i Manufacturing 3 :

Chapter 3 Manufacturing Manufacturing Manufacturing
Systems
System Systems ~ Systems

Research Method |-

Y

Figure 6.1: Thesis structure
Source: The Author

Section 2.10 evidenced that the complex and muittiia concept of flexibility has received
limited research attention in the context of AdditiManufacturing. It was identified that the
nature of flexibility for Additive Manufacturing isoften subject to a somewhat liberal
interpretation in many publications, with littleesgificity concerning the meaning of ‘flexibility’

in terms of manufacturing, despite its long esshithent as a competitive objective for
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manufacturing organizations (e.g. Leong et al. 1990 particular, uncertainty exists in
understanding the types of flexibility that areuiggd, and the extent to which these are enabled
as a result of both Industrial Additive Manufachgrimachines and the other resources of the
system. The research topic tackled in this questierefore brings knowledge of flexibility from
the general operations management literature todghtext of Industrial Additive Manufacturing,

in satisfaction of Research Question 3.

6.2 Method overview
Section 2.5 explained the complex nature of fldityhi for which there are a multitude of
interpretations. Recognizing such confusion, OKgO®) identified a need to separate flexibility

assessments in terms of:

1. How flexibility is perceived external to the manctiaring system.
2. The tools and techniques that are able to delleitility.

3. How flexibility is characterized at the internal mgacturing system level.

This guidance is followed in structuring this chlapas shown in Figure 6.2, supported by an

overall summary evaluation of internal and extepebkpectives.

External Perspective Internal Perspective
E 1. Identify
> customer L 2. Develop N 3. System
5 flexibility assessment tool Assessment
< requirements

Figure 6.2: Activities undertaken in this chapter
Source: The Author

In Section 6.3, consideration is given to the exdenature of flexibility through an investigation
of customer requirements. Through interviews cotethievith four of the case study customers
an understanding is developed of the differentilfiéity types that are important to them. This
section therefore presents a demand-side appuadifiekibilities requested of the manufacturing

system.
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It is already established that the achievementexilfility in manufacturing systems arises from
the contributions of the individual component rases (Slack 1989), and in Section 6.4 a
typology and assessment tool is developed usindighelol literature with an operations
management focus. In Section 6.5 this tool is uséd the twelve case studies to evaluate
internal flexibilities arising from the resourcektbe Industrial Additive Manufacturing System,

with a supporting narrative explaining sources iahdbitors of flexibility.

6.3 The external perspective of flexibility in Indwstrial Additive

Manufacturing Systems

Notwithstanding the established literature on thtire of customer involvement in the fulfilment
process dictating the nature of customization agliien a product (Duray 2002; Lampel and
Mintzberg 1996; Piller et al. 2005; Reichwald aniieP2003), in general customer awareness of
manufacturing processes can be very limited. Custenmay evaluate the outputs of the
manufacturing process (e.g. the product qualityj,tbere is less awareness of the activities that
actually take place in the achievement of the ptadlihese customers may be deemestiuct
focused and are concerned with the product that theyiveceather than the mechanisms by
which it is produced. Conversely, some customeay be considered to adopt a mprecess
focusedperspective with regards to their product. Thasgtamers place emphasis on the way
their product is produced, and assign value toathivities that support its achievement. This is
perhaps best evidenced by customers who sourceqisodith a focus on ethical or sustainable
processes (e.g. understanding the difference batbattery and caged hens in the process of egg
production), or for those who assign value to thenwofacturing process itself (e.g. craft

production of jewellery).

As demonstrated in Chapter 5, the commercial naititbe Industrial Additive Manufacturing
companies explored within this research requirasttiey manufacture products in satisfaction of
actual customer demand. This was evidenced in tmeufacturer interviews, where discussions
of their capabilities were frequently intersperséth reference to customers served in terms of
meeting various competitive objectives (e.g. codaivery requirements), and the processes by
which this was achieved. All three Industrial Adggt Manufacturing companies involved in this
research volunteered to show their production ifesl and were keen to demonstrate the

mechanisms by which they satisfied demand.

By contrast, the interviewed customers were mafolyused on the product, rather than the
process by which it was achieved. Whilst threehef four customers had visited the Industrial

Additive Manufacturer to discuss and view the Irtdak Additive Manufacturing process, their
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principal motivation was to be able to exploit teehnology to realize their chosen product, and
as a result they generally displayed a limited aweass of the internal processes by which a
product is fabricated in an Industrial Additive Mdacturing facility. When questioned, all
customer respondents had a basic understandirte dayer-wise production process, but were
unfamiliar with the other activities arising in thedustrial Additive Manufacturing System

which results in the manufacture of their produEts. example:

“We had this digital data, and we thought “What aur options?” We
knew about the 3D printing — the Z-Corp machines,its brittle... we
were aware of Rapid Prototyping, but we didn’t knamything more
than that until we contacted LittleCo. And it wdstlzat point we got
into discussions about the advantages of matevidlat the advantages
are of polyamide versus other technologies...”

Project Manager, Model Ship (Case 2)

This lack of expertise regarding the capabilitiésAdditive Manufacturing technologies was
shown to be problematic for both BigCo and Little@articularly with regards to expectations in

design.

“Researcher: Are your feelings that as you move ithe less
experienced designers (like me), our expectatiomgaing to be just as
high (if not higher) than the people who actuallgpeeciate the
processes? Do you think that could be a problem?

Respondent: It's not a problem - it's a hard fact.
Researcher: It's a challenge?
Respondent: It is a challenge”

Technical Director, BigCo

Despite customers lacking awareness of the opagdtichallenges facing manufacturers, they
may still require them to achieve ‘flexibility’ irsatisfaction of demand. In the context of
flexibility the perspective of the ‘outsider lookgnin’ established here has been formally
characterised as “external flexibility” (Naim et @006; Oke 2005), through which a perception
of flexibility is achieved by the customer. The ionfance of flexibility from the customer’'s

perspective was emphasized most succinctly by os@®mer:

“flexibility and service are the two things thalobk for [in selecting a
supplier].”

Engineer, Sensor Tool (Case 7)
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As shown in Table 6.1 there are four establishadreal flexibility types: volume, mix, product,
and delivery (Naim et al. 2006); previously theswédhbeen identified as the fundamental “first
order” flexibility types (Suarez et al. 1996), atlgbse are used in the next section to consider

customer perspectives on flexibility.

External Type Definition

Product The range of, and ability to accommodageptioduction of new products
Mix The range and ability to change the productsenily being produced
Volume The range of, and ability to accommodatengkan production output
Delivery The range of and ability to change delveates

Table 6.1: The four external flexibility types
Source: Naim et al. (2006)

For four of the twelve case studies it was posdiblmterview the customers to understand their
requirements for flexibility, and to relate thesethe external flexibility types shown in Table
6.1. When considering the external perspectivis, iilnportant to recognize that the customer is
not necessarily the end consumer; for each of &se examples presented in this chapter the
respondent customer is a professional working dralbeof the final consumer, normally in a
design or configuration capacity. The findings loége investigations are summarized in Table
6.2, and discussed in greater depth through Sec@idhl — 6.3.5.

6.3.1 Product Flexibility

Product flexibility may refer to the customizatiohan existing design, or the development of an
entirely new product. New products require new glesi whereas for customization a standard
product design already exists, and within boundiogstraints this may be modified to meet the
customized requirement. Existing literature hagdently considered the capability of Additive
Manufacturing in terms of its ability to achieverange of possible geometries (e.g. Gu et al.
2009; Schaaf 2000) or for new parts (Rosen 2004).

Table 6.2 highlights the focus of customers coriogrthe manufacturing firm's ability to offer
product flexibility either through the developmeasftnew products, or in the customization of

existing offerings. These may be identified acaogdp the three FFF manufacturing measures:

1. Form: the geometry, size, mass, colour, and otisetal/characteristics which define the
physical characteristics of the product.
Fit: the way in which the product either assembleinteracts with other products.

3. Function: the ability of the product to perform thetions for which it is intended.
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External Flexibility Requirement
Case Product Mix | Volume | Delivery
NoO Case Name| Customer
' New Custom
. . . . Form :
1 Hearing Aid Audiologist - Function Range Range Expedite
Form Expedite
2 Model Ship Archaeologist Fit - - - P
. Delay
Function
4 Architectural Architect Form - - - Expedite
Models
Form
7 Sensor Tool Engineer Fit - - - Expedite
Function

Table 6.2: Customer requirements for flexibility types
Source: The Author

Customized Products

For Case 1, the ability to perform customizatiamstivo of the three FFF measures represents an

important requirement for the customer:

1. Form: Change the geometry of the shell to fit tha@ividual patient ear and to include
accessibility options such as removal latches aolduc matching to approximate
customer skin-tone.

2. Function: Change the functional capability of tlevide to meet the patient’s individual
hearing-loss profile in terms of conductive andsseimeural hearing loss. This is defined
by the patient’'s audiogram, which serves as thésldas the configuration of the DSP

within the device.

The specification of these requirements is madietpoint of order and a configuration form

may be found in Figure 5.3.
New products

These require the initiation of a wholly new designfabrication, and as identified in Chapter 4,
for manufacturers to undertake the associated pignfor their production. As evidenced
through literature in Section 2.10, the abilityofifer flexibility in the fulfilment of a new produc

should be simplified as a result of the abilityfabricate directly from the 3D model. However,

this can be an oversimplification, with two disticapabilities required by customers:

1. Flexibility to prototype: The ability to explore dnest the feasibility of new product designs

before commitment to manufacture. This may corddistirtual, physical, and/or functional
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prototyping activities. This phase of product faffient will typically necessitate dialogue
between manufacturer and customer to discuss thdtseof prototyping, and from this to
agree the parameters for production of parts. énpifototyping phases it was identified that
there may be several iterations of design, plannimgl physical realization. As shown in
Table 6.3 the nature of these prototypes is caseisp with customers having different
priorities in terms of form, fit, and function.

2. Flexibility to manufacture: The ability to produeenew product demanded by the customer
using Additive Manufacturing processes, through thieect manufacturing capabilities
espoused in literature. The new product may belataized in nature, or may form the basis

for future customized production.

Case Case Prototyping Verification Requirement
No Requirement Form Fit Function
Sample Holes Hole Circularity Screw suitability
Surface
Resolution
2 Model Ship . Geometric Part Hollowing Functional
Sample Timbers Accuracy of . L
f Part thickness suitability
eatures
CAD Scaling
configuration
4 Architectural| 100 x 200mm CAD_ Scah_ng Material suitability
Models test cube configuration
Sensor Tool Geometric Potential for Functional
7 Sample part Accuracy of L
f assembly suitability
eatures

Table 6.3: Attributes verified through physical prototyping
Source: The Author

6.3.2 Mix Flexibility

Mix flexibility is the ability of the manufactureio change between different products within a
product range (Bateman 1999). From the externstiooter perspective, it is therefore inherent
in the definition that to afford mix flexibility,he customer must be aware of the other products
within the defined range that is being offered by manufacturer (i.e. the product rangknewn

to the customer). The absence of examples of fakibility in these case examples may be
rationalised by an absence of a defined produgedy LittleCo; customers were aware that the

company made a variety of products, but there isa@logue range’ to choose from.

A customer requirement for manufacturers to chavegeveen different product mixes was only
evidenced for Case 1, for which the company haaradard range of hearing aids. In selecting a

suitable product for the patient the audiologistasdes from this range of products; irrespective
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of the manufacturing process the expectation exisés the manufacturer will be able to

demonstrate flexibility to shift between produatgas to fulfil the individual order.

6.3.3 Volume flexibility

One of the advantages of Additive Manufacturingssability to fabricate at very low volumes,
and particularly the potential to make single unénufacture a feasible proposition (Hopkinson
et al. 2006b). The ability to feasibly produce l@alumes from short production runs has been
identified as advantageous by authors includinga®hdnand Singh (2012) and Ford et al. (2014).
From an external perspective, volume flexibilityfers to the perceived ability of the
manufacturer to effectively and economically regpaio varying production volumes in
satisfaction of the customer requirement, and sholkrefore be considered in terms of the

ability to increase or decreageduction to meet the external demand requirement.

For Case 1 an ongoing relationship exists betwieeratidiologist and manufacturer, with orders
normally placed each workday. Annual demand atribaufacturer from the audiologist network
is tens of thousands of units, and whilst on a mgritasis demand is stable (without seasonality
or other temporal influences), on a daily basisitierviewed audiologist identified variation of

average order intake is commonplace:

* Although ITE hearing aids are typically demanded am individual basis, the
potential exists that patients will require mukéiptientical hearing aids (typically to
be retained as spares), and so audiologists may sedreral identical units.

» Potential for damage or loss to devices mean tlkeel ne make repeat orders for
replacement devices.

 Demand is driven by the nature of the patients, amény given day demand for
ITE devices is identified to fluctuate considerabthe audiologists consulted
identified the range of daily demand from theiriuidual shop to be between 0 — 15

devices, with little ability to accurately forecastjuirements.

From the perspective of the audiologist, the abiit the manufacturer to offer flexibility in the

volume produced was recognized to be relevantéoramodating these variations of demand.

Cases 2, 4, and 7 demonstrated a requirementiordlume production, but not for flexibility in
terms of volume. The relative temporariness of eheslationships with the manufacturer
simplifies volume flexibility from the customer [spective, as in terms of range they simply

have a single order which is to be fulfilled, witla negotiated response time. As flexibility refers
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to the propensity to change, from the externalaust perspective these case examples with

fixed volume requirements have no requirement &duwe flexibility.

6.3.4 Delivery flexibility

Delivery flexibility is the ability to acceleratée overall fulfilment of a customer order beyond
the original expectation, or to put it back (Guptad Goyal 1989). In terms of existing literature,
this can be linked to the flexibility of Industrigddditive Manufacturing for ‘on-demand’

production, rapidly producing a part as the customeed arises (Reinke 2007).

Each of the cases demonstrated a requirementdastnal Additive Manufacturers to be able to
expedite their production, typically as a resultuoexpected issues faced by the customer. In
Case 1 the need to replace lost hearing aids vesifieéd by the audiologist as being a likely
eventuality for unexpected and urgent demand. Strg@ghe implications for patient quality of
life arising from the product, the audiologist Highted the ability to expedite particular orders

as an essential requirement of the manufacturer.

Delivery flexibility may also be desired by the tarmer in order to better align with the
performance of their own operations, whereby fuléht is delayed until the product can be
utilized. For Case 2, particular emphasis was pldamg the customer on the requirement for
flexibility in delivery, with the overall order ahodel timbers and other components broken into
ten smaller orders for delivery over eighteen menthather than as a single consignment that
LittleCo advised could have been satisfied withio tweeks of order receipt. In illustration of
this, Figure 6.3 provides the production schedwlgether with an illustration of the contents of

one of the individual builds.
This desire for flexibility in delivery was motived by the customer on two principal grounds:

1. Assessment. As this was an experimental applicatidhe technologies for which both
the manufacturer and customer were largely unfamiliwas deemed desirable to test
and evaluate the initial manufacturer parts befmymmitting to the full production

volume.

2. Alignment. Relative to the manufacturer's fabrioati speed, the development of
individual design models (by reverse engineerindg) @AD modelling) was a very slow
process taking two years to complete. Producticdermsmaller batches of parts enabled
improvement in flow between design, manufactured assembly and eliminated

component inventory stocking. The customer idesdifithat space within their
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warehouse was not the issue, and that the conces more likely damage or

degradation arising through storage.

Batch No. | Mfr Date No. Parts
01 2009-06-23 027
02 2009-08-13 124
03 2009-11-02 103
04 2010-02-09 084
05 2010-02-23 051
06 2010-04-14 080
07 2010-03-19 063
08 2010-06-07 089
09 2010-08-15 067
10 2010-11-13 036

Figure 6.3: Case 2 production records (left) and kkah 04 (right)
Source: LittleCo

6.3.5 Summary of external flexibilities

This section has demonstrated the perspectivesuofdifferent customers in terms of flexibility,
highlighting their requirements and motivations itgrachievement. All customers demonstrated
a requirement for product flexibility, whether imetprovision of new or customized products. As
identified in Section 2.10 the capability to producwide range of parts with a single machine is
often identified as a flexibility characteristic Atlditive Manufacturing, and this study evidences

this capability to be desirable for the focal costos.

Other flexibility requirements have less evidencentf these cases. Delivery flexibility is
identified as a desirable characteristic typicédiiyexpediting, but also demonstrated as a means
of delaying fulfilment in synchronization of the stamer operations. One-off project-based
demand is shown to have little requirement for orixolume flexibility; the customer does not
require the manufacturer to change between produrctsutput levels, as they only require

satisfaction of a single order at a given volume.

6.4 A typology and assessment mechanism for interhi@exibilities in

Industrial Additive Manufacturing Systems

Internal flexibility types describe the behaviodrtibe manufacturing system as experienced by
the operations that are exploiting it. This didtiioie therefore separates the lower-order flexipilit

types experienced by those involved with the mastufing processes internal to the
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organization, from the four more aggregated petspex observed by customers (Naim et al.
2006; Oke 2005). Based on this delimitation of ifsdity types, it is evident from Section 2.10

that the capabilities listed in the Additive Manctizring literature have focused primarily on the
external flexibility types for which the system ferceived capable, but without detailed
exploration of the internal characteristics thdomf these. The purpose of this section is to

develop a means of assessing internal flexibilfoedndustrial Additive Manufacturing Systems.

6.4.1 Typology development

As recognized in Section 2.5 hundreds of flexipiliypes have been proposed, and have been
distilled in various reviews in the provision optlogies. Section 2.10 identified that no explicit
typology exists for flexibility in the context ohdlustrial Additive Manufacturing, and therefore

for this study it was necessary to identify an appate approach.

To achieve a manageable critique of Industrial fidgeliManufacturing, the typology in Table 6.4
was developed based on extant literature thatdestified the most fundamental flexibility types

proposed in the literature (Suarez et al. 1996)dévelopment was motivated by three factors:

1. The identified flexibility types are well definesh@ understood in academic literature.

2. Empirical data collection with manufacturers andneocustomers highlighted their
awareness of flexibility for other manufacturingppesses, and so it was desirable to use
similar terminology in this assessment.

3. Some alignment between existing Additive Manufaomiditerature and these types is

evident (as discussed within the appraisal text).

Several minor modifications to the original defioits are made in this work for clarity and
applicability to Industrial Additive Manufacturin§ystems, using unambiguous vocabulary to
differentiate the various nuances between typesstMwmtably, to avoid confusion between
Industrial Additive Manufacturing machines and ottevices considered in this study, the term
‘equipment’ flexibility is used rather than ‘mackinWithin the typology each of the flexibility
types is dimensional, for which established dimemsiof range (the range of states a system may
enter), and response (the cost in time or efforthanging between states) proposed by Slack

(1987) are employed.
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Flexibility Type Definition Definition Source

Equipment The ability of the equipment to changéwben| Narasimhan and Dgs
different operations. (1999)

Process The ability to produce parts in the saiMaim etal. (2006)
manufacturing system in different ways.

Operation The ability to change the sequence inclvhBrowne et al. (1984)
production occurs.

Capacity The ability to increase or decrease prioglu¢ Naim et al. (2006)
capacity.

Routing The ability to change the route taken bytgpaBrowne et al. (1984)
through the production process.

Program The ability for equipment to operate umatéel for| Sethi and  Sethi
extended time periods. (1990)

Material The ability for materials to move effectively thaugSethi and  Sethi

Handling the plant. (1990) w

Table 6.4: A typology of Industrial Additive Manufacturing Systems flexibility
Source: The Author

6.4.3 Measures of flexibility

The objective of this chapter is to demonstrate th@abilities of an Industrial Additive
Manufacturing System that support or inhibit flékil, rather than to attempt to quantify these;
this study explores the qualitativeow rather than the quantitatiieow much As already
identified in the literature review, quantificatiar flexibility measures is notoriously difficult.
As Beskese et al. (2004) observes it is both comtea user specific, and this is true of Industrial
Additive Manufacturing where contextual factorseoftyielded interview respondents to prefix
their answers with “It depends...”. Primrose andt®te (1996) go as far as to suggest that
measurement of flexibility is unnecessary, sincdaés not help provide any additional useful

information to managers in their decision making.

In the ideal situation, for a system to be flexiblmust be capable of moving between states with
little penalty in terms of cost, time, or the detgon of output (Upton 1994). However, the
characterisation of ‘little’ penalty is relative the individual manufacturing environment —
observations in this study highlighted what mayibeonsequential in one situation may be
intolerable in another. For example, LittleCo highted that an acceptable material changeover
for a LS machine to be one working day; at BigCaimailar machine should be changed within
half this time. This aligns with the observatioridHolweg (2005) that motivations for flexibility
can be industry or company specific. Flexibilitytherefore a relative measure which must be
considered in its assessment, and variations batvpeespectives on what constitutes an
acceptably ‘little’ penalty was evident in all dfet Industrial Additive Manufacturing factories
observed, and with research informants at diffelevels of the organizations. The nature of the
penalty must also be considered relative to theefitenf achieving flexibility. Flexibility is

seldom the goal of an organisation: typically ibidy a means to other ends (Slack 1987). A firm
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that easily achieves flexibility but to no benefiight reasonably be considered to be at a
disadvantage to one that achieves great benefig, iethis incurs some cost. Firms may wish to
achieve flexible capabilities in order to reacptoduct variety, product customization, variability
of demand, shorter life-cycles, or shorter delivéimes (Brabazon and MacCarthy 2005).
Therefore to understand the penalty, it is impdrtarunderstand the context in which flexibility

is desired and its intended purpose.

Acknowledging the potential futility of quantifidan of flexibility measures, this study employs
a classification based on the penalty arising fobrange. To address this issue, the development
of a flexibility framework for Industrial AdditiveManufacturing is orientated around the
response dimension of flexibility. Through this emach, each flexibility type is categorized in

terms one of three different response penalty reyi

1. Class 1 flexibility: offering a particular flexikiy type that enjoys a high degree of
range flexibility yet does not incur a penalty e§ponse.

2. Class 2 flexibility: offering a high, or relativellgigh, range flexibility but with a
small associated penalty in making this response.

3. Class 3 flexibility: offering a high, or relativelyigh degree of range flexibility but
with a commensurate and tolerable response petiiatyis acceptable based on the

advantage gained through this capability.

Class 3 flexibility is the lowest class recognizbk meriting a ‘flexible’ definition; any lower
capabilities are not deemed to adequately meethheacterisation of ‘little’ penalty offered by

Upton, and are hence considered ‘inflexible’ in thatext of the current study.

This tool does not attempt to quantify flexibilithut to provide a coded indicator that, in
combination with a supporting narrative, helps xplain the nature of flexibility observed in
practice. There is precedent for such range-bdseibifity assessments in published qualitative
research. For example, Naim et al. (2010) utilizdayh-Medium-Low” assessments based on
transport flexibility, an approach also used bywBaey (2006) to categorize process flexibility
and Oke (2005) to explore manufacturing flexibility general. In each case the authors use
illustrative examples to support their assessmigpigally describing the observation that lead to

their flexibility assessment.

Unlike physical resources of a factory (e.g. tooiaterials, people), flexibility is a capabilitycan
not a physical artefact that can be readily obskriteis recognized that research undertaken
through Critical Realism is able to accommodatdities “that are not directly observable, (and
hence refracting to quantification); [this] doed male them out of consideration for analysis”

(Ackroyd and Fleetwood 2000). This assessment ttoerlefore takes a pragmatic approach to
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understanding the achievement of flexibility in anggzations through the evaluation of relative

benefits.

6.4.4 Flexibility assessment procedure

Based on the data collected through observationirtedview, evaluations of flexibility were
made by the researcher for each of the twelve sagkes. These data collection instruments
produce predominantly qualitative data, and so aitgtive evaluation is most appropriate. For
each of the four system components, the naturlexibflity was evaluated in terms of the seven
identified flexibility types, leading to 28 flexility assessments for each case. To direct the

evaluation, the following was asked when makinghesssessment:

“In the pursuit of a high degree of range flexityjlifor the focal type, what is the nature of the

penalty observed, and why?”
To answer this question it was necessary to

Identify what constitutes a “high range” in thentsrof the focal type and case context.

2. Identify demonstrated evidence from observation amrviews to evaluate the
achievement of this flexibility for each case.

3. Identify potential opportunities not directly eviteed, but that are reasonable based on

the evidence. These must be clearly noted as paitenall evaluations.

The assessment is therefore informed by data fhencases, but the assessment is made by the
author. This approach is intended to ensure camsigtin cross-case comparisons, and is
consistent with earlier works that examine flexibiin terms of the organizations implementing

it (e.g. Corréa 1994; Naim et al. 2010; Sawhney620l also recognizes the importance of the
researcher in qualitative inquiry (Denzin and Liimc2008), and is compatible with the abductive
approach taken in this work. It is, however, acklenlged that this approach has several

limitations and in Table 6.5 details of how thesedbeen addressed in this study are explained.
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Issue

Consideration

Approach taken in this study

Inconsistency

How to ensure the san

€A statement to direct evaluation for each type

has

of

and

W-

in case evaluation is made forbeen provided.
assessment | each case? A clearly defined typology explains the nature
each flexibility type.
Cross-case | How to ensure The researcher makes final evaluation for all cases
comparison | consistency betweenbased on defined assessment technique.
cases and companies?
Data How to access adequattMultiple data sources (interviews, observation,
availability data to make company data) are used to support triangulation
assessments? Longitudinal participation from two companies
(LittteCo and BigCo) allow for flexibility
demonstrations to arise over time.
Where uncertainties existed in evaluation, follg
up clarification was conducted by the researcher|.
Bias How to minimize bias in Limiting evaluation to the researcher removes |

evaluation?

issues of researcher bias. Other studies e.g.
Sawhney 2006) have used multiple investigator
lessen this risk, however this is not possiblehis
independent doctoral study

Dias

from the researched, though does not eliminate

(e.g.
s to
t

Confidence in
results

How to be confident o
the accuracy 0
assessment?

[ Supporting notes were maintained in the assess
f of flexibility, and these have been used in
development of supporting narratives.

ment
the

An interim conference paper was provided | to
BigCo and LittleCo

Flexibility as| How to identify potential Research informants were questioned regarding

a potential| opportunities fonl demonstrated past experiences of flexibility.

capability flexibility? Longitudinal participation from two companies
(LittleCo and BigCo) allowed evaluation of
flexibilities as experienced over time.

Subjectivity | How to minimize| Flexibility, and assessments of it are inherently

in assessment subjectivity in| subjective and this is acknowledged in this wark.

assessment? To minimize this undesirable characteristic the

assessment rationale are clearly defined, |and
evaluations are supported by a narrative
explanation.

Quantification| How to quantify results?| No attempt is made to gfiathe flexibility types,

of results instead a classification is proposed supported by a

narrative explanation.

Table 6.5: Considerations

in the conduct of flexibity assessment

Source: The Author
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6.5 Sources of flexibility in Industrial Additive Manufacturing Systems

6.5.1 Flexibility in Design

The design component of the manufacturing systeawsliprincipally on computer/information
processing resources and labour in the achieverménd CAD model for manufacture.
Assessments of flexibility are therefore in termighe ability to process and move information,
rather than physical production materials and sotyipology is interpreted in this context. In
Section 4.8 it was demonstrated that an Indusialitive Manufacturing System draws upon a
number of different resources (e.g. labour, machindormation systems), and these have been

included in all evaluations.

The following section describes the nature of admeent of flexibility, and is summarized in
Table 6.6 in terms of the previously developediligity classes. Note that from Table 4.2 there
are no design activities identified for Case 1Gagsult of its standardized design, and so this

Case is omitted from this assessment.

Assessed flexibility class for each Case Study
HCo LittleCo BigCo
Type 1 2| 3| 4| 5| 6] 7/ 8 1 1] 12
Equipment 1 1] 1 11 13 1 1 1 1 1
Process 1 2l 22 3 7 3 3 P 3
Operation - 3 -| 3| -| - 3 - - -
Capacity 2 I e e e - -
Routing 2 3] 3] 3] 3 3 3 3 1 1
Program - - - - - - - - - -
Material Handling 3 ] 11 13 1 1 1 . 1 1

Table 6.6: Assessment of internal flexibility typesn design
Source: The Author

Equipment flexibilityrefers to the ability for the focal equipment tdi@we a range of different
operations with ease. A high range is observed eavh@any more operations are available than
actually employed for the focal case. Within theveh cases flexibility was evaluated as having

a high range, but with no observed penalty andetbes classified accordingly.

* InCases ], 2, 3,5, 8, and 11 3D scanning equipimersed to elicit a design based on a
physical artefact, and concerns the ability to clwibetween different predefined
guality/resolution modes, and the ease with whibls tcan be achieved. This is
equipment dependent, but is typically achievedubhosoftware configuration and is

noted to be easily achieved.
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» In Case 9 the use of a configurator limits the eanfjpossible options to a selection of
typefaces, material finishes, and a free-text fiMdving between these specified options
is achieved with ease. Similarly, Cases 8 andtiliraua configurator to assist in the
design of those parts.

* In Cases 1-8, and 11-12 3D CAD terminals/computense used to design and evaluate
parts. Flexibility in this context is the abilitg move between various software functions,
which is also achieved without evident penaltielse Tain inhibitor to the movement

between functions is the experience of the humamnabpr.

Processflexibility concerns the number of different parts that carmpteeluced by the focal
resources in different ways. A high range in tlostext arises from the ability to produce many
part variants of the focal case. To afford desiggedom, it is important that designers are not

constrained by the tools.

* InCases, 2, 3,5, 8and 11, 3D scanning equipmas shown to facilitate the scanning
of almost any design, providing it could be scannBdis supports a high flexibility
assessment.

 InCases 4, 6, 7, and 12, 3D CAD software is usettd¢ate an original design, which in
principle should allow high flexibility through dgs freedom. In practice it was
identified that designers needed a high degreekifte create different designs, and
moving between different parts required extra warkurring a notable penalty.

* In Cases 2, 3, 5, and 8, manual assessment amng fiXi designs using 3D CAD was
necessary, which whilst needing less time and teffan original design, still incurred
work specific to the part and therefore a slightaty is identified.

* In Cases 9 and 11 sophisticated configuration sofivassists the designer in producing
different parts, reducing the demand for skilletholar and easing the process of
manufacturing different parts so that only a mipenalty is observed. For Case 1, the

observed activities of the technicians highlightedoenalty arising from different parts.

The twelve cases demonstrated that the freedorogdaff by 3D CAD and scanning equipment
offer high flexibility, however in implementatiohis the labour resource that constrains both the
range of designs and the penalty of their achiememi€or scanned parts, skilled labour is
required to ‘fix’ some parts of the model incorigeeproduced in the realized design. Similarly,
in the creation of new designs through CAD, ithe #bility of the designer that constrains the

number of parts that can be achieved, not the GkDihal software.

Flexibility in operationaffects the sequence in which activities are waéten. A high range is

considered to exist where there are multiple diffiérsequences that can be achieved for most
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activities. The assessment of activities in Tab&idplies an ordering of activities, particularly
where a necessary precedence occurs (e.g. prepeming for scanning must occur before the

item can be scanned).
The cases were particularly informative in the asseent of this flexibility type.

* Where production was repetitive and had no requergnfor design exploration through
physical prototyping (e.g. cases 1, 5, 6, and 8); thanufacturers fixed the sequence in
which operations were undertaken to support effiijeand quality in production. In
these examples, operations flexibility was neithelieved nor desired. For example, in
Case 1 the ability to sequence work enabled thanizgtion to achieve standard times
for all activities, the data for which may be foundrable 5.3.

» By contrast, where iterations and exploration waglired as part of the design process,
the sequencing of activities was shown to be flexibut led to large penalties in the
efficiency with which the design was created. Ca®es 4, and 7 all had iterations
between the manufacturer in physical prototypindpiclv led to re-sequencing and

repeating of design activities.

Capacity flexibility concerns the ability to expand or contract thetesysto meet changing
demand levels. Capacity is defined by Alp and T2008) “as the total productive capability of
all utilized productive resources including worlderand machinery”. A high range capacity is

considered where a significant change (increaskearease) in overall capability is achieved.

For the long-term two of the three manufacturemniidied this could be planned for, and
changes to the systems made, however ability togehaapacity demonstrated by BigCo in the
long term are identified as exhibiting characterssof changeabilityrather tharflexibility. The
techniques employed have permanency; either iphgsical ownership of new assets (buildings,
machines etc), or the upskilling of workforce. Tdimlity to revert to a lower capacity is impaired
by these investments, and in line with Oke (200&sé examples are not used as evidence of

flexibility.

o LittleCo identified that in the duration of thissearch total production volume had
fallen, yet they had not been able to make sigmifichanges to reduce the capacity of
the system and some design equipment was incréasgiihe

* BigCo identified that sufficient volume for a giveproduct would promote the
development of specialist departments, within wrstdff would be trained on focused
tasks to promote efficiency. Likewise, softwarel$ooould be used to remove some of
the labour activities and thereby increase the agpaof the system. This was

demonstrated by Case 8, where labour resourcesdedreated to the focal product type.

207



Chapter 6: The Flexibility of Industrial Additive &hufacturing Systems

Over the duration of this research, total demandBigCo grew considerably, and in
2013 the company commenced work to expand its fiactocope with this requirement.
This infrastructural investment of premises, andv ngtructural resources such as
equipment and labour provides a clear example @f bapacity is expanded in the
production system in a manner similar to that olesgrin conventional manufacturing
practise. There was, however, no evidence for dpélexibility to in response to

contracting volumes.

In the short-term, cross-case assessments higtilightole of labour in the design process as
being of significance in the ability to achieve aajty flexibility. Overall, the cases demonstrated
little evidence to support short-term flexibilitgrf design activities. As evidenced in Table 4.4,
labour is involved in many of the activities for iwh both BigCo and LittleCo demonstrated that
the skilled nature of the activities undertakenstrained abilities to increase short-term capacity

through temporary staff.
However, two notable exceptions may be observed:

* In order to match supply with demand at differemmponents of the system, for Case 1
HearingCo multi-skilled its staff, and deployed nthéhrough the system as required.
Although this leads to some instances of suboptiskdl assignment (e.g. skilled staff
performing relatively unskilled roles), the overa#inefit was deemed worthwhile by the
company.

* The use of a configurator in Case 9 eliminatesnémed for manufacturer’s labour in the
design of a product. Customers configure their @noducts via a self-service website,

which can accommodate large demand variations wfithenalty.

Routing flexibilityconsiders the ability to route work through thetsyn, and is often considered
in the context of a resource failure. A high rargjeonsidered to include multiple different routes
for most activities through the system. Within ttsidy, observed issues requiring flexibility
included CAD terminal failure and absenteeism ibol&. The ability to achieve routing
flexibility was affected by the availability of altnate resources, and case product specificity for

a particular resource to be used.

* In Case 1, the existence of multiple instancesesburces supported routing for most
operations. The availability of spare equipmentd anulti-skilled labour promote
different routes through the design process. Skiiaff performing semi-skilled work
are acknowledged to be underutilized, whilst sekiliesl staff performing skilled work
was either infeasible, or achieving inferior outplibth of these scenarios represents a

small penalty.
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« In Cases 2 — 7, the ability to achieve routing ifidity was identified as being
constrained by the limited number of possible redkeough the design component. The
company employed a single experienced designerdémibnstrated an ability to route
work to less skilled staff when necessary. Howethes, approach demonstrated a loss of
uniformity; the alternate staff typically workedosler than their skilled counterpart,
representing a large but tolerable penalty.

* In Cases 8-12 the large scale of BigCo relativéhéoother firms demonstrated multiple
instances of the resources used in design, anolultd geadily reroute some of the less

complex work without penalty.

Program Flexibility concerns the ability of the resources to work temated for an extended
period of time. A high range flexibility is expedtéo achieve most, if not all, of the operations

required of it unattended and so the presencebolilais an inhibitor to this flexibility type.

* For all cases except 9 there is a high proportiolalmour effort involved in design, and
so there is no flexibility evidenced for this type.
* For Case 9, the software configurator is shownuo continuously without human

intervention, demonstrating a penalty-free flexipil

Material handling flexibility relates to the ability to effectively move matésighrough the
system. A high degree of flexibility is considetggl achieved where the cost and time to achieve

the transfer is low relative to the total manufaicty time.

* For Case 1, design information is initially transéel as a physical mould sent from
audiologist to manufacturer, before digitized diearansferred through the network.
Notably, this physical transfer takes time and tamsportation costs, leading to a
notable but tolerated penalty.

* For Cases 2 - 12 this refers to the electronic tizah defines the product. All cases
demonstrated a high degree of flexibility by theility to send files across networks at

very little cost, and no penalty is observed indseg one design vis a vis another.

6.5.2 Flexibility in Pre-processing

As with design, the pre-processing component oitaaufacturing system draws principally on
computer/information processing resources and latmfinalize designs for production, produce
production plans, and to determine optimal pararseter manufacturing. Assessments of
flexibility are therefore in terms of the abilitp tporocess and move information, rather than

physical production materials and so the typolagggplied in this context.
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Case Reference Number
Type 1| 2] 3| 4] 5| 6/ 7, 8 9 10 11 12
Equipment 1] 1) 17 1 13 1 1 1 1 1 1 1
Process 1l 21 22 2 . 2 2 1 1 1 2 2
Operation - 1) 1] 1] 1 1 1 - : - - -
Capacity 2| - - - - - - -l 2 2 2 2
Routing 2| - - - - - - -l 2 2 2 2
Program - - - - - - - - - -
Material Handling 1) 1} 1 14 13 1 1 1 1 1 1 1

Table 6.7: Assessment of internal flexibility typeén pre-processing
Source: The Author

Equipment flexibilityin the context of pre-processing concerns the tgbflir the machine
resources to perform different activities. A higigdee of flexibility is achieved where the focal

resources can achieve a wide range of differentities with ease.

» For all cases the same types of equipment areing@@-processing, and is identified as
typically being conventional desktop computers duseperform a variety of activities in
the preparation stages. In all three companietedkilr semi-skilled labour is utilized to

operate these, and there is no evidence of peinaitypving from one activity to another.

Process flexibilityfor pre-processing concerns the capability to pgsaaultiple parts, and a high

degree of flexibility is achieved where multiplerisacan be produced with ease. As with
equipment flexibility this is afforded by computexsd appropriately skilled labour. Whilst there
is little or no penalty identified for software fwroduce one part relative to another, labour

requirements were shown to affect the flexibiligheved

* For Cases 1, 8, and 9 although each part is custointhe similar nature of each part
requires no additional evaluation by labour resesireand so no penalty is observed.

* For Cases 2 — 7, and 11 — 12 moving between difgrarts results in a slight penalty.
For each part, the pre-processing requirementsrdifightly, requiring the technician to

evaluate the consequences of any changes.

Operation flexibilityconcerns the ability to sequence activities infi@@nt manner, with a high

range flexibility achieved where most activities ¢z sequenced.

* For Cases 2 — 7 this was a capability particulddynonstrated by LittleCo. The small
nature of this organization meant a shared labespurce carried out many of the
activities involved in pre-processing, and somesirties would lead to batching of tasks
(e.g. multiple STL validations, then multiple maacturability evaluations). No overall
penalty was identified as a result of such prastice

» For Case 1, as in Section 6.5.1 activities aralfiresequence.
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» For Cases 8 — 12 the potential to achieve opemafiexibility is identified as feasible,

though not evidenced in the course of this research

Capacity flexibilityis the ability to increase or decrease the nurobearts that can be prepared
for manufacture. As explored in Section 6.5.1, ftmus is on short-term flexibility rather than
long-term changeability. For pre-processing the nmigentified inhibitor of flexibility was
identified to be labour

e For Cases 1, and 8-12 HearingCo and BigCo were w@bleallocate staff for the
production of many cases with a small penalty.
* For Cases 2-7 as LittleCo had only one staff mentbeperform these activities

reallocation is not possible, and so flexibilitynist evidenced.

Routing flexibilityis the ability to move work between different neises, and links strongly to
the availability of capacity.

 For Cases 1, and 8-12 HearingCo and BigCo were tablgsed flexibility in their
workforce to achieve routing flexibility.
* For Cases 2-7 as LittleCo had only one staff mentbeperform these activities

reallocation is not possible, and so flexibilitynist evidenced.

Program flexibility concerns the ability for the pre-processing resesirto operate for an
extended period of time unattended; however asulaix required for all cases this was not

evidenced.

Material handling flexibility relates to the ability to effectively move matézighrough the

system; for pre-processing this refers to the edaat data that defines the product.

» All cases demonstrated a high degree of flexibitiyytheir ability to send files across

networks at very little cost, and so overall paealbetween different parts is negligible.
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6.5.3 Flexibility in Manufacturing

The manufacturing component of the Industrial AgditManufacturing System transforms
digital designs and raw materials into physicatgdn Section 2.10, it is typically identified tha
the capabilities of Industrial Additive Manufactugi machines has supported overall
considerations of “flexibility”. This section pralés a consideration of the attributes that achieve

the flexibility types, and is summarized in Tabl8.6

It is noted that four different technologies arddemced in this work, and similarities and
differences between these in their achievemeniegitility are highlighted in this section. Case
1 uses Perfactory machines, Cases 5-6 employ Beldéctser Sintering, and Cases 2-4, 7-12 use
Laser Sintering. Case 10 uses either laser SigtavinStereolithography, depending on the

product requirement.

Case Reference Number

Type 1, 2| 3| 4] 5| 6/ 7/ 8 9 10 11 12
Equipment 2| 3| 3] 3 3 3 3 2 3 3 3 3
Process 1 1 1 1 1 1 1 Il n ] 1 L
Operation 1] 1| - 1 1 14 1 1 1 1 1 -
Capacity - - - - - - - - - - - -
Routing 1] - -1 3| 3] 3] 3 - 1 1 1 1
Program - 1] 1] 1, 1 1 1 1 1 1 1 1
Material Handling 1) 1] 1 11 13 1 1 1 L 1 1 1

Table 6.8: Assessment of internal flexibility typesn manufacture
Source: The Author

Equipment Flexibilityconcerns the ability of equipment (e.g. machines)hange between
performing different operations. High range flektiis therefore considered in terms of the
ability of the focal resource to achieve a multéuaf different operations. For machines, Sethi
and Sethi (1990) identify that this change betwegerations should be achieved without
prohibitive effort in switching from one operatidio another; for example as a result of
changeover or setup operations. For manufactusng whole, Gupta et al (1992, p. 310) noted
that “the more flexible a machine the shorter thengeover times, but the more expensive a unit

of capacity”, implying the existence of a cost-flahty trade-off.

As evidenced in Appendix C, each manufacturing nietbgy has a different approach to
manufacturing (e.g. sintering versus photocuringyl @ach performs a number of different
operations. For example, LS machines have automataterial feeding, frame heaters,
temperature management systems, as well as soptejpabilities. The machines move between
these different operations with ease, and withbet need for human intervention. From this
perspective, a high degree of equipment flexibilgyachieved without penalty for all cases

exploiting these technologies.
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However, whilst industrial Additive Manufacturingachines are often described as having ‘no
setup’, the evidence in this study (summarizedabl@ 6.9) finds that between each build setup

operations are normally required.

Common to all cases was the need to prepare thdéimeaby loading materials. This was
identified by BigCo as a particularly laboriouskaand a legacy issue arising from the low-
volume production expectations of Rapid Prototypagipment. It was identified that materials
for the LS and SL machines are supplied in 10kgsedss which are manually loaded into
machines by human operators. As the firm typicpilychases 2,000kg of powder per month for
its LS processes alone, unpacking and loading deustified as requiring considerable labour
effort. Similarly, as noted by Hopkinson and Dickd@001), material recovery for recycling is a
manual process which LittleCo identified as detracfrom a swift changeover. Interviews with
BigCo identified that flexibility could be improvafl materials were supplied in a larger volume
container, allowing a direct hopper-feed to the Inmaes. This was envisaged to be a more
effective approach to material supply, and by radudhe penalty of machine loading the

potential for improved flexibility exists.

The penalty of changeovers depends on the macypee dand the experience of the organization.
In terms of LS, for LittleCo it was expected theogess would take a single operator
approximately a day to complete a full changeoseBigCo the expectation is for half this. As a
result of the penalty that arises in material cleawgr, all manufacturers expressed a preference
for minimizing the occurrence of this eventualiBoth LittleCo and BigCo acknowledged the
ability to change between material types incurrddrge penalty, but that it was justified in the

capability it provided:

“Respondent: ...ideally speaking we should have ehowngrk on a
particular material so that we can keep it runminga machine

Researcher: | guess, being [company name] thatubecgou have a
good number of machines, you are able to do lessgdovers?

Respondent: Yes, yes, yes — but even with our dgpaben we have

the new materials, before you get enough marketaddsfor it that

you can run a machine full time on it, it is takitige, and on top of
that, what we have done that is attracting thentitte of the market,

you have dip at peak time that you have to employenmachines than
one... and it is a difficult balance and we are er@md more swapping
materials on machines.”

Operations Director, BigCo [2011]
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“Respondent: [Relative to 2011] We are changingt anbre often our
materials on our LS equipment”

Researcher: You are finding this a feasible opmity@

Respondent: Well, let's say that economically spoke not so
interesting at the moment, but there is a growionmimer of materials
available and we have to be able to offer the ntaakeinteresting
portfolio of materials if it is becoming necessswyswap over”

Operations Director, BigCo [2013]

Case Case Name Technology Material | Material M/C

No Loading Mixing Configuration
1 Hearing Aid EnvisionTEC Manual Automatic Fixed
2 Model Ship LS Manual Automatic Manual
3 | Archaeological Models LS Manual Automatic Manual
4 | Architectural Models LS Manual Automatic Manual
5 Exhaust Tool SLS Manual Automatic Manual
6 LittleCo Fixtures SLS Manual Automatic Manual
7 Sensor Tool LS Manual Automatic Manual
8 Surgical Guides LS Manual Automatjc Fixed
9 Custom Lamps LS Manual Automatjc Manual
10 | Standard Lamps LS/SL Manual Automatic Manual
11 | Modular Fixture System LS Manual Automatic Manua
12 | Furniture LS Manual Automatic Manual

Table 6.9: Principal machine setup operations ideified
Source: The Author

Machine setup was identified as being exasperateztevmaterial types were changed, and all

manufacturers identified benefits in dedicatingvidlial machines as material specific.

» For Cases 1 and 8, each part required producedtiseshme material configuration and
setup parameters, and the manufacturers were @ldedicate machines to producing
only these parts. In doing so, they reduced thel teeclean between builds, reduced
reconfiguration requirements, and improved repélitatby ‘tuning’ of machines to
specific parts.

» All other cases required individual setups as altef different parts being produced

In all cases the need to changeover machines wagifidd as being undesirable, and the
strategies and quotations demonstrate that manuéastavoid these where possible. However,
in practice changeovers could be performed, andide wange of potential configurations

(machine parameters and material types) is posshléarge penalty is observed, but the

evidence of the focal companies suggest it is ofterthwhile.
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Process Flexibilityis afforded by the ability of machines to vary thay parts are made in order
to fabricate a range of different parts. It is byleiting process flexibility that the individual
Additive Manufacturing machine may produce a mudté of different parts, for a range of

applications and industries.
From the case studies two principal capabilitiesawgentified as supporting process flexibility.

1. Ability to produce a wide range of part desigvithin a single machine was demonstrated as

allowing the manufacturers to produce a wide rasfg#ifferent parts.

* Case 1 demonstrated the production of customizadrtgaids that fit the individual ear
perfectly, which contributes to the enablementha Product Flexibility (Customized)
described inSection6.3. The penalty for the machine in producing oearimg aid,
relative to another is determined simply from theygical size of the product to be
produced. A larger ear requires a larger shellcwhin turn needs more material (and
hence longer manufacturing time). This minor pgndlbwever, relates to the nature of
the product, not the process enabling it and nalpeis assigned.

» Cases 2-7 demonstrate a range of different paitg goduced using the same LS or
SLS machines at LittleCo, and Cases 8-12 demoasiraainge of different parts for LS
or SL machines at BigCo. There is no notable pgmalproducing one part over another;
as with Case 1 product size influences build time aosts, and is product related

therefore assigned no penalty.

The principal exception to this flexibility capabyl was identified for both BigCo and LittleCo,
where parts of ‘awkward’ geometries affected thesrall utilization of the build chamber.
Similarly, for LS processes, LittleCo highlighteletissue of large sintering perimeters from
complex parts as affecting material recyclabil®yoduction of such parts was therefore more
costly, and flexibility inhibited, and the propasit of process flexibility leading to “Geometry
for Free” (Hague et al. 2003a) was identified tcslghtly inhibited.

2. Ability to produce wide range of production paeders (part characteristics). Manufacturers
may choose from a variety of parametric settingduoling part orientation, layering strategies,
and processing speeds (Munguia et al. 2008; Widiamd Deckard 1998). A further opportunity
for flexibility afforded by Additive Manufacturingnachines is the ability to configure the
orientation of parts within the build chamber. BaittleCo and BigCo demonstrated the use of
different build orientations within their machinkes two reasons:

i. To offer an increased range of product sizes

The dimensions of the build chamber within an Addit Manufacturing machine

represent the physical constraint for the sizeasfspwhich can be manufactured in one
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piece. For thermal processes (e.g. LS) whilst teatpee variations constrain the full
utilization of the chamber, by rotating parts ittherefore possible to fit' larger pieces

within an individual machine, or to make better agspace within an individual build.

ii. To influence the quality of parts

A second implication of build orientation concetthe physical properties of the parts
produced. It is known that orientation affects bibth dimensional accuracy (Pham et al.
1999) and mechanical capabilities (Gibson and 98i7) of the parts being produced,
and so it is commonplace for manufacturers to camdihese issues when choosing the
orientation of parts within a build.

The incremental layer-wise approach to Additive Mfacturing can lead to degradation
in surface quality as a result of stair-steppin@ge€ and Rosen 2008), and so
manufacturers can choose to orientate parts tonmzaithe implications for the quality
of the part. In the Model Ship case, the stairstegpin ship timbers was highlighted as
inadvertently making the timbers look more wood#me customer acknowledged that
whilst this may have seemed more aestheticallyspiga it detracted from the overall

accuracy of the part to resemble the original tindseintended.

The exploitation of this capability to promote fileikity is evidenced in Table 6.10.

Case Case Name Part Orientation Motivation

No. Exploited Sizing Quality
1 Hearing Aid E3] - -
2 Model Ship ]
3 Archaeological Models
4 Architectural Models
5 Exhaust Tool ]
6 LittleCo Fixtures %]
7 Sensor Tool o]
8 Surgical Guides o]
9 Custom Lamps [}
10 Standard Lamps [}
11 Modular Fixtures o]
12 Furniture o]

Table 6.10: Exploitation of parameters for case exaples
Source: The Author

Operation flexibility concerns the sequence in which parts are madeyHmh Browne et al.

(1984a) emphasize the opportunity to interchangeotidering of operations for a given product

type. In operation flexibility, sequencing of adfies are ex-ante (de Toni and Tonchia 1998),
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allowing the plant control system to assign adtgitin response to the state of the plant. Having
this potential to vary the order in which activitiare undertaken can be useful in utilizing
resources; by moving work under-utilized processey be better exploited, and those under

excess loading have their work reduced.

The cases evidenced a principal factor affectipgrations flexibility to concern the ability for
simultaneous manufacture of multiple parts. Thedpetion of an individual part relative to the
remainder of the batch can be decided in buildrptay and such capacity has been identified by
Thijs et al. (2010) as affording a high level ofXibility for Additive Manufacturing, and is
popular for processes such as LS to improve maaltitization and lessen unit costs (Ruffo et
al. 2007).

» Cases 1, 2,4 — 11 all exploited the capabilitathieve simultaneous manufacture, for
which there is no penalty identified.
* Cases 3 and 12 did not exploit simultaneous matwiasince their physical size filled

the build chamber to capacity.

Capacity Flexibilityconcerns the ability to vary capacity in the sherm. Both LittleCo and
BigCo identified that purchasing new machines wdasiified as being a long-term investment in

a fixed asset; this leads to changeability rathen fflexibility.

» To achieve greater capacity from the existing emeipt, LittleCo identified the potential
to increase production speed by increasing layiekriess in LS, which both reduces
layer count and build time, but this is to the ohe¢nt of part quality (with increased

stair-stepping). Whilst feasible, it was not evided in any of the cases explored.

Routing flexibility is the ability to change the route that a paresakrough the production
environment. Browne (1984a) originally assertedt thauting flexibility was employed in
response to equipment breakdowns, however thisbflix type may also be exploited to
accommaodate ‘rush jobs’ by using alternate equignteigh routing flexibility in manufacturing

is achieved by switching between different machinits ease.

* Cases 1, and 9-12 demonstrated a high degreexdbiliky, with no observed penalty.
For these cases identical equipment (in specifinatind configuration) is available,
making routing flexibility straightforward and reigug only the transfer of the data file
to an alternate process with no observed penalty.

e Cases 2 and 3 are manufactured by LittleCo usidgrge EOS P700 machine to

accommodate the size of parts produced. The manuéacoes not have an alternative
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machine with an adequate build chamber to accomtadti@se parts, and so routing
flexibility is not possible.

» Case 8 uses machines that are ‘tuned’ to meetpiefie high-quality requirements of
the application. These parts cannot be easily mawvegneric machines, however BigCo
has several identical machines that can be empleyggborting a high degree of
flexibility.

» Cases 4 - 7 are produced by LittleCo using LS d8 8lachines. All parts which fit the
smaller machine can be made in the larger machimethe size constraint means the
reverse is not true. Furthermore, the machinescandigured differently, requiring a

changeover operation of materials which lessengithdified flexibility.

Program Flexibilityconcerns the ability of the machines to run unalenfor extended periods
of time. There is debate over what constitutes extended period of time’ for machines;
examples from Jaikumar (1986) indicate that higtegrees of flexibility arises from machines
running unattended for the duration of shifts (eemight). The emphasis in program flexibility
is to achieve fewer, quicker setups, from whicis ihecessary to have an enhanced knowledge of

the manufacturing system in order to systematissetttasks (Sethi and Sethi 1990).

In principle once the Industrial Additive Manufadtly machine has been started by a human
operator, no further involvement is required utité build is complete, and since the duration of
the build is largely predictable Additive Manufaghg offers the potential for a very high degree

of program flexibility.

* For Case 1 program flexibility is constrained by ttelatively short cycle time of the
machines, requiring human attention on an hourkisoto empty the components and
reload raw materials. Whilst program flexibilitytiserefore limited to one hour, from the
perspective of the company, this hourly productadna small batch of components
promotes flow within the overall processes.

* For Cases 2 — 12 the LS/SLS and SL machines raautisilds that run unattended for
multiple shifts (with the majority of production digally concentrated overnight in a

lights-out environment).

However, the main detractor from the achievememtrogram flexibility for LS/SLS and SL is
the potential for build failure. Both companies ntited that that the potential exists for
machines to crash mid-build, and BigCo quantifieal t5-10% of all builds terminate in failure.
As the machines are unattended, both companiestedpthe problems of “failure discovery”,
where operators expect to find a completed buitdy ¢o discover a partial build and crashed

machine. This was described as having significaplications for manufacturing cost, and also
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for disruption in production planning as they afp¢rto reschedule the work within the overall
production plan. In an attempt to lessen the @bl of unattended build failure, BigCo has
invested in process monitoring measures to alartamioperators of machine failure through an

electronic messaging system.

Material Handling Flexibilityin the context of an Industrial Additive Manufaéthg machine
during manufactures a fully automated process. For example, forlitBeprocess between 40kg
and 80kg of powder material is fed into the maclkainwmatically from storage tanks of new and
recycled powder using an electric motor. Individlzglers of powder are applied by a recoater,
pre-heating and sintering are performed, and thkl platform lowered in preparation for a
further layer of material added. Similar levelsanftomation (albeit using different techniques)

are found in all other commercial systems highkghih Appendix C.

6.5.4 Flexibility in Post-processing

The post-processing phase involves the final am#/iin manufacturing that finish the
part/product ready for downstream operations offitted customer. As evidenced in Chapter 4, it
involves machines of a range of automations, coimguiesources, and labour. For each case
post-processing activities are different, yet ifdiial manufacturers must accommodate their

requirements by achieving flexibility in their opéions.

Case Reference Number
Type 1] 2| 3| 4] 5| 6/ 7/ 8 9 10 11 12
Equipment - - - - - - - - - - - -
Process 1 1 1 1 ] 1 | L il 1 | L
Operation -1 3] 3] 3 3 3 3 . - - -
Capacity 2 - - - - -l 3 3 3 3
Routing 1] - - - - - - -1 1 1 1
Program - - - - - - - - - - - -
Material Handling 3] 3| 3] 3 3 3 3 3 3 3 3 3

Table 6.11: Assessment of internal flexibility type in post-processing
Source: The Author

Equipment flexibilityconcerns the number of different operations thataahievable by the post-

processing resource.

 Common to all cases, for most of the post-procgsssources used in the cleaning of
parts equipment flexibility was very low, and tyaliy they could achieve only a single
function. The majority of such activities were lalydependent on labour resources for
their operation, which were typically semi-skilleahd assigned to a small number of

operations. Similarly, several cases (1, 5, 7, &d 11) demonstrated assembly
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operations arising as part of the post-processutiyity which drew upon skilled or

semi-skilled labour together with manual tools.

Process flexibilityconcerns the number of different parts that carpleeessed by the post-
processing resources. A high flexibility is obserwahere a large number of parts can be

processed without penalty arising.

* In each of the case examples, the parts produceddifierent, requiring that the
manufacturing system is able to effectively postegss this range of parts. The
simplicity of the activities undertaken by the ppsbcessing resources (e.g. airblasting)
promotes their application to a wide range of pastish little consequence arising in
terms of a penalty. Effectively the low equipméexibility achieved by these resources

is counteracted by their heightened abilities farcpss flexibility.

Operation flexibilityconcerns the sequence of activities undertakémeipost-processing, and as

with design this capability was observed to retatthe repeatability of production.

* For Case 1 and 8 the production of similar custedhigarts leads to the sequencing of
post-processing activities for efficiency and dyali

» By contrast, where production is relatively unigaperators need to make assessments
about the best way to process a part (Soe and 294#); this may lead to exploitation

of activity sequencing, but incur a penalty in terof efficiency.

Capacity flexibility concerns the ability to vary post-processing resmicapability to meet

demand.

* For Case 1, as with other components HearingCatefédy reallocated multi-skilled
staff between activities with slight penalty.

* For Cases 2- 7, as with other components Little@ly t(has one resource for post-
processing, and so could not reallocate work.

» For Case 8 the specialist nature of the post-psingsnhibited the use of alternate
resources for post-processing activities.

» For Cases 9 — 12 BigCo identified some opportuitytilize agency workers to increase

overall capacity for low-skilled requirements.

Routing flexibilityconcerns the number of routes that a part mayttakegh the post-processing
element of the system. A high degree of routingilfiéity is achieved where many routes can be

taken without penalty.
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* For Cases 1, 9 — 12 both HearingCo and BigCo detmated multiple examples of each
post-processing resource, with little penalty obsérin switching between each of them
for all cases.

 For Cases 2 - 7, as with other components Little@ly has one resource for post-
processing, and so could not re-route work.

» For Case 8 where post-processing involved spetciadigs, as with other elements of

production BigCo refrained from promoting routingxibility to maximise quality.

Program flexibility concerns the ability for the post-processing resouo operate for an
extended period of time unattended; however thehaisip on labour in these activities mean that

this was not evidenced in any of the cases.

Material handling concerns the effectiveness of moving materialeut)n the post-processing
part of the system. None of the companies posseasgdautomated facility for material
movement, with both parts and materials being edrbly operators. Although this approach
enables work to be moved to any station withoubrpglanning, the efficiency in which it is

achieved is limited, and as a result a high pensléxperienced in all cases.

6.5.5 Summary of internal flexibility assessment

This section has examined the nature of flexibilitithin Industrial Additive Manufacturing
Systems, focusing on the contribution made by dkffe resources to the achievement of
individual flexibility types. Through an examinaticof each of the four components of the
system, it is demonstrated that the nature oflfiét differs by type and by enabling resource at
different stages of the manufacturing process. rraary of these findings is presented in Table
6.12.

It is recognized that much care is needed whemsanmming and generalizing from these results.
The qualitative nature of the inquiry, the subjeetnature of the flexibility concept, and the
contextual aspects that lead to research partisganmmenting “it depends” discourage such an
approach. Yet for case research, the ability terekexplanation beyond the individual focal case
is an inherent requirement (Ketokivi and Choi 20%B#)d there are several common threads of
evidence concerning the different flexibility typebat may be identified in the three

manufacturers and twelve cases.
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Table 6.12: Summary of internal flexibility assessmnts
Source: The Author

Equipment Flexibility

The cases highlight a disjunction between the Hfidi that is achievable by equipment in the
processing of information, and that which is achlde by equipment for the processing of
materials. In the design stages, CAD and scannipgpment are shown to enable an almost
infinite range of opportunities, and similarly thee-processing software is capable of preparing
these for manufacture. However, the constraintsetiip and changeover are to the detriment of
equipment flexibility in manufacture, leading to mudacturers demonstrating a preference to

dedicate machines to individual products to lesskangeovers (Cases 1 and 8). In post-
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processing, the simplicity of the manual tools esgpt in the cleaning and finishing constrained

their ability to achieve a range of operations.

Process flexibility

The cases highlight commonality for penalty-freexibility in the manufacturing and post-
processing components of the system, with no ifledtpenalty in the production of one part vis-
a-vis another. By contrast, in design the needdbour to understand and develop new designs
incurs a penalty, which is similarly experience@ie-processing activities. Process flexibility is

therefore more apparent for physical manufactumather than design or preparatory activities.

Operation flexibility

Operation flexibility supports the reordering of tigities, for which the case evidence
demonstrates a number of contextual factors. Feigdeit is evident only for the LittleCo
manufacturer in terms of labour allocation, who desirated it in the context of physical
prototyping, and in the batching of work in pre-geesing. These activities were not evidenced
for the other manufacturers, and so no evidendexibility could be observed. By contrast, in
manufacturing, the ability to re-order the prodotiof parts within the build chamber of the
focal machine was shown by all manufacturers, agtihg the capability of the Industrial

Additive Manufacturing machines.

Capacity flexibility

Compared to the other flexibility types, the demmation of capacity flexibility in the
manufacturing system was limited. The ability torgase or decrease capacity in the short term
was shown to be constrained by the need to invesgiuipment, and in the training of skilled
labour to perform activities. There is evidence tha scale of operations affects the potential to
achieve capacity flexibility. In design, the voluwmieparts to be produced merited investment in a
software configurator; this was able to achieve idewrange of designs without penalty.
Similarly, in pre-processing and post-processihg,ability to reallocate staff in the larger BigCo
and HearingCo companies enabled capacity flexyitiat was not possible at the small LittleCo.
In manufacturing, capacity flexibility was not denstrated by the companies involved; the need

to invest/divest equipment was identified as a {@rgn factor of changeability.

Routing flexibility

The ability to change the routes by which work notlerough the system is shown to be largely
manufacturer-specific, though some deviation canidemtified in individual cases. As with
capacity flexibility, larger manufacturers were eh&d to have multiple instances of different

resources to draw upon, supporting increased fléyibin the focal cases this is evidenced for
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HearingCo and BigCo, who were able to draw uponsitede to achieve routing flexibility in

design, pre-processing, and post-processing.

Program flexibility

The inherent requirement of program flexibility ttee operation of a process without labour,
however as evidenced in Chapter 4 many of the iaeBwndertaken in an Industrial Additive
Manufacturing System rely on labour for their agkment. The most prevalent observation of
program flexibility is in manufacturing, where tlegger machines operate for extended periods
of time unattended (although it is acknowledged thame degree of human monitoring is
performed by both BigCo and LittleCo). A notabtntribution to program flexibility for design

is achieved by BigCo, where a software configuratms unattended to assist customers in the

specification of their designs.

Material handling flexibility

Within this study material was delimited in ternidgrdormation materials and physical materials.

In design and pre-processing, the digital datdaisvd to be easily moved through the computer
network, with no notable penalty observed betwesnsp Similarly, in the physical manufacture

of parts there is no observed process-related fyenbkerved in the production of one part
relative to another. By comparison, in post-procgsthe need for labour resources to physically

move different parts through the system incurstalyle penalty.

6.6 Discussion

The purpose of this chapter is to explB&search Question 3: How is flexibility characteried

in Industrial Additive Manufacturing Systems? In the preceding chapter demand requirements
from customers together with the response from ri@etwrers was explored, and in this chapter
this consideration is focused explicitly on thexitglity capability. Flexibility is often regarded
as a desirable objective for operations to achiewd,the benefits of achieving flexibility in the
manufacturing system are long established (Slack7)19For Additive Manufacturing, the
literature review (Section 2.10) identified a lawkspecificity in terms of what is meant by the
term ‘flexibility’, and an emphasis on individualatchines rather than the manufacturing system.
Flexibility is a complex and mutli-faceted conceptyd different types of flexibility have
different benefits for customers and implicationsoperations. In tackling this research question,
the research in this chapter addresses this idmhtifesearch gap by exploring flexibility
requirements from customers, together with the gypeflexibility afforded my manufacturing
systems. The important contribution of this chapsgetherefore the achievement of increased

specificity of the flexibility concept in the comteof Industrial Additive Manufacturing Systems,
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together with an empirical evaluation of flexibjliichieved through a detailed appraisal of

twelve case studies.

For the focal case studies it was shown that thereal perspective demonstrated a consistent
requirement from all customers that the manufactugystem should offer product flexibility.
For these customers, product flexibility conceritiseg the creation of a wholly new product, or
the customization of an existing one. To providmae detailed understanding of the nature of
this product flexibility this chapter has employtheé three FFF measures, through which a range
of different motivations have been identified. Thigpraisal is important, providing more detail
than is afforded by the overarching product flditipitype. By comparison, the other flexibility
types were identified to be of lesser importancectistomers, however some demonstrated
requirement for delivery flexibility was identifietd either satisfy accelerated requirements, or to

delay delivery to suit the customer.

To understand how flexibility was achieved andfohibited in the manufacturing system, a
typology and assessment procedure were develop8ddtion 6.4. In doing so, this part of the
research contributes to the achievement of obtgimore specificity in understanding and
assessing the nature of flexibility in Industriadditive Manufacturing Systems, moving from the

general capabilities identified in literature (Sewt2.10), to recognized flexibility types.

In Section 6.5 the nature of flexibility was coresied from an internal perspective, using data
gained from all twelve case studies and three lpofkative companies. Within this section the
enablers and inhibitors of components of the IndalsAdditive Manufacturing System were
explored in detail, with the summary findings praee in 6.5.5. The literature review in Section
2.10 identified that Additive Manufacturing machsneontributes to a number of different
capabilities in manufacturing as a result of itexibility, and this study has shown some
alignment to this in highlighting a number of flbiity types enabled by the machines. However,
the findings show that the achievement of flexibilwithin the system is enabled by a
multifarious range of different resources, not jing individual machine. Moreover, fulfilment of
demand requires more than just the manufacturimgpooent of the system, and it has been
shown that different types of flexibility are enattland constrained for different components of

the manufacturing system.

By examining the flexibility of the Industrial Adare Manufacturing System from both external
and internal perspectives this chapter has thexebbearly identified the requirements for

flexibility, and the means by which it is achieved constrained.
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6.7 Chapter summary

In satisfaction of the third research questiors tiiapter has explored the nature of flexibility fo
Industrial Additive Manufacturing Systems, providia detailed appraisal of the internal and
external perspectives. A typology and qualitatigsessment mechanism has been developed,
enabling a detailed investigation of the way in ethdifferent flexibility types are enabled and

constrained in Industrial Additive Manufacturingsggms.
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Chapter 7 Supply Chain Flexibility for Industrial Additive

Manufacturing Systems

Chapter Aims

1. Develop a framework of supply chain flexibility fodndustrial Additive
Manufacturing.
Identify the nature of Industrial Additive Manufading supply chains.

3. Explore how flexibility is characterized within lostrial Additive Manufacturing

supply chains.

7.1 Chapter overview

The purpose of this chapter is to explore the matof flexibility in Industrial Additive
Manufacturing supply chains. The preceding chafitentified in Figure 7.1) has provided a
detailed appraisal of flexibility from the persgeetof the manufacturing system, but did not
consider the wider supply chain in which the systeperates. Whilst the achievement of
completive operations through flexibility in manafiaring operations is important, the need for
effective flexibility in the wider supply chain iEecoming increasingly apparent (Christopher and
Holweg 2011). As shown in Figure 2.11, previouskvoy Sawhney (2006) has delimited supply
chain flexibility in terms of the manufacturing rfirand its inputs and outputs. In the same
manner, this thesis has therefore examined fletsildlom the perspective of the manufacturing
system distinctly in Chapter 6, before considethgsupply chain in the current chapter. Despite
the importance of the supply chain concept, indtvetext of Industrial Additive Manufacturing
there has been relatively little research conductéds chapter extends the limited research that
has largely focused on either the internal chain,tree dyadic relationship between the
manufacturer and customer. In doing so, it ansWResearch Question 4: How is flexibility

characterized in Industrial Additive Manufacturing supply chains?

Chapter 2

Y

Literature Review

Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep.t of Fulﬁlllng demfmd The flexibility of SupPl:\"chﬂm
an Industrial using Industrial Industrial Additive flexibility for

Introduction > Additive - Additive : : - Industrial Additivepr  Conclusion

7 ’ % 3 Manufacturing = :

Chapter 3 Manufacturing Manufacturing - Manufacturing
Systems
System Systems Systems

Research Method

Y

Figure 7.1: Thesis structure
Source: The Author
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7.2 Method overview

Supply chain flexibility is emerging as an impottéopic generally (Moon et al. 2012), however
Section 2.11 evidenced a dearth of scholarly rekeiarterms of Additive Manufacturing. This

absence of contextualization demonstrates an i@pbrtesearch gap, and motivates the
development and demonstration of a framework arsmbszsnent technique grounded in the
existing supply chain flexibility principles. Figair7.2 overviews the three principal activities

undertaken in the achievement of this objective:

1. Building on the existing literature considering plyp chain flexibility, a general
framework applicable to Industrial Additive Manufiaeng is developed, identifying the
different types of flexibility and means for th@ssessment. An abductive approach is
taken, with iterations performed between literatoomcerning supply chain flexibility
and observations from industrial practice, whichal@ad the researcher to identify
pertinent aspects of supply chain flexibility redetv to Industrial Additive

Manufacturing.

2. Using the twelve case studies explored in thisystude fundamental principles of
Industrial Additive Manufacturing supply chains erms of scope and structure are
established. This serves to explain how Induskaditive Manufacturing supply chains

are configured in practice, providing a basis fwhich to explore their flexibility.

3. The nature of supply chain flexibility in Industriadditive Manufacturing is explored,
with flexibilities both upstream of manufacturing terms of machine and material
suppliers, and downstream to the customer idedtib@d discussed. Examples of
practices that promote and inhibit flexibility amgentified, contributing to a better

understanding of supply chain flexibility for Inddal Additive Manufacturing.

1. Develop a technique for
supply chain flexibility
assessment (Section 7.3) 3. Evaluate supply chain
flexibility for Industrial
Additive Manufacturing
(Sections 7.5 - 7.9)

Activity

2. Identify the nature of Industrial
Additive Manufacturing Supply
Chains (Section 7.4)

Figure 7.2: Activities undertaken in this chapter
Source: The Author
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In the conduct of these activities, this chaptemdr on several data sources as shown in Figure
7.3. The scope of this assessment concerns alégsespecific contributors to the supply chain,
and therefore considers companies both upstreamdamshstream of manufacturing. It is
however acknowledged that access and resourcatioms prevented a detailed appraisal of the
internal operations of ‘conventional’ suppliers.€Bk are typically large, complex organizations

for which it was not possible to gain access ferghrposes of this study.

Activity Research Participant Research Method

Customers .
Semi-structured

interviews achieved
through site visits and
telephone

1. Develop a technique for supply
chain flexibility assessment

2. Identify the nature of Industrial
Additive Manufacturing supply chains

Manufacturers

Customers Semi-structured
interviews achieved
through site visits and
telephone

3. Evaluate supply chain flexibility Manufacturers

for Industrial Additive Manufacturing Machine Suppliers
' Structured interviews

at TCT Show

Questionnaire
Material Supphicrs Supplier datasheets

Figure 7.3: Research participants and methods used evaluating supply chain flexibility
Source: The Author

7.3 Developing a technique for supply chain flexibty assessment

The purpose of this Section is to provide a meanwitich to evaluate flexibility in the supply

chain, which is then utilized in the remaindertagtchapter.

7.3.1 Identifying approaches to evaluation

In Section 2.6 the concept of supply chain flexpilvas explored, and a number of different
approaches to its evaluation were identified. @otble distinction in these existing studies is
their focus either on whole-chain analysis of figliy (e.g. Kumar et al. 2006; Vickery et al.

1999), in which supply chain flexibility is iderigfd as an overall capability, or contributor-
focused arising from individual entities (e.g. Daglet al. 2003; Garavelli 2003; Lummus et al.
2003).
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In this study, a contributor-focused approach ® alialuation of supply chain flexibility in the

context of Industrial Additive Manufacturing wasosen for three reasons:

1. It allows evaluations to take place at identifiaiints in the supply chain.

2. ltidentifies sources and inhibitors at differenimis of the supply chain, rather than in an
aggregate evaluation.

3. It promotes transparency in the sources of datd,tha methods by which they are
attained. The complexities of supply chains meamiikely that a complete evaluation
may be achieved. The research therefore needs laamniem to explain which data are

included, how they are obtained, and those whietoaritted from the evaluation.

7.3.2 Identifying methods of assessment

Purvis et al. (2014) identified that existing reskafor supply chain flexibility has typically
focused on conceptual frameworks, rather than ecapinvestigation. As discussed in Section
2.6 (and Table 2.9), empirical studies from theréiture were shown to have employed a range of
methods in the achievement of breadth or deptimeir investigations. As the current study is
undertaken in an area where there has been liitle gsearch, the motivation is to achieve an
understanding ohow flexibility within the supply chain is characteed, and two exemplar
works can be used to identify approaches to théeaement of depth through qualitative case

studies.

1. In research for supply chain flexibility in aerosparail, and automotive industries
Stevenson and Spring (2009), examined inter-firaxilfility to qualitatively explain
enablers and inhibitors of flexibility, principallysing interviews to gain understanding,
and quotations to provide the supporting evidenitie which to substantiate these.

2. In research for construction supply chains, Goséh@l. (2010) used case research to
provide a qualitative evaluation of supply chairexfbility. Through interviews,
observation, and brainstorming activities a dethikccount of the way in which

flexibilities arose in the focal supply chains veseveloped.

Such existing studies that focus on the naturelefitfility within a particular industry are
identified to refrain from quantification, insteading description and quotation to communicate
their findings, with Gosling et al. (2010) usingghimedium/low range descriptors to assist in the
communication of their assessment. The strengbotif papers is their ability to convey detailed
explorations of ‘how’ supply chain flexibility aes, which support the selection of similar
methods for the current study in the context ofustdal Additive Manufacturing. Hence the

precedent set by these authors for qualitativeg-based research is continued in this research,
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where the intention is to identify the nature @xfbility within the supply chain, rather than its
guantified measurement. Furthermore, in Table 2i® évident that breadth of understanding is
supported by gaining data from the application wisy techniques, with a number of authors
(e.g. Moon et al. 2012; Sanchez and Pérez 2005ke¥iicet al. 1999) drawing upon the
technique. Whilst many of the surveys evidenceghgtts for quantification, this need not be the
case since the method is also valid for qualitatesearch (Fink 2002). As a result, to provide a
broader understanding of flexibility upstream ofe tindustrial Additive Manufacturer, an

industry questionnaire is utilized (as previoushgdibed in Section 3.7)

7.3.3 Defining an assessment framework for Supplyt@in Flexibility for Industrial

Additive Manufacturing

As existing research has not considered flexibility the context of Industrial Additive
Manufacturing supply chains, it was necessary eatifly relevant types of flexibility to evaluate.
This was achieved by reviewing contemporary apgrescfor supply chain flexibility (as
developed in Table 2.8), together with exploratibithe focal supply chains found in the 12 case
studies (discussed further in Section 7.4). Framekialuation, a modified version of the Duclos
et al. (2003) approach to supply chain flexibilitgs selected for this evaluation. This is justified

for three reasons:

1. The component types found in the Duclos et al. 82®&&mework are consistent with the
topics that have been explored in the conductisfdtudy.

2. As demonstrated in Table 2.8 there are many diffetygpes of flexibility that may be
considered for supply chains, though some are m@ealent than others. The Duclos et
al. (2003) framework encompasses many of the nuystlar types.

3. There is a good alignment with the understanding aof Industrial Additive

Manufacturing supply chain developed in this resedFigure 7.5).

Despite this identified alignment, developmentssibDuclos et al (2003) have arisen, and some

of those were deemed pertinent for inclusion ia gtudy as shown in Figure 7.4.

231



Chapter 7: Supply Chain Flexibility for Industriétiditive Manufacturing Systems
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Figure 7.4: A framework for the evaluation supply dain flexibility for Additive Manufacturing
Source: The Author

1. Interrelationship of operations within the orgaation

The original framework of Duclos et al. (2003) gigtiishes between operations flexibility as
referring to “assets and operations”, and orgaiuizat flexibility in terms of the “labour force”,
and justifies this by asserting that reconfigumratxd the operations is constrained by limits placed
upon it by the organization in which they operdi¢hilst it is essential to recognize the
interrelationship between different flexibility tgp, by removing the distinction between
operations and organization flexibility, the moddiframework attempts to lessen the distinction
that operations only concerns ‘operational’ matterkich Slack (2010, p. 62) has previously
identified to be an oversimplification of the op@ras concept. In terms of Industrial Additive
Manufacturing Systems, the preceding chapter hrasdy demonstrated the contributions made
by labour and machines differ between product amchlf company. Likewise, established
perspectives on manufacturing systems typicallyuge organizational components (Parnaby
1991). As operations flexibility can arise throufjle assets of the organization (e.g. its people,
infrastructures, and machines), making an expigtaration between these components may not

always be optimal in the evaluation of the supigio.

2. Flexibility as a bi-directional concept

The Duclos model implies that flexibility is unidittional, arising at one node of the supply
chain and passing to the next (represented bytdtecs in the model). Such emphasis suggests
that one element of the supply chain achievesHiktyi in isolation, and without the co-operation

of other supply chain members. This may be an eiwaplification, and existing research has
already identified flexibility to be bidirectiongBawhney 2006; Sethi and Sethi 1990). In this
study, the co-operation between machine supplieit their customers demonstrates this
bidirectional capability. For some machine manufearts, the ability to expedite an individual
customer order was shown to arise from renegogjdtie delivery dates for other customers. In

this approach, flexibility in supply is not a capdyp of the machine supplier's manufacturing
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capability, but its ability to effectively exploftexibility in the supply chain. Collaboration to

achieve flexibility is therefore an important anglevant topic, and given the evidence of its
practical application for Additive Manufacturingpply chains, it is useful for the framework to
accommodate this potential. To achieve this, tles avithin Figure 7.4 have been shown as

bidirectional components of the framework.

3. Limitations of inter-nodal assessment

Duclos et al. (2003) identified that flexibility warequired between nodes of the supply chain,
and without such flexibility, overall change withihe supply chain would be inhibited. One of
the attractive aspects of the model is that byieitlyl identifying each node in the supply chain,
this approach makes individual contributions tifidity explicit. However, whilst inter-node
flexibility implies that between each node of thpgly chain flexibility exists, for concepts such
as Information Systems flexibility this may be aresimplification. Within the case research of
this study, integrated information systems werdi@aarly evident in medical applications (e.g.
Case 8), through which data are shared betweenmast manufacturer, and assembler entities
within the supply chain. As organizations move dodg open systems, opportunities for
decentralized data storage and processing throegel@pbments such as cloud computing offers
the opportunity to consider flexibility in a holistmanner, rather than the more piecemeal inter-

nodal proposition. This is shown by dashed arcsrehhg the supply chain.

7.3.4 Components of Supply Chain Flexibility for Irdustrial Additive Manufacturing
Based on the modified Duclos et al. (2003) framdéwdive components of supply chain

flexibility may be evaluated in terms of Industrigdditive Manufacturing:

1. Operations Flexibilityis achieved at individual nodes of the supply chamd concerns the
capability to change the operations function to trtee external customer requirements for

product, mix, volume, and delivery flexibilities.

2. Supply Flexibilityincorporates all of the transforming and transfational resources which
are used in the manufacturing process but origioatside the organizational unit. It represents
the flexibility arising between supplier and cust@nin terms of physical resources such as
materials and labour. Gosling et al. (2010) idéadif that flexibility in supply may be
fundamentally divided into two categories:
1.Vendor flexibility: the ability of given vendors dh support the operations to achieve
flexibility in supply. This definition links closglwith that of Operations Flexibility, but

can also include non-operational capabilities.
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2.Sourcing flexibility: the ability to reconfigure ¢hsupply chain by selecting/deselecting

suppliers as appropriate. For sourcing flexibilltgo et al. (2010) identify four principal
measures:
i) The number of alternate supply sources
i) The time incurred in switching between suppliers
iii) The cost incurred in switching between suppliers
iv) The impact on performance

This evaluation is identified to have resonancénwhie original fundamental definitions of

flexibility (Slack 1983, 1987; Upton 1994) in termSrange (number of sources), response

(penalties of time and cost), and uniformity (periance impact).

Such an approach to flexibility means that it i$ necessary for all individual suppliers to be
flexible; as Lao et al. (2010) identified througtconfiguration of the network and partnering,
appropriate flexibility can be achieved in the dypghain. By extension, Gosling et al. (2010)
demonstrate that there is a need to achieve th hglance between vendor and sourcing
flexibility; too much may lead to increased costsaaresult of overcompensation for risk and
uncertainty, but too little may leave the chaincgible to risks and uncertainties. Upstream
supply flexibility therefore considers vendor amsuing flexibilities for raw materials and
Additive Manufacturing machines. Downstream, supfilgxibility concerns the flexibility

between the Industrial Additive Manufacturing compand its customer.

3. Logistics Flexibilityinvolves all processes involved in the movemenplaoysical materials,
whether in raw, in-progress, or in finished stateg identified by as Zhang et al. (2005) as the
capability to respond quickly and efficiently toastging customer needs for inbound and
outbound delivery.
Two principal sources of flexibility in logisticsex
1.Transportation and the physical ability to moveenats between providers.
Naim et al. (2006) demonstrate that transport carcénsidered from the provider’s
perspective (internal), or the commissioning usest@mers perspective (external).
Internal flexibilities therefore focus on the acleeent of flexibility in terms of a
number of different types (vehicle, routing etedhilst external perspectives focus on the

objective of these (e.g. the ability to changewdel dates).

2.Postponement as a strategy to delay the forwarcememt of goods in the supply chain
(van Hoek et al. 1998). The contribution of posgroent to supply chain flexibility is
identified by Barad and Sapir (2003) as arisingmfrthe “flexibility of sequential

decision making” in which decisions over produdtedentiation are delayed.
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4. Information Flexibilityconcerns the ability of the information systemsabiforganizations
within the supply chain to adapt to changing infation requirements. Information can be
considered in terms of supplier information, matideer information, distributor information,
and retailer information (Zhou and Benton Jr 200Zimmus et al. (2005) emphasises
information sharing and co-ordination between membe the supply chain for flexibility.
Opportunities to promote information flexibility warise from effective utilization of a range of
sources, including inter-organizational systemgnogystems, and emergent technologies such as
cloud computing. For Additive Manufacturing seveaathors have identified the sharing of
information between supply chain entities usingteteic communications technologies as being
particularly relevant (Eyers and Potter 2015; Luale2004), with much emphasis placed on the
design and configuration of products. In his revié&wan (2009) explores a variety of systems
capable of exchanging design data between desmgmmanufacturer. Similarly, Berlak and
Webber (2004a, b) explored how e-procurement systeould be used to co-ordinate
relationships with Additive Manufacturing serviceopiders. However, whilst these explorations
have considered the potential for information sk@r{and particularly the enthusiasm for
electronic information exchange), little researofiphasis has been afforded to this as an enabler

of flexibility.

5. Market flexibilitywas identified by Duclos et al. (2003) as beingjaal for the supply chain as
a result of its ability to provide new products ttlexploit new technologies in response to
changing market requirements. For Additive Manufeed products there is demonstrated
support for the use of the technologies to meeketarequirements (e.g. Reeves et al. 2011,
Tuck et al. 2008; Tuck et al. 2007b). However, hg tefinition proposed by Duclos et al.
(2003), studies should also explore how other mesnbé the supply chain contribute to the
achievement of market flexibility in response taawebing market requirements. In this study,
emphasis is also placed on market flexibility acbee by upstream machine and material

suppliers.

7.4 ldentifying the nature of Industrial Additive M anufacturing supply

chains

In order to evaluate the nature of the supply ch@ooper et al. (1997) have identified that it is
necessary to define the number and nature of fihasare involved in the chain (the ‘scope’).
Much of the existing Additive Manufacturing resdarcas typically focused on the “internal
chain” as described by Harland (1996). For exampegxplore what constitutes a Rapid
Manufacturing supply chain, Hasan and Rennie (2808 a process-based approach in their

classification of the activities undertaken, idgtig an increased number of actions that are
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evident where the technologies are used to proflungtional, end-use parts compared to the
production of prototype models. In a more detaigggloration, Tuck et al. (2007a) examined
whether the technologies of Rapid Manufacturinglldfremselves to lean, agile, or leagile supply
chains, focusing on how these are achieved withm dingle manufacturing firm. Similar
perspectives for 3D printing are offered by Nymand aSarlin (2012). Whilst valuable
contributions, it is however acknowledged that ®og on individual companies omits

consideration of the important supply chain linkaf®tevenson and Spring 2007).

More recent research has evaluated the supply @twsina dyadic perspective. In terms of spare
parts supply chains, Holmstrém et al. (2010) andaj&¥i et al. (2014) examined potential

configurations for aerospace supply chains, dematirsg) theoretical opportunities for Additive

Manufacturers to offer localized and centralizeddorction to satisfy customer demand.
Similarly, related work on internet-based approachie.g. Cheng and Bateman 2008;
Ranganathan 2007) have predominantly taken theesobpthe supply chain to extend to the
relationship between the Additive Manufacturer aisdcustomer. Such demand-side strategy
focuses on value creation by firms in the provisibmproducts to the marketplace, but does not
consider the value captured or added which is entr dependent on factors upstream of the

manufacturer (Priem and Swink 2012).

In this current study, through interviews and mgpant observation with the three Industrial
Additive Manufacturing companies, managerial petiogg of the scope of the supply chain were
identified to extend both downstream and upstre&nmaustrial Additive Manufacturing. The
notion of the supply chain as external to the oigion was identified for these, and no mention
was made of the company’s own operations as bearg gf an ‘internal chain’. Upstream
considerations focused on the supply of the physiegsources of Industrial Additive
Manufacturing machines and materials. BigCo idadithat machine purchases were the same

for other technologies, though material holdingdeshto be more expensive.

“Machines... | don’'t see any difference with convenal [supply
chains]. We have two types of machines — and wedataize those
two types of machine.”

Operations Director, BigCo

“The material supply is also very conventional — biey material....
We have certain requirements (so they must havaioegrades).... If
you look at BigCo as a company we have a lot olueain our
materials: for a lot of conventional manufacturingmpanies they
would not classify this as a need.”

Operations Director, BigCo
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Downstream considerations focus on the next suppBin echelon as the customer. It was
acknowledged that this customer was sometimestamierdiary, for example an audiologist in
the ITE Hearing Aid supply chain. Additionally, wige ‘conventional’ resources supported
production these were sometimes mentioned (e.bt bglbs to make Additive Manufactured

lamps functional).

This practical understanding of the Industrial Ankdi Manufacturing supply chain encompasses
current dyadic understandings in academic resehuttalso highlights the important omission of
upstream suppliers in contemporary work. From thsecresearch, Figure 7.5 is identified as
representing the membership of a generic Industdditive Manufacturing supply chain.
Process-focused members are shown with solid lmleisst product-specific members are shown
with dashed lines. In Table 7.1 the principal radégach member of the chain are presented, and

for each case, Table 7.2 provides details for eédatified member of the supply chain.

MACHINE [
SUPPLIER
[—— - |
INDUSTRIAL | ) ) |
MATERIAL s RESELLER / ONSUME
SUPPLIER g ALDITIVE ™ Rpraner ™ CONSIUMER
MANUFACTURER | |
b s |
r—————- |
I CONVENTIONAL |
| SUPPLIER
J Material Flow ——p

Figure 7.5: The scope of an Industrial Additive Mamfacturing Supply Chain
Source: The Author
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Role Primary Function Nature of relationship |
Machine Supplier Supplier of Additive Manufacturimgachines. May also provideSome manufacturers are represented by intermeslidepending om
spares and servicing geographic market

Material Supplier Supplier of Additive Manufactugimaterials (e.g. powder/resin) Either OEM Brprty supplier of materials

Conventional Supplier of components and materials that will lbenbined with| Either works on one-off projects, or have long-teetationships with

Supplier the Additive Manufactured parts to complete thea@uer order Additive Manufacturers

Industrial Additive Additive Manufacture of parts or products Manufaes own products and/or as an outsourced servieab for

Manufacturer other companies

Reseller / Retailer Provider of retail and/or cgufiation capabilities Supply chain stock locatiam, may serve a more active role (e.g.
elicitation of design or post-production configimad

Consumer Final recipient of the Additive Manufaetipart/product Can be wholly involved in realiaati or simply purchaser of final
product

Table 7.1: Identified roles in the Industrial Additive Manufacturing supply chain
Source: The Author

Case Case Name Add|t|v_e Manufacturing Suppl_|er Conventional Supplier | Structure Intermediary Consumer
No Machine Material
1 Hearing Aid EnvisionTEC EnvisionTEC Modular Compoits MTO Retailer Patient
2 Model Ship EOS EOS Fittings MTO Archaeologist us
3 Archaeological Models EOS EOS [x] MTO Archaeologist Museum
4 Architectural Models EOS EOS [ MTO Student
5 Exhaust Tool 3DSystems 3DSystems Metal supplier TOM Manufacturer
6 LitttleCo Fixtures 3DSystems 3DSystems [x] MTO Manufacturer
7 Sensor Tool EOS EOS [x] MTO Engineer
8 Surgical Guides EOS EOS Modular Componenits MTO inictdn Patient
9 Custom Lamps EOS or 3DSystems EOS or 3DSystems  dulsioComponents MTO [x] Customer
10 | Standard Lamps EOS or 3DSystems EOS or 3DSystem$lodular Components ATO/ST$ Retailer Customer
11 | Modular Fixtures EOS EOS MTO Engineer
12 Furniture EOS EOS MTO Designer Exhibition

Table 7.2: Identified supply chain scope for cases
Source: The Author
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7.5 Operations Flexibility

Operations flexibility concerns the flexibility thés achieved by the internal operations of the
firm. Prior work by Sawhney (2006) has separatedititernal manufacturing system from the
external supply chain, and in the current studyratpens flexibility arising from Industrial

Additive Manufacturing System is discussed sepbrateChapter 6 of this thesis.

7.6 Supply Flexibility
In this section the ability to achieve flexibiliip terms of Industrial Additive Manufacturing

machines, materials and products is expfbred

7.6.1 Industrial Additive Manufacturing Machines

Sourcing flexibility

Both BigCo and LittleCo identified that the purchad new machines represented a strategic,
long-term investment for which there was much eté&on with the potential supplier prior to

purchase. In interviews, BigCo identified that commnent to purchase a new machine was
undertaken 5-6 months in advance of anticipatedirexpent, and given the relative costs of the
machines such decisions were carefully considaergdrms of the current or expected demand
for a given technology. In the case of LittleCovés demonstrated that this time was greatly
extended, and during the course of this study ¢searcher observed negotiation and planning

for a major new machine to take in excess of twarge

The technical review in Appendix C demonstrates thaange of different Industrial Additive

Machines are commercially available. Each has miffe capabilities in terms of the materials
they can process, and the results that can bevachiélthough some resellers do exist in the
marketplace, as each technology is provided byglesisupplier, no evidence was identified for
effective sourcing flexibility. The case researohrfd that Industrial Additive Manufacturers are

reliant on the ability of the vendors to providexibility in the supply of the machines.

The situation for replacement parts is slightlyfetiént. Of manufacturers responding to the
survey, all identified that they would supply patts the customer, and five identified that
independent stockists were also approved to sypgis. As these companies were not involved
in this aspect of the research, it is not possiblevaluate benefits or penalties in terms of oost

time for using them.

% Consolidation of machine manufacturers meansttiemarket is dominated by a few large companies.
To assure anonymity in this study easily identigatharacteristics have been omitted, and theporeses
to questionnaires & interviews have not been linkedases.
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Vendor flexibility

Information regarding the supply of machines wastetl from the supplier survey as shown in

Table 7.3. From this data an assessment of theovdiedibility can be made as follows:

Product flexibility in the supply of new machinessvidentified for six of the seven machine
suppliers in the form of customization, with a edyiof customization options for material input
(e.g. additional material feeders or mixing capaés), build chamber configuration, or minor
options in terms of the processing capabilitiestaldly, for each supplier, the number of product

variants is typically low, with only one supplieffering a double-digit range of products.

Mix flexibility may be evidenced since all suppbeoffered a small range of different machines.
Furthermore, where the data was available all sengpindicated product lifecycles of five or

more years, suggesting that despite the significahistry growth, individual machine designs
remain viable for multiple years. When in-servitétleCo noted that machines were typically

upgraded to approach the specification of the tabeslels.

Volume flexibility concerns the ability to chandeetnumber of machines, for which it is notable
that the total install base of individual machigpds is relatively low, and this is consistent with
the survey findings of Wohlers (2012). Industriadditive Manufacturing machines are

expensive, and typically revenues are based angellsmall number of high-value machines.

Delivery flexibility concerns the ability to revise delivery times. the supply of new Industrial
Additive Manufacturing machines, lead-times varieetween 1 and 16 weeks, with firms
principally manufacturing machines in responseust@mer orders or from stock. However, five
of the seven manufacturers identified the abilityexpedite customer orders, either by exploiting
logistics flexibility in the utilization of air spbiments, working overtime, or rearranging their

order book to satisfy requirements for urgent amgtioorders.
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Machine Characteristics Supply Characteristics
Install Product | Lead- ; . Typical
Products Custom | . . Technique(s) | Supply technique & | install
Mfr base per : Lifecycle time . ; .
Offered ! options? to expedite geographic sourcing| base per
machine (years) (wks)
orders customer
MTO 90% Germany
A 4 20 -40 Yes 8-10 12-16 - MTS 10% Germany 1-2
5 - Yes 10 12-16 Overtime MTO in USA 1-3
100 - Rearrange
C 4 150 Yes 5-8 1-8 orders or MTS in USA 1-2
overtime
D 3 ) No >10 12 i Unspecified in 1-5
Sweden
E 26 Varies Yes 5 2 Air Shipment MTS in USA/UK \esi
200 - . ATO in Germany &
F 7 500 Yes 8 6 Prebuild Us 3
G 7 20-400|  Yes 10+ 16| Rearange |\ irsin Germany 1-20
orders (UK - 3)

Table 7.3: Survey findings on the supply of Industial Additive Manufacturing machines
Source: The Author

7.6.2 Industrial Additive Manufacturing Materials
Sourcing flexibility

The ability to achieve sourcing flexibility in teemof materials concerns the ability for a
manufacturer to obtain materials for their machifresn different suppliers. For BigCo and
LittleCo, the supply of materials was frequenthkrmmwledged as a constraint affecting their

businesses, prompting focus on this element o$tlpply chain in this study.

In early interviews both BigCo and LittleCo idered that the suppliers of their machines placed
emphasis on the utilization of ‘genuine’ materiafs their machines, otherwise on-going

maintenance and support may be discontinued. Asespondent at LittleCo emphasized:

“they’ll kill us if we don’t use their material.”
Production Manager, LittleCo

Whilst there is no evidence of this statement b&ingcted in a literal sense, the importance of
utilizing approved materials was clear in the déstons. LittleCo identified that the costs of a
failed build (in terms of lost time and materialgre significant, and that failure was more likely
with 3° party materials. By extension, LittleCo expressedcerns that utilization of3party
materials would lead to invalidation of machinevemr contracts. This was identified as being
particularly risky for the organization, as machifalure as a result of poorly performing

materials would lead to significant financial castsepair.
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In the earlier interviews, BigCo shared some camxevith LittleCo regarding the need to only
use materials sourced from the approved sourcesdthighlighted that these materials were of
much better quality, and that there was littleificsttion to consider alternative suppliers, bt st

the reliance on the approved materials was prolilema

“There are only two suppliers — it's not like inetiplastic industry
where you can buy it by the crate or in every |astale, we order it in
Germany... so your material has to come from Geynand as you
have only two suppliers — so you have some rigkat sense: if it gets
held up from Germany the motorway systems collapsse [for this

reason] you hold materials.”

Operations Director, BigCo

BigCo therefore expressed concern about theirmedian materials suppliers to fulfil orders as a
result of disruptions in the supply chain, partly arising as a result of transport problems. In
principle, dual-sourcing should alleviate risk amigsfrom the failure of an individual supplier,
however BigCo acknowledged that even by having eorsd potential supplier, there siill

remained a single point of failure within the sypghains:

“It's even worse in the sense that if you track domhere the suppliers
buy their materials from, it's all from one companyf something goes
wrong at [company name] the whole industry comea gtandstill, at
least the sintering market.”

Operations Director, BigCo

“[in terms of stockouts] Never had a real issue, dwouple of times

come close. What that shows is the fragility of mmarket itself, where

currently there is a high demand in the markepfoxders, and the lead
times absolutely went from two to three to four Wseand knowing

that we are ordering one to two times per monthormally we are

supplied within two weeks

Researcher: That pushes-
Respondent: That pushes your nerves! [both laugh].
Researcher: And that's why you have a little stoglsite?

Respondent: Yes, a couple of months ago we reallytb force that a
few hundred kilos were shipped by express courerkéep our
machines running or we would have run out of povider

Operations Director, BigCo
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For LittleCo, single sourcing of materials combingdh failure to hold sufficient stock as a

result of unexpected demand was succinctly demetestiin the following quotation:

“Researcher: Did you ever run out of material?
Respondent: Uhh...we did.
Researcher: Why did that happen?

Respondent: Panic. We had this two week schednkk bacause we
think we will have enough material to make two fallilds, but we
have a failure.

Researcher: So you have to rebuild?

Respondent: We have to rebuild... This is one caseor8l case is that
there are some holidays from [supplier name], keChristmas time.
Third case is that you have a machine failure, ieanachine has to
make 50/50%, but machine only takes from the newdeo because of
the machine failure... so the machine basically takee new powder
— those are uncontrollable factors

Researcher: So all your prime material is usedaniy your recycled
material is left. You can’'t get any more stock hessa[supplier name]
is on holiday...

Respondent: Yes, that’s right.”
Production Manager, LittleCo

Both BigCo and LittleCo identified that inflexikiji in material supply required stocks of raw
materials (powders and resins) to be held in grattn of demand. This is contrary to prevailing
guidance that Additive Manufacturing enables ‘juist time’ supply (Tuck et al. 2007a).
Compared to conventional manufacturing, materiedsaeknowledged to be considerably more
expensive; BigCo identified that some materialserEd times more expensive than comparable
conventional counterparts, and so careful managemiinventory is necessary to balance
production and financial constraints. This was epfied by an interview with an Additive

Manufacturing reseller that also offered manufantucapabilities:

“it's alright for you lot in universities — you'vgot very deep pockets
and you can afford to keep plenty of this stuff {emsls]. We’ve gotta
be much more careful ‘cos we gotta pay for thiff $tube in the store”.

Reseller representative (interviewee 1)

The concerns of BigCo and LittleCo regarding itstemial supply base are supported by
observations from the industry as a whole. Durlmg timeframe of the current study, evidenced

supply failure was demonstrated by several Japafeéditive Manufacturing companies, whose
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pipeline of materials ran dry as a result of th@2@arthquake and tsunami iBHbku, Japan.
This prompted affected manufacturers to initiabiyion material supplies, and subsequently to
postpone deliveries to customers. As shown in T@blethe material supplier survey identified
that three of the seven manufacturers permittedredte supply-sources for materials, though it is

noted that the number of approved suppliers igdichi

Mfr | Alternate sources approved? Number of approved alternative sourceg
A Yes 3-4
B No n/a
C Yes 8
D - -
E No n/a
F No n/a
G Yes Unspecified

Table 7.4: Survey findings on supplier approval foralternative material sources
Source: The Author

In structured interviews undertaken at a major @tu conference, the views of fifteen
representatives of machine manufacturers wereitealic As shown in Table 7.5, for the twelve
different Industrial Additive Manufacturers reprased, ten manufacturers were identified to
only support the usage of manufacturer-sourced maitewhich was most commonly justified
by concerns for warranty adherence and machinabily. The respondent for interview
number 10 explained that such practices were thdu$try standard”, noting this to differ

substantially to the 3D printing machines for hasne office use.

Of the two permitting the utilization of%party materials, they acknowledged that they cowoid
effectively prevent the user availing of cheapegrahtives. In support of these findings the direct
survey of Additive Manufacturing machine manufaetsr identified that five of the eight
participant companies required their customers tibzer only materials provided by the

manufacturer; this was further evidenced by BigCo:

“[technology name] is probably the most difficuhein the sense that
the [technology name] machines by [supplier namaehall been

shielded off from any other supplier than [suppl&me], and at the
moment quality speaking [supplier name] machines sill the best

that you find. In the Open Source market thereaageowing number of
machines; on those machines the supply of raw maeis much

easier.”

Operations Director, BigCo
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At present the requirement to source materials ftben supplier of Additive Manufacturing
machines places constraints on the sourcing fliiyilthat can be achieved. However, as BigCo

noted, for different process technologies changeisé marketplace are acknowledged:

“[In terms of LS there are] two principal suppliebait that landscape is
starting to change. What we see is here are neyenslan the market,
and they start to offer quite ok materials — starting to change.”

Operations Director, BigCo [2013]
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Justification for approved materials only
% £5 s g g | 2 |82 3g| » | 2 |¢g 2 g,
g EF 2 2 S | 2 |g32°/ S92 & | g |=% | £%8
1 [ 4| 4| 4| 4| 4| M
2 Il 4| 4| 4| 4| 4|
3 1 4| 4| 4| 4| 4| M
4 \% 4| 4| 4| 4| 4| 4|
2 |v<|&|| ] ~ g g g‘l .. 2= 000 ]
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9 VIiI 4] 4| 4| 4|
10 v 4| 4| 4| 4|
11 \ 4| 4| 4| 4|
12 IX 4] 4| 4| 4|
13 X 4| 4| 4| 4| 4| 4| M
14 XI 4| 4| 4| 4| 4| 4|
15 Xl 4| 4| 4| 4| M
ot B ol s | 2| 1] 2] s

Table 7.5: Structured interview summaries
Source: The Author
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For the cases studies explored in this study, Taliddentifies the number of material sources
identified as suitable by the focal Industrial Alildé Manufacturers. Notably, whilst alternate

suppliers are available for some processes, theffmetarers identified the need to keep products
distinct; when recycling materials it was notedbadg important that these were not mixed else

the mechanical integrity of the materials wouldcbenpromised.

BigCo identified that although the supply of rawterals from approved suppliers was all of a
certified quality, small differences between batclead to notable challenges in the achievement
of consistent quality in production. To achieve sistency in the raw materials, BigCo routinely
purchased whole production batches from its suggplien a consignment stock basis), thereby
reducing the variation experienced in their operati LittleCo acknowledged the issue with
inter-batch consistency, but admitted that theyrdithave adequate ‘buying power’ to enter into

bulk purchase arrangements with suppliers.

Case Study | Technology No. Sources Time Penalty Caxtnalty Uniformity
1 Perfactory 1 - - -
2345678 Good, but canno
9101112 LS 2 Low Low mix suppliers
910 sL 2 Low Low Good, but canno
mix suppliers

Table 7.6: Supply flexibility for Industrial Additi ve Manufacturing materials
Source: The Author

Vendor flexibility

As shown in Table 7.7, the survey highlighted floatthose responding to this question (n=4), a
catalogue of material products is offered for epatcess technology. For those companies not
replying to the questionnaire, secondary analylsteer websites confirmed this to be consistent

practice within the industry.

For the manufacturers supplying materials, it wasniified from secondary literature and
company websites that frequent releases of newupddted materials are made to their range.
As a customer of these companies, LittleCo ackndgéd that this enabled a range of new
possibilities for Additive Manufacturers. For exdmpthe availability of a rubber-like material
for LS was favourably received by LittleCo, allowithem to produce apparel products. It was
noted that these materials are process-specifit,tfaums the introduction rate is not consistent

across all material suppliers.

Survey respondents indicated the production lead-ivas typically between 1-2 weeks, and for

three of the four material manufacturers this waslpced on a Make-To-Stock or Ship-To-Stock
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basis. All respondent suppliers held stocking liocatin Germany, and these were complimented
by other European locations and USA. Notably, theponsiveness of manufacturers may be
identified as being very different, with variatiomas observed in the ex-works lead-time for
materials, ranging between a single day to 1-2 weé#kis additionally recognized that two

suppliers commented on the estimated variabilitcwdtomer orders, which they identified as

being 10% and 50% respectively.

Lead-time
Mfr | Number of materials | Mode of fulfilment Production Supply
C 11 MTS 2 wks 1-2 wks
E 67 STS 2 wks 1 day
F 7 MTO 2 days — 1 wk 5 days
G 7 MTS - -

Table 7.7: Survey findings on material supply by maufacturers
Source: The Author

7.6.3 Additive Manufactured Products
Sourcing flexibility

As shown in Table 7.8, the ability to use altewatinanufacturing sources was identified for a
number of the case studies. In these examples mastomay avail of other manufacturing
bureaus to produce their products, though for lapgets the need for a large-capacity machine

for fabrication is recognized as constraining suppl
In Table 7.8 three characteristics identified deating sourcing flexibility are presented

1. Vendor specificity in products. These products amy manufactured by the focal
company, and may be protected by intellectual ptgpdghts. Sourcing flexibility for
these products is not possible.

2. Consultancy requirements. These products requirasiderable involvement in
prototyping and development activities that drawtba specialist capabilities of the
focal manufacturer. Moving to an alternate sousceassible, but not all bureaus offer
consultancy services and so flexibility is consteal.

3. Processing constraints, particularly in terms efdlze of parts that could be built.
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Case | Additive Case Name Sourcing Observations
No. Mfr flexibility
1 HearingCo Hearing Aid oo Esta%bllshed relatlonshlp with
our other providers
2 LittleCo Model Ship 00 Consultancy requirement
3 LittleCo Archaeological Models 'Y Ye Size of Iparts limits production to
arger processes
4 LittleCo Architectural Models (X Jo Consultancy requirement
5 LittleCo Exhaust Tool ee0 Consultancy requirement
6 LittleCo LittleCo Fixtures eoe Consultancy requirement
7 LittleCo Sensor Tool ee0 Consultancy requirement
8 BigCo Surgical Guides 000 Vendor specific product
9 BigCo Custom Lamps 000 Vendor specific product
10 BigCo Standard Lamps 000 Vendor specific product
11 BigCo Modular Fixture System o©coo Vendor specific product
: . LY Ye Size of parts limits production to
12 BigCo Furniture Igrger proceF;ses
Key | coo None eco Low eeo Medium eee High

Table 7.8: Sourcing flexibility case analysis
Source: The Author

Vendor flexibility

The flexibility of the three Industrial Additive Ntafacturing companies has been previously
explored in Chapter 6, and the reader is direciddis text for a detailed evaluation of flexibylit

achieved within the manufacturing system.

7.7 Logistics flexibility

Logistics flexibility may be considered in terms lwdth transport flexibility and postponement
opportunities, and in this section these are etatlifor machines, materials, and products. All

guestions in the supplier survey were optional.

7.7.1 Industrial Additive Manufacturing Machines & Materials

Transport flexibility

The supply of both machines and materials to Ingusfdditive Manufacturing companies is
usually managed by3party logistics providers, who manage the transigoods from the

supplier warehouse to the customer.
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Postponement

The definition of logistics flexibility also incogpates the postponement of operations, for which
‘place postponement’ entails the repositioningrofentories in distributed operations. Thus by
extension of this concept, a second attribute gfistacs flexibility is the achievement of

flexibility in the location of production, in ordéo reduce transportation requirements.

As shown in Table 7.3, machine manufacturers tyigicaroduce machines in one or two

locations, from which orders worldwide are fulfdle Five of the seven suppliers ship from a
single country, whilst the others have two manufacg plants from which demand may be
satisfied. Three companies provided details oregjras for production and storage of their three
most popular materials, with evidence for the dhstion of inventories to satisfy demand as

shown in Table 7.9.

Material Supplier | Material Popularity  |Production St orage
1 UK Germany
C 2 Germany Germany
3 USA USA
1 Switzerland Germany
E 2 Switzerland Germany
3 Switzerland Germany
1 Germany Germany
F 2 Germany UK
3 USA USA

Table 7.9: Survey findings on material production ad location
Source: The Author

7.7.2 Industrial Additive Manufactured Products
Transport flexibility

Similar to assessments of transport flexibilitytie supply of machines and raw materials, the
utilization of 3% party logistics providers was employed by eactthoée Industrial Additive
Manufacturers. The operations of these firms hadebeen examined in this study, however it
was identified from the Industrial Additive Manufacers that the utilization of these providers
was based on their experience and core competandelivery. An additional transport option
provided by both BigCo and LittleCo is for custoséo arrange their own collections, which
was frequently employed for customers local to pheduction facility. Within this, transport
flexibility in terms of mode, capacity, and templdsgpes as identified by Naim et al. (2006) may

be exploited based on the selection of a rangdéfefent third party logistics providers.
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Postponement

By producing the product nearer to the demand ¥ beidentified that attributes of transport
flexibility (e.g. delivery date) can be affected slyortening the distance that finished goods are
required to travel. Bateman and Cheng (2002) ifledtithis as ‘devolved manufacturing’, and
such localization has been identified in sevenadlisis as offering benefits for spare parts supply
chains (Holmstrom et al. 2010; Khajavi et al. 20I4)ere was little evidence of this capability in
this study, except some specialist medical prodwbish demonstrated the capability for BigCo
to manufacture products in either Europe or US déipg on the demand requirement. This was
observed to promote shortened lead-times and ingpresponsiveness in the supply of medical
products, and to a lesser extent reduce transportabsts. However, where demand was

adequate BigCo viewed such localization to be Basi

“Also it is becoming easier in the locations whérds needed to
produce parts — this is not something that willréady for tomorrow,
although the reason why it will not be ready fomtwrow is because
you need the volumes. But if demand is there, tatdemypossible — if |
look here, it took us something like [confidentiafionths to set up
production in the US — it is not that complicated® you know how to
do it. If the demand is there then you can do Vecgl manufacturing”.

Operations Director, BigCo

Notably, localized production approaches place tamdil emphasis on information flow within
the supply chain, but have been previously dematestrby the author (Eyers 2010) to optimize

the transportation of finished products and enhaweegall responsiveness to demand.

7.8 Information flexibility

The ability for information to be shared and symnctized across the entire supply chain has been
identified as an advantageous element of supplindhexibility (Lummus et al. 2005), however

in practice for the focal supply chains in thisdstuhere is little evidence of a well-coordinated
approach between all supply chain members. Instemtimation typically decouples at the point

of manufacture as examined in this section.
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7.8.1 Industrial Additive Manufacturing Machines & Materials

Both BigCo and LittleCo identified that the actwibf purchasing new machines typically
involved extended discussions with potential veadwith detailed information typically shared
with the manufacturer in-person, complimented bipfo-up email and telephone conversations.
As identified in Section 7.4, BigCo noted that thechase of Industrial Additive Manufacturing
machines was similar to conventional approachetleCio noted that discussion on material
supply may also feature in these negotiations, wiitters typically placed by telephone or email.
Within this study no examples of integrated ordgraystems for materials were demonstrated,
though collaboration was observed. Li and Lin (2086knowledged that manufacturers facing
uncertainties in demand for their customers areljiko share more information with their
suppliers, and this is evidenced to occur for litfCo and LittleCo. For BigCo close working
relationships with machine and material suppliere @articularly apparent for materials
management, with BigCo routinely providing forecasaterial demand requirements to its
suppliers. For LittleCo, information exchange isamdess formal and exists through semi-formal
discussions between production staff and repreesdaof suppliers. For both manufacturers,
the provision of this information to suppliers wgpically ad-hoc, and may have been initiated
by either side of the relationship. Very little emagis was placed on the utilization of advanced

information systems in the exchange of this infdiama

7.8.2 Industrial Additive Manufactured Products
Within the cases, principal information exchangetween customers and the Additive

Manufacturer varied in nature and co-ordinatios@wsmarized in Table 7.10.

» Integrated electronic information interchange, aeéd through a defined and controlled
system with automation for communication and ordanagement (e.g. EDI, web-based
configurator)

* Non-integrated information interchange, achievednrad-hoc manner with no control or
management (e.g. in person, telephone, email egefan

» Collaborative approaches typically involved extgasinteraction between the customer
and the Industrial Additive Manufacturer in the e®pmental stages of production
(including support with designs and prototyping)formation exchange was typically
detailed, and manufacturers had a good undersiquodlithe customer requirements.

* Separated approaches demonstrated the withholdingfasmation from the Industrial
Additive Manufacturer until the point of orderinge(med the “Over to you” syndrome
by Childerhouse et al. (2003)). For the manufactutbe receipt of the order is

unexpected although the customer may have preyitragled with the company before.
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Integrated electronic approaches promote informatmaring and management within the supply
chain, with automation possible for activities swhpart configuration and therefore promote
information flexibility. Similarly, collaborative gproaches provide depth of information to the
manufacturer, particularly in anticipation and estpéion of the customer order, allowing them to

prepare their operations accordingly.

Additive Case Name Integrated Non- | Collaborative | Separated
Mfr Integrated

HearingCo Hearing Aid %} %}
LittleCo Model Ship %} 4]

LitleCo | Archaeological Models %} 4}

LittleCo Architectural Models %} 4}

LittleCo Exhaust Tool %} 4}

LittleCo LittleCo Fixtures %} ]

LittleCo Sensor Tool %} ]
BigCo Surgical Guides | |
BigCo Custom Lamps | %}
BigCo Standard Lamps | %}
BigCo Modular Fixtures | %}
BigCo Furniture %} |

Table 7.10: Assessment of attributes of informatioffiexibility
Source: The Author

7.9 Market flexibility

The ability for a supply chain to have market flehdy requires co-ordination across the supply
chain in the achievement of new offerings to mkeetdustomer requirement, particularly in terms
of customization and support. Within this studyisitnterpreted in terms of multiple members of
the supply chain working together in the provisadra customer-focused solution. It is identified
that whilst relationships between suppliers andustidal Additive Manufacturing companies
may be close (as described in Section 7.7.1), tviexe is little evidence of these leading to
whole-chain solutions. The only example identifiedthis study is for the ITE Hearing Aid
device, whereby the machine manufacturer (envids@Toffers specific equipment for shell
manufacture (Perfactory Digital Shell Processorattis used by the Industrial Additive
Manufacturer (HearingCo) to provide custom productsaudiologists in satisfaction of the

individual customer requirement.

7.9.1 Industrial Additive Manufacturing Machines & Materials
The industry survey identified that in order topesd to marketplace demand, most (n=6)
manufacturers provided customization options feifrtmachines. This included process options

such as material input, substrate handling, anddpowieving. These configuration options were
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identified as being made at the time of purchaseies(but not all) options could also be made in

future machine upgrades.

In the supply of materials there was little evidewnd flexibility in terms of market requirements,
particularly in terms of customization. A standgrdduct range is normally offered by the
material providers, and there was little identifiempportunity for Industrial Additive
Manufacturers to tailor these to their own requieats. Instead, the emphasis from both LittleCo
and BigCo was consistency and reliability in thetgrials that they used, and they both identified

a reliance on quality materials best suited tdfdisal machine types:

“Material is the most important to us because #& thachine fail[s]
because of material problems, then we have biglgm”

Manager, LittleCo

“Researcher: The [research] papers will tell yoat thowder is powder
is power: from our conversations | appreciate th& not, and that it
does vary a lot?

Respondent: Yes — exactly that.”

Operations Director, BigCo

7.9.2 Industrial Additive Manufactured Products
The ability to respond to the requirements of tharket in terms of the provision of new
products, or the customization of existing ones \damonstrated for all three of the focal

manufacturers.

* For HearingCo, Case 1 demonstrated responsivendle icustomization of products to
meet the exact requirements of individual patients.

* In the LittleCo manufacturer, Cases 2-8 demonstiaecompany’s ability to utilize its
Additive Manufacturing capabilities to produce newoducts for a range of different
customers. Through its design and manufacturingsutancy activities, LittleCo
demonstrated capabilities to elicit customer dedtsaand to work with those customers
to achieve the required products.

» BigCo demonstrated several examples of respondingarket requirements

o Developing new products and supporting softwarelstdo promote their
customization (Cases 8, 9, 11)

o Providing frequently updated catalogue productsrdéfbect changing market
tastes (Case 10)

o Providing new products as designed by its custoif@@ase 12)
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7.10 Discussion

The purpose of this chapter is to tacResearch Question 4: How is flexibility characteried

in Industrial Additive Manufacturing supply chains?

Whilst the importance of supply chain managememnwedi acknowledged (Christopher 1997),
there has been limited consideration of the managerof Additive Manufacturing supply
chains, and in Section 2.11 it was evidenced thertetis a particular dearth in terms of supply
chain flexibility. To tackle this research gap thispter has developed a supply chain flexibility
framework for Industrial Additive Manufacturing, édrusing data collected from sources both
upstream and downstream of manufacturing, provaedppraisal of the nature of flexibility
observed. This consideration extends the limitexaech that has largely focused on either the
internal chain, or the dyadic relationship betwdba manufacturer and customer, and the

achievement of these activities represents theipahcontribution of this chapter.

This chapter has shown that flexibility in the slypghain can be considered in terms of different
components, and that there are a number of diffeeaablers and constraints that affect its
achievement that have been presented in Sectiéns 7.9. One of the most important findings
of this chapter concerns the achievement of sufiekbility, where in terms of the Additive
Manufacturing machines and materials, this studghlights that there are a number of
constraints that impair its achievement. Whilst theerall market for Industrial Additive
Manufacturing is growing annually, as a result @rgers and takeovers the supply of most of the
commercial machines is concentrated to a few largmpanies (Wohlers 2012). Specific
technology types are provided by individual machinanufacturers, meaning thaburcing
flexibility for Additive Manufacturing machines is highly ctmagned. There is, however,
evidence ofvendor flexibility with respondents to the industrial survieyterms of product
flexibility (offering variety and customization imachines), mix flexibility (offering a range of
different machines), and delivery flexibility (offag expedited machine orders). The
implications of these findings are that whilst Istiial Additive Manufacturing companies who
wish to purchase a specific machine type are cainsi in terms of vendors, the way in which

the vendors operates can provide some overalbiléyiin supply.

This study identifies that flexibility in the suppbf materials such as powder or resin may also
be considered as highly constrained. Through iigety respondents at the Industrial Additive
Manufacturing companies identified a requirementptochase materials from the original
machine supplier, which inhibits the achievementearidor flexibility. Notably, four of the seven
machine suppliers responding to the industry suaaknowledged this requirement, though this
was more strongly observed in the structured imters at the trade conference by ten (out of

twelve) manufacturers. This inconsistency in positbetween the survey respondents and
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structured interview respondents is acknowledgdahugh the evidence gained from Industrial
Additive Manufacturing companies supports an oVeessessment that requirements for

approved materials does have a constraining imgraataterial sourcing flexibility.

In the supply of produced manufactured by Indukthidditive Manufacturers, this study has

demonstrated some examples of sourcing flexibiitgereby customers are able to choose from
a range of manufacturers. Whilst this is not pdesithere the product is vendor-specific (e.g.
cases 8-11), for all other cases opportunitiestoather suppliers were identified, though it was

acknowledged that the need for specialist constytakills would constrain some sources.

This finding has particularly important implicat®tior Industrial Additive Manufacturers, and
links to the earlier research within this thesis Ghapter 5 the nature of demand was shown to
often be unpredictable (but necessitating respensiss), and Chapter 6 identified flexibility
characteristics of the manufacturing system toagedpo demand. However, for the system to
operate the requirement for raw materials as inprescrucial, and the findings of this chapter
indicate that flexibility in the provision of these constrained. As a result, Industrial Additive
Manufacturers were shown to hold large quantitfesxpensive raw materials as a hedge against

uncertainty in terms of both supply and demand.

Researcher: One of the interesting things (I hefpgut the PhD is the
nature of flexibility in [Industrial] Additive Maniacturing. I've looked
at flexibility within the operation, and within th&upply chain, and it
seems very interesting that if you drew a multiedoh supply chain —
if you look downstream from BigCo, there’s a lotfxibility in the
way things are supplied and delivered. But whenleak upstream
from you — for Additive Manufacturing we have mashisupply and
material supply, things there are not very flexiiall it would appear?
Things are significantly more constrained....

Respondent: Yes, yes, that is indeed the corrextigsion — yeah.

Operations Director, BigCo

This disjunction of supply flexibility upstream tridustrial Additive Manufacturing, compared
with that downstream is currently satisfied by &taslding of raw expensive materials. However,
as noted by the manufacturing companies, the pataitnew alternative supplies may promote

sourcing flexibilities that may alleviate this régument in the future.
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7.11 Chapter summary

This chapter has examined the nature of flexibilityndustrial Additive Manufacturing supply
chains, and has developed a framework for the sismedt of their flexibility. The mutli-method
empirical investigation has drawn upon informantsoas the supply chain, and the findings
show that whilst Industrial Additive Manufacturifgas a number of attributes that promote
flexibility in the supply chain, there remain a nben of constraints particularly in terms of

supply flexibility for machines and materials.
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Chapter 8 Conclusion

Chapter Aims

Review the conduct and principal findings of theearch.

Identify the contribution made to academic knowkednd industrial practice.

-

3. Summarize identified limitations of the researcid ahighlight opportunities fo

further investigation.

8.1 Chapter overview

This final chapter serves to provide a review @ #ntire study as shown in Figure 8.1. The
chapter commences by examining the principal figsliof the research, and identifying the

original contributions that have been made. Thiadsieved through the seriatim review of the

individual chapters, in which the main findings greesented. Through the appraisal of the
research findings each of the research questi@enarawered, which leads to the development of

overall conclusions.

Whilst a thorough and detailed investigation hasnbgerformed in the conduct of this work, as
with all scholarly research it is acknowledged tih@re are a number of limitations, and these are
detailed accordingly. The chapter concludes withegaluation of the opportunities for future

investigation that are afforded as a result ofréfsarch conducted within this study.

Chapter 2

B Literature Review

Chapter 1 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8
The concep.t of Fulﬁlllng dem?nd The flexibility of Sup.pl.y'cha‘m
an Industrial using Industrial Industrial Additive flexibility for

Introduction  H > Additive = Additive ) : - Industrial Additivepr  Conclusion

= ’ > Manufacturing 3 :

Chapter 3 Manufacturing Manufacturing . Manufacturing
Systems
System Systems = Systems

b Research Method -

Figure 8.1: Thesis structure
Source: The Author
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8.2 Summary of research findings

To summarize the research findings it is usefuteasit the original intentions of the entire

study:

The overall aim of this study is to explore the nature of Industrial Additive Manufacturing
Systems as implemented by commercial practitioners, with a specific focus on flexibility within

the system and wider supply chain.

This motivation was explored i@hapter 1, and is underpinned by a discussion of the current
state of knowledge concerning the managerial irafibois of Additive Manufacturing. Despite
significant media and academic attention on thevong potential for these technologies, there
has been little empirical research regarding thplioations for operations and supply chain
management. The author identified this in a sappindy conducted prior to the commencement
of this research (Eyers et al. 2008), and morentgcthis has been reiterated by other academics
(Bianchi and Ahlstréom 2014; Fogliatto et al. 20T&ylor et al. 2013). Furthermore, there is
increasing evidence of Additive Manufacturing mayirfrom low-volume prototyping
applications through to the direct production ofl-@se parts, increasingly at higher volumes of
production. Understanding the realities of Additivanufacturing as experienced in modern
industry has been identified as essential to itgpdn (Wilson 2012), and without an appropriate
appreciation of the limitations of the technologpstential, users may become disenfranchised
(TSB 2012). This chapter therefore serves to detrates the relevance, timeliness, and

importance of this research topic.

Chapter 2 provided the theoretical underpinnings for theeagsh, through which the research
guestions were developed within the overall ainihaf study. The lack of detailed Operations
Management research for Additive Manufacturing goted the division of the chapter into two
sections: the first to identify the principal thetical concepts (manufacturing systems,
variety/customization, and flexibility of manufadig systems and the supply chain), and the
second within which these were considered in theteca of Additive Manufacturing. This
approach enabled a logical separation of the titezareview types. Part A constituted a
traditional literature review, in which the nat@ed origins of the concepts were explored and an
assessment of contemporary research given. ParpBited the structured review process in
order to formalize and identify the extent of resbdor these concepts conducted in the context
of Additive Manufacturing. Through this approackearch gaps were identified; this review was
updated in the latter stages of the study to confine continued existence of these gaps and

developments in the research.
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This contemporary review of the theoretical consepbvides a unification of the most relevant
aspect of these topics in the context of this stadyl serves to provide an up-to-date theoretical
base for this thesis. Through the structured repeocess, Part B explored a large volume of
published literature on Additive Manufacturing telichit the state of existing knowledge in the
context of this research. During the timeframehi$ study the topic has significantly increased
in popularity, however the management principleglaed remain relatively under-researched

demonstrating both the relevance and novelty sfdbictoral research.

In Chapter 3 the design of the research was explored, and ghrawdetailed evaluation the inter-

relationship between methodology, method, the idd&l researcher, and the traditions of
disciplines was presented. The selection of an @hay principally qualitative approach

underpinned by the epistemological and ontolodiediefs of the Critical Realist researcher was
justified, and implications for the study explained detailed account of the multiple methods
employed in this research is given, including aassion of the methods of data collection and
analysis. Within this chapter the three collabemtndustrial Additive Manufacturing companies

were introduced, and the twelve case studies cawed (supported by Appendix A).

Chapter 4 developed the concept of an Industrial Additive Macturing System, drawing upon
empirical research and the technical review foumdppendix C. In Chapter 2 it was shown that
there has been no consistent understanding of whastitutes an Additive Manufacturing
System, which has led to many researchers focusm@pportunities afforded by machines,
rather than whole systems. In other contexts suctagproach has long been established as
suboptimal (Ackoff 1997; Parnaby 1979).

The research presented in this chapter combinedaPgs established concept of a
manufacturing system with data gained through thecdse studies to explore the activities,
resources, and controls identified within the thmenufacturing companies. In contrast to many
studies, emphasis is placed on elements other thenindustrial Additive Manufacturing
machine, in particular the contribution made by lddgour components and other contributing
manufacturing processes. From this assessmenp@gie boundaries and interconnections are
identified, leading to the proposal of a four-compot model of an Industrial Additive
Manufacturing System. The effective operation ofhs@a manufacturing system requires that
despite the external influences placed upon itgd@mm stable operation is achieved through
appropriate control systems (Parnaby and Towill92)0yet as demonstrated in Section 2.8
control has received scant research attention fiolithee Manufacturing. Within this chapter, the
generic control architectures for manufacturingtesys as proposed by Dilts et al. (1991) are
demonstrated in the context of Industrial AdditManufacturing, and their relative merits for

this application explored.
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Chapter 5 examined the way in which Industrial Additive Maacdfuring Systems are employed
in the satisfaction of different types of demar&eminal guidance from Hayes and Wheelwright
(1979) has linked manufacturing processes withvtiieme and variety of products, and these are
explored within this chapter. Within Section 2.9wls shown that existing literature has
identified the technologies of Additive Manufachgias being suitable for the production of
many part variants, including those which are austed, but that there is inconsistency in terms

of production volumes, and very little evaluatidmon-technological components of the system.

This chapter examined the nature of demand expmikrby the manufacturing companies,
before providing a detailed examination of the aapion of the Industrial Additive

Manufacturing System concept. Through an appraitabse studies from three manufacturers
the opportunities and implications were exploreainfrthe perspective of the manufacturing
system, rather than just the Additive Manufactutiechnologies. Building on this appraisal, and
including the other nine case studies of this meseadhis chapter provided an evaluation of the
alignment of Industrial Additive Manufacturing Sgsts to the Hayes and Wheelwright (1979)

product-process matrix, demonstrating several miffeconfiguration strategies.

In Chapter 6 the concept of flexibility was explored from theternal (customer) perspective,
and the internal (manufacturing operations) peitsgecThis chapter therefore built on chapters 4
and 5 through which the manufacturing system conegs developed, and then subsequently

demonstrated in the satisfaction of demand.

External flexibilities consider the requirementstioé customer, and using the established ‘first
order’ flexibilities these are evaluated througheimiews to highlight the most pertinent
requirements. A detailed evaluation of the natdrinternal flexibilities was achieved through
the development and execution of a flexibility tigmyy and assessment procedure. Using the data
from twelve case studies, each component of theufaaturing system was evaluated in terms of
its demonstrated flexibility for each of the seweternal flexibility types. In doing so, enablers
and constraints were evaluated with respect todbeurces of the manufacturing system, and the
concept of flexibility was demonstrated in the @xttof Industrial Additive Manufacturing

Systems from an Operations Management perspective.

Chapter 7 extended the work of the three prior empirical ¢begpin an evaluation of the
Industrial Additive Manufacturing Supply Chain, tming on its nature and the contributors and

inhibitors of flexibility.

This chapter addressed current limitations inditiere which tend to concentrate on the potential
of Additive Manufacturing to affect either suppliyains of the future (e.g. Christopher and Ryals

2014), or focus principally on the internal or digaperspectives of the supply chain. By focusing
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specifically on flexibility within the supply chairthis chapter tackles a topic that has received
scant research attention to-date. Within this draghe nature of supply chain flexibility for
Industrial Additive Manufacturing was explored, lding on the earlier analysis found in the
literature review. Using the modified framework@ficlos et al. (2003), and drawing upon data
from multiple informants, this chapter emphasiskee hature of flexibility arising at different
parts of the supply chain, and demonstrated ersabled inhibitors of different flexibility types.
These were shown to have demonstrable consequénicéake management of the internal

operations of Industrial Additive Manufacturingnfis.

Chapter 8is the current chapter which provides a summath®inain findings of this research,

and directions for further investigation.

8.3 Original contributions made by this research

This research has demonstrated the extent of coatemy knowledge concerning the
implications of Industrial Additive Manufacturingy§tems for Operations and Supply Chain
Management through a multi-method literature reyiewd has therefore been able to clearly
delimit the research gaps that are subsequentlgfigdt in this thesis. These reviews have
evidenced a lack of detailed scholarly researclteaning the effects of Additive Manufacturing,
and the general dearth of empirical investigationducted in collaboration with practitioners is

particularly apparent.

Within the discussion of each chapter a statemeptincipal contribution has been made, and

these are restated in the following summary.

1. Identification and investigation of Industrial Additive Manufacturing in the context of a

manufacturing system [Chapter 4]

Within Section 2.2 it was shown that whilst a ssnghderstanding of the manufacturing systems
concept does not exist, sufficient commonality &xte identify its principal nature and benefits
arising from managing a system rather than a plathaf individual resources. Building
extensively on the seminal works of Parnaby (198) Parnaby and Towill (2009) and using
evidence collected from three different manufagsiead twelve in-depth case studies, this study
has developed and demonstrated the concept ofdusthial Additive Manufacturing System,
and the identification of principal activities, cpoments, and approaches to control for the
system. To-date, most Additive Manufacturing resedras focused on the contribution of the
machines in production, and largely overlooked otmntributors. This study therefore makes a

novel and important contribution in recognizing thtber resources used in production, and by
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demonstrating these in a systems context, enaklesarch to consider holistic rather than

piecemeal management and evaluation.

2. ldentification of the nature of demand in Industrial Additive Manufacturing Systems,

and approaches to its satisfaction [Chapter 5]

Through a multi-method investigation of the focahmufacturing companies the nature of
demand has been identified, implications of unoagtaexplored, and a detailed understanding of
approaches to demand satisfaction achieved. An remapievaluation of the Hayes and
Wheelwright product-process matrix has demonstréited Industrial Additive Manufacturing
Systems can be employed in many different volumréetsacombinations, including those which

are traditionally identified as being suboptimal éonventional manufacturing systems.

This is an important contribution as it providesietailed understanding of the application of
Industrial Additive Manufacturing Systems in reabnd practice, rather than the conceptual or
laboratory-based studies that are commonplace fdditlkke Manufacturing research. In
particular, the identification of these systemshwispect to the Hayes and Wheelwright product-
process matrix provides an important demonstratibthe uniqueness of Industrial Additive

Manufacturing Systems relative to ‘conventionalpegaches.

3. Development of an assessment mechanism to evalutte flexibility of Industrial

Additive Manufacturing Systems [Chapter 6]

Whilst Additive Manufacturing is often described ‘#exible’, this term is typically used with
little precision, is frequently pleonastic, and matly refers to machine capabilities only. This
study has provided redress for this situation bgniilying an appropriate typology and
assessment mechanism for Industrial Additive Mactufeang Systems, and through a detailed
evaluation of twelve cases demonstrated the naitirgexibility (including its enablers and
inhibitors).

Flexibility has long been established as a comipetibbjective for manufacturing operations
(Leong et al. 1990), and this research thereforkeesian important contribution by increasing the
specificity of the concept, and through empiricaldstigation identifying the nature of flexibility

experienced in Industrial Additive Manufacturings&ms.

4. Development of an assessment mechanism to evalutite flexibility of Industrial

Additive Manufacturing Supply Chains [Chapter 7]
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Supply chain flexibility is identified in many stig$ as an important capability in the effective
management of supply chains, yet in terms of AddiiManufacturing this study has shown there

has been very little research conducted.

This investigation therefore provides an importaomtribution to this research gap by developing
a suitable assessment mechanism of supply chaixibifiy for Industrial Additive

Manufacturing. Drawing on established supply chflexibility literature, five constituent

components of supply chain flexibility are cleartlefined: operations, supply, logistics,
information, and market. Each of these is expldred detailed multi-method investigation of
Industrial Additive Manufacturing supply chains,adting on informants both upstream and
downstream of the Additive Manufacturer. In doingy #mportant enablers and inhibitors of

flexibility are identified, allowing for supply clivaflexibility to be discussed in depth.

8.4 Answers to research questions

This study applies Parnaby’s manufacturing systemthie context of Industrial Additive
Manufacturing, from which evaluations are made hid Operations Management concepts of
demand, flexibility, and supply chain flexibilityt extends existing Additive Manufacturing
research on the achievement of customization amdviume manufacturing, particularly in
terms of Tuck et al. (2008).

This thesis builds on established concepts for &jmrs and Supply Chain Management, and
contextualises them in terms of Industrial AdditiManufacturing through empirical research
conducted with leading practitioners. In contrasiiany other studies, by focusing on Industrial
Additive Manufacturing in terms of a manufacturisgstem rather than individual process
technologies the research demonstrates both the challengesbandfits arising from the
adoption of the machines and their integration withe production environment. As a result, the

findings have implications for both research aratpce.

Four research questions have been tackled in tily,seach of which has been developed from
literature gaps identified in Chapter 2 and tacldeduentially in Chapters 4 - 7. The following

four sections provide a succinct summary answeedoh of these questions, based on the
findings of each relevant chapter. As shown in Fég8.2, each research question tackles an

identified gap, contributing to the satisfactiorntioé overall aim of this doctoral study.
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Gap 1: There has been
little consideration of
Industrial Additive
Manufacturing in the
context of' a
manufacturing system

e

h 4

Gap 2: Little empirical
research has identified
how Additive
Manufacturing systems
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Chapter 8: Conclusion

8.4.1 Research Question 1: What is the structure @in Industrial Additive Manufacturing
System?

An Industrial Additive Manufacturing System is conged of a series of activities, enabled by
human, machine, and information resources, operatithin the guidance of an over-arching
control architecture. Developed from the generalcept of a manufacturing system explored in
Section 2.2, an Industrial Additive Manufacturings&m may be represented visually as shown

in Figure 8.3.

SYSTEM CONTROL |

Design Pre-processing Manufacture Post-processing h

Figure 8.3: The concept of an Industrial Additive Manufacturing System
Source: The Author

Building on Parnaby (1979) and Parnaby and To2Dl09a), the research presented in Chapter
4 identified that there are four principal compasethat are common to Industrial Additive

Manufacturing Systems:

Design;
Pre-processing;

Manufacturing;

A

Post-processing.

Using IDEFO diagrams principally developed fromgass observation and interviews, the nature
of these components has been identified. It is shtivat each of these components is an
aggregation of similar activities, behaviours, ammhtrols, and has been demonstrated for all
twelve case studies and three manufacturing syst¥vdist the technologies of Industrial
Additive Manufacturing are shown to contribute e fulfilment of production, a range of other

machine, labour, and information resources areidiatified as being necessary for the system.
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In line with conventional manufacturing systemsuanber of different control architectures are
be identified as being feasible for an IndustriaddiAive Manufacturing System. Using the
synthesis of Dilts et al. (1991), this research Wasnonstrated the application of control
architectures for Industrial Additive Manufacturiystems, and highlighted the relative merits

and constraints for each architecture.

8.4.2 Research Question 2: How can Industrial Addie Manufacturing Systems support
different types of demand?

Within this study (Section 2.9) it has been shotat tAdditive Manufacturing technologies are
often promoted to achieve a wide range of geonwtrigrticularly for low-volume and
customized demand. The practicalities of how AgditManufacturing satisfies demand are,
however, poorly understood (Wilson 2012), and tttdveunderstand the way in which it is
satisfied, in Chapter 5 demand has been princigglimited in terms of volume and variety
characteristics. To provide context for this evitug at the organizational level it has been
shown that Industrial Additive Manufacturing firnase subject to a wide range of different

demand requirements, often with much uncertainftsinature.

Through three in-depth case studies a detaileduskison of the activities undertaken for each
component of the manufacturing system is presenrtediesign different approaches to the
elicitation of demand are demonstrated, highlightithe interaction of the customer and
manufacturer. Irpre-processingsome of the most pertinent considerations anisides made
by the manufacturer are explainda post-processingemphasis is made on the finishing of parts
by labourers and the combination with other compts & produce end products. Some authors
have suggested Additive Manufacturing leads to laoda reduction and/or deskilling of
manufacturing (Nyman and Sarlin 2012), yet thiseaesh highlights the need for a careful
consideration of many attributes. At present, whdsthusiasm exists for a ‘just-click-print’
approach to manufacturing (Anonymous 201l1a), desaicitation and manufacturing
configuration requirements are observed to comstifsis potential eventuality. By comparison,
Manufacturingis shown to be a highly automated process in whantts are typically produced
in simultaneous builds; this is in support of earieconomic models for production (Atzeni et al.
2010; Ruffo and Hague 2007). It is demonstrated thiathe manufacturing stage, geometric
customization has little implication for the protioa equipment. This supports existing
enthusiasm for the technologies to produce cusexnparts, and to lessen the ‘specificity’ of

manufacture (Helkié and Tenhiala 2013).

From a detailed appraisal of the twelve case studibe applicability of conventional

manufacturing theory is examined in the conteXhdustrial Additive Manufacturing Systems. It
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is shown the Industrial Additive Manufacturing Syss can be effectively employed in
production both on-and-off the ‘optimal’ diagondl the product-process matrix. There are,
therefore, multiple configuration strategies thatncbe employed for Industrial Additive
Manufacturing Systems. The case studies identigdaiction in the impact of customization on
the manufacturing system using software tools (ptorg the reduced specificity posited by
Helkio and Tenhiéla (2013), together with a focgsaf labour (reducing its overall contribution

to manufacturing as suggested by Tuck et al. (266&upporting this capability.

8.4.3 Research Question 3: How is flexibility chaaerized in Industrial Additive

Manufacturing Systems?

Through the structured literature review preseintedhapter 2, the concept of ‘flexibility’ in the
context of Additive Manufacturing was demonstraed being ambiguous, and often poorly
substantiated. Drawing on research from a wide @afgooth theoretical and applied papers it
was demonstrated that the concept was most oftkedito the ability of Additive Manufacturing
machines to produce a range of different produttdifeerent production volumes, but as yet
there has been little focus on the multifariousosgn of flexibility from either an Operations

Management or manufacturing systems perspective.

The nature of flexibility for Industrial Additive Bhufacturing Systems may be evaluated from
both external and internal perspectives, and tidicgtion of flexibility types already established
for Operations Management is demonstrated as apat®fn this context. Within this study four
external types (product, mix, volume, and deliveasg identified, and based on interactions with
the manufacturers and customers this study repmrtghe findings of four cases. Product
flexibility is identified as a requirement in alf the focal cases, either in the customization of
existing designs or the development of new produEts the latter, the ability to provide
prototypes in the support of new product develogneshown to be a capability availed of by
customers. Mix flexibility was not evidenced in sleecases. Volume flexibility was only relevant
for a single case, where an ongoing relationshijwéen customer and manufacturer was
established. Delivery flexibility was shown to tgally involve expediting delivery, however in
one case the potential to delay orders was denadedtras supporting improved alignment

between demand and supply of parts to customers.

As identified in Section 2.10 much of the liter&uras focused on the flexibiligapabilitiesof
the Additive Manufacturing technologies, rathemtliiae specific flexibilitytypesenabled by the
system as a whole. The flexibility of any manufaicty system is inherently reliant on multiple
contributing components Slack (1987), and by ewvalgaflexibility in terms of the different

types and contributors this study extends these meneral works.
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To understand the internal nature of flexibilitytypology of seven flexibility types was proposed
and explored for each of the four manufacturingesyscomponents. For each of the twelve case
studies a classification of flexibility was proviibased on the penalty observed. It was shown
that whilst there are some specific characterigifcsases that influence the findings, for many
flexibility types there is both inter- and intrarfi consistency in their achievement, and in

Section 6.5.5 these patterns are explored in detall

8.4.4 Research Question 4: How is flexibility chai@erized in Industrial Additive

Manufacturing supply chains?

In Section 2.11 it was shown that very little colesation has been given to the nature of
flexibility within the Additive Manufacturing supplchain. In response to this research gap,
sixteen different approaches from other areas skarh were evaluated, from which a
modification of the Duclos et al. (2003) framewavks utilized to assess the Industrial Additive
Manufacturing Supply chain in terms of five fledityi types (operations, supply, logistics,

market, and information).

One of the most interesting aspects of this rekeiarthe nature of supply flexibility within the
supply chain. Using data from cases and an inggsirvey it was shown that a dichotomy of
supply flexibility exists, delimited at the poinf ¢ndustrial Additive Manufacturing. Supply
flexibility upstream of the Industrial Additive Mafacturer is currently constrained as a result of
sourcing flexibility. Constraints in sourcing mas#s are shown to make Industrial Additive
Manufacturing companies reliant on few (sometimes)cupplier(s) of material. Machines are
supplied with a typical three-month lead-time, f@hich there is no sourcing flexibility. By
contrast, supply flexibility downstream of InduatriAdditive Manufacturing is typically much

greater.

Within this study it is shown that there is highrighility of demand from customers, and for
general requirements (i.e. not specialized medipalications such as Hearing Aids or Surgical
Guides), much sourcing flexibility possible. Alttghulndustrial Additive Manufacturing Systems
are capable of improving supply flexibility to dostream customers, current constraints in
material and machine supply hinder overall supghaic flexibility. Despite uncertainty in

demand, Industrial Additive Manufacturing companieast hold stocks of raw materials to

counteract inflexibility in material supply resuitj from poor sourcing or vendor flexibilities.
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8.5 Limitations of this study

8.5.1 Methodological limitations

The selection of a predominantly qualitative applhoto the research conducted in this study is
principally justified by its exploratory nature giv the lack of research in this area. It is alsth w
suited to the epistemological and ontological pecspes adopted by the author, and within this
study it has been demonstrated as suitable indhiev@ment of in-depth information relevant to
Operations and Supply Chain Management. Whilst dppropriateness and application of
qualitative research has been discussed at lendg@hapter 3, it is acknowledged that qualitative
research is harder (but not impossible) to germraliom. Mason (1996, p. 6) notes that
qualitative research “should produce explanatiohi&kvare generalizable in some way, or have a
wider resonance”, and the author is in agreemeigigesting generalization where appropriate.
However, it is important to recognize that thiseash was not designed with the intention of
widespread generalization of results, and it ismaekedged that further research would help to

extend the generalizability of the current studiriglings.

The adoption of a case-based approach to the obsisaappropriate for tackling “how” questions
(Yin 2009), and within this research it has beeomshto enable a detailed understanding of the
intricacies of Industrial Additive Manufacturing 8gms. Combining different degrees of focus
and depth allows the development of cases for d&sgo description, and mapping (Stuart et al.
2002), and through the twelve cases presented i résearch this has been achieved.
Generalization from case data is theoretically ipsgFlyvbjerg 2006; Ruddin 2006), and has
been demonstrated in this research. However, @egptacknowledged advantages of the case-
based approach, the author notes that its condes lkad to challenges in the management of
data, both in terms of its overall volume and thabfem of managing different degrees of depth
in its analysis. Convincing the sceptical reviewarticularly those from a quantitative
background) of the merits of a qualitative caseeHastudy can be difficult, and for Ahlstrém
(2007) the best approach is to illustrate the amsilgrocess, and provide sound linkage between
data and resulting theory. This does, however,ireghe researcher to distil rich qualitative
research into the fundamental essence. Such ¢olegirocessing, and presenting of data is
acknowledged to be difficult, and within this resd#mthe proposal of Stuart et al. (2002)
concerning a process of demonstrating chains afeewge presented in tables has been adopted

where feasible.
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8.5.2 Execution limitations

The research and preparation of this doctoral shasist, by definition, be solely the work of a
single student author. As a result, finite conatsabound the time and financial resources that
are available. Within the physical sciences, stugeojects are typically conducted in research
centres, for which the student may draw upon thieeated resources of a large facility. In the
social sciences, doctoral research tends to bera mdividual pursuit that is unable to leverage
some of the benefits arising from research cenffbs is true of the current study, and it is
acknowledged that the extra efforts needed by d¢isearcher to identify previously unknown
research participants and nurture ongoing collaberaelationships takes time away from data

collection and analysis.

The nature of the research participants must asacknowledged as a potential limitation of this
study. Overall, this study has drawn from a rangeoth managerial and operational sources, and
their perspectives have been invaluable in theldpugent of this empirical study. The author is
extremely grateful for their involvement at all g#s of the research, and has recognized this in
the opening acknowledgement section of this thediswever, although much effort was
expended in attracting research participants tostiely, it was not possible to attract any
manufacturers from Asia. As a result, whilst thisdy has received contribution from many of
the ‘main players’ of Industrial Additive Manufaciing (from UK, Western Europe, and USA),
the potential developments in emerging countriehsas China has not been explored in this
study. Whilst this does not invalidate the findingfsthis current research, it is important to

recognize that the presently emerging marketsneidd to be considered.

A further limitation concerns the selection of listhial Additive Manufacturing Technologies
evaluated in this work. In choosing Laser Sintef@edective Laser Sintering and
Stereolithography systems, this research has egpldhe most commercially prevalent
technologies (Wohlers 2012), and by complimentimg tith the less popular but still relevant
envisionTEC Perfactory processes the study attemgptgenerate findings representative for
Industrial Additive Manufacturing Systems as a véhdHowever, it has been noted within this
study that different processes have different iogtions for operations, and whilst evaluation of
an extended range of technologies is not pracivithin the constraints of this study, the author
recognizes that the characteristics of other teldgies may have some influence on the activities

conducted within the manufacturing system.

In the development of case studies, the utilizabbnnterview methods has been particularly
useful in the collection of data, and within thea@ter 3 the theoretical benefits and drawbacks of
these approaches is documented. The quality afvietes is inherently linked to the abilities of

the interviewer, and the relationship they havehwtite interviewee. Where possible, multiple
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interviews were conducted with respondents, allgwior the development of relationships and
increased trust. Interviews are, however, an expemsethod for data collection — particularly
for this type of doctoral research where internaldravel for their conduct was required. Whilst
the data collected in this study is sufficient tawd the conclusions that have been made, with
greater resources it would have been beneficiahttertake more interviews with a greater range
of participants. This would have allowed more tgpto be explored, and also the potential
development of research avenues that are acknoedetigexist but have not been travelled in

this work.

Finally, the practicalities of publishing reseafcbm commercial sources must be recognized.
Whilst this study has explored twelve case studie®ss three manufacturing systems, it is
acknowledged that not all information gained coblel included in this thesis. Whilst the
companies involved shared a large amount of infaonavith the author, commercial sensitivity
dictates that some of the material obtained mayaqiublished. The author is extremely grateful
to all participants that have engaged in this mieseand is mindful of his ethical obligations both
to these companies, and also to future researcwlis may wish to work with these
organizations. For this reason some data is omitted this thesis, and where necessary the most

sensitive withheld data has been destroyed.

8.6 Opportunities for further research

The changing nature of the Industrial Additive M&miuring landscape means that whilst the
current study makes a useful contribution to knolgée developments in the research
(particularly of the process technologies and nmtewvailability) offer new avenues for future

investigation. From the systems perspective, shahges have important implications:

“Purposeful systems and their environments are taatlg changing.
Solutions to problems become obsolete even if thélems to which
they are addressed do not.” Ackoff (1997, pp. 4384

During the conduct of this study there was evidesfcapplications, technologies, organizations,
and supply chains experiencing change, and asu#t fe=squent clarifications were sought from
interview respondents to ensure data collectedsihsalid. Whilst there was little obsolescence
of data arising during the conduct of this enquaytrent projections for the future of Additive
Manufacturing (Anonymous 2014; CSC 2012; Foresigbi3; Mankiya et al. 2012) and of
Operations Management itself (Gunasekaran and R@&a2; Holmstrom and Romme 2012)

suggest change will lead to a number of future aiete opportunities. Five particularly
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interesting topics for future Operations Managenmesearchers are detailed in the following

sections.

8.6.1 Understanding the implications for supply chia risk management

The evidence presented in Chapter 7 examined tlhweenaf flexibility within the supply chain,
and in doing so highlighted a number of inflexiisds and implications of these. One most
important finding of this research concerned infddity in the supply of raw materials for
production, where it was shown that Industrial Aiddi Manufacturers have few sources from
which to achieve their materials. This materiabfien transported through multiple countries to
reach the manufacturer, and is susceptible to mplisru along the way. As a result, Industrial
Additive Manufacturers were shown to hold expensivffer stocks as a pragmatic hedge against

vulnerability in the supply network.

This example serves to highlight one strategy astbity Industrial Additive Manufacturers
towards what is termed ‘Supply Chain Risk ManagdméICRM). This concept has gained
much traction since 2000, particularly in the wakHeserious disruptions to increasingly global
supply chains (Dani 2009), and has been recogrirddcreasingly important element of supply
chain management (Ritchie and Brindley 2007). Risksupply chain concerns disruption to
flows (of material, information, products, and mgnhbetween organizations (Juttner 2005), and
such disruption has the potential to affect thecieffit management of the supply chain (Ghadge
et al. 2012). The importance of this topic, togetiwéh the increasing knowledge arising from
recent research makes an extension into the cootdémtiustrial Additive Manufacturing supply

chains. Three feasible directions for research are:

1. Whilst a number of SCRM studies have identifiedrses of risk for supply chains in
general, there has been no appraisal of thesecigdhtext of Additive Manufacturing.
Jattner (2005) identify that any SCRM strategy mbet broader than an individual
organization, and consistent with the current stildg suggested that further research
explores the nature of supply chain risk both @astr and downstream of the Industrial
Additive Manufacturer.

2. Harland et al. (2003) identify that risk assessmembuld examine the likelihood
(probability) and significance (consequence) okgisin line with previous activity,
further research could aim to better understandelative importance of individual risks
within the supply chain.

3. Identification and evaluation of effective strategior SCRM in Additive Manufacturing
would make an important contribution to knowled@trategies for SCRM are often

divided into those which arproactive (planned in advance of risks materialising) or
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reactive (dealing with the consequences of risks that haeterialised). Dani (2009)
proposed a predictive-proactive methodology thatldigrovide adequate quantitative
data (gained through a variety of mechanisms) lp tiganizations understand risks and
form proactive plans. This more structured methogipwould build on the results of the
more exploratory research posed in the previous disections, with the potential to

provide useful findings for both academia and itidus

8.6.2 Examining the potential implications of low-ost printers

The present study has intentionally focused on dtréhl Additive Manufacturing Systems, and
this is justified by their process capabilities atate of industrial adoption. However, the market
for low-cost printers has shown significant groittiohlers 2013), fuelled initially by the expiry
of Additive Manufacturing patents (e.g. FDM, andrmoecently LS). At present these systems
lack sophistication and are unable to produce misdthat compete with either Industrial
Additive Manufacturing Systems or most conventiotethnologies, but it is reasonable to
assume the capabilities of these low-cost machikksmprove in time. Various authors have
suggested this will lead to a revolution in manufaog (Berman 2012; Bogue 2013), but as yet
there is little compelling evidence to support tindhe near-term. Further empirical research is
needed to explore which applications are most lsigiteor ‘desktop manufacturing’, and how this

would affect Operations Management.

8.6.3 Identifying the potential of Industrial Additive Manufacturing Systems to support

Lean, Agile, or Hybrid (Leagile) Manufacturing

Some initial efforts have been made to establis switability of Industrial Additive
Manufacturing technologies to support Lean Manufiacy, however this is still at an
exploratory stage. Tuck et al. (2007a) identifyt tRapid Manufacturing technologies enable lean
and agile production, and present some initial casesupport their work. Related work in a 3D
printing context is presented by Nyman and Sard01@). Similarly, Vinodh et al. (2009a)
identify that agility in manufacturing has achievadited consideration in the research literature,
and demonstrate implementation in an SME (Vinodhle2009b). Whilst both examples show
some potential opportunities, more detailed wonkdseded to understand the implications arising
for the manufacturing systems in organizations.hiithe present study, Chapter 5 shows how
some higher-volume products (despite being cusidizan be suitable for line-based setup,
whilst low volume production may be aligned to jabd batch based production. BigCo
identified efforts towards achieving lean productigithin their high volume medical products,

but constraints in material supply particularly heered their ability to minimize stock-holding
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and engage in JIT production. It would be bendfiéta academia and practice to better
understand how the principles of Lean and Agile wfiacturing could be employed in

contemporary Industrial Additive Manufacturing Syrss.

8.6.4 Further exploration in the potential of distibuted Industrial Additive Manufacturing
Systems

Within this study HearingCo identified distributesinufacturing as a potential capability that
could be exploited to offer both volume and routflexibility for the manufacturing operation.
BigCo actively demonstrated for its medical divisithe use of distributed Industrial Additive
Manufacturing in the fulfilment of demand for custi@ed medical devices nearer demand. In
both cases this yields a physical distribution radustrial Additive Manufacturing System. The
components of design, and pre-processing remain éentralized facility, whilst manufacture

and post-processing occur closer to the final deilnan

Initial explorations of distributed Additive Manwufaring have tended to focus on the technical
implementation of such systems (e.g. Bateman amethB004; Luo et al. 2004; Tay et al. 2001),
but it is already well known that technology aldsaunlikely to improve product development
(Sethi et al. 2003). Adoption of e-commerce techgigls has many effects on the supply chain,
including implications for procurement and suppBetection, visibility and information sharing,
pricing and distribution, customization and posgoent, and for aspects of decision support
making (Swaminathan and Tayur 2003). For Operatidf@nagement this yields many

interesting and as-yet unanswered questions thaltvioe feasible directions for future research.

8.6.5 Implications of Metal-Processing on IndustribAdditive Manufacturing Systems

This research has focused on polymer-based Industdditive Manufacturing Systems, which
are by far the most prevalent in industry. Howevechnologies such as EBM and DMLS are
increasing in their capability and popularity, partarly for aerospace and medical applications.
Whilst there are fundamental differences betweemitbtal and polymer processes, there is much
consistency in many of the other activities undemta in manufacturing. It is therefore
hypothesized that the present study is relevanthése technologies also, however further
empirical research is needed to establish the etdemhich the findings of the present study may

be extended to these manufacturing systems.

275



Chapter 8: Conclusion

8.6.6 How does technological immaturity affect thenethods used in Operations

Management research?

One of the major challenges facing researcherbesselection of appropriate methods for the
conduct of their work. As explained in Chapterl8s trequires a careful alignment between the
methodological beliefs of the researcher and tlve@ance of the methods as valid by the target
audiences. For Operations Management, emphasissitivistic research employing quantitative
methods such as surveys and modelling is prevailestholarly journals, yet these methods are
not typically recognized as the best approachesexploratory research. For emergent
technologies such as Industrial Additive Manufaoiythe limited number of potential research
participants and the fragmented nature of impleatent are problematic for some positivistic
methods. Within the current study it clear that lethihe survey in Chapter 7 has successfully
identified the nature of supply of Additive Manufiaeng machines and materials relevant to the
majority of installed machines, the small populatsize inherently limits the application of more

advanced statistical methods.

If the recognized methods for publishing Operatibtamagement research are unable to explore
emergent and immature technologies for manufagjutiren the risk is that it ‘reports’ practice
once established, rather than contributing to égetbpment. Given the identified preoccupation
with Operations Management research to be reléagamanagement practice (Slack et al. 2004),

this disjunction between method and audience mienitser investigation.

8.7 Chapter summary

This chapter has revisited the individual chaptdrshis thesis, and has demonstrated how the
aim of the research has been achieved througlotigct of the study, leading to the satisfaction
of the research questions. Within this chaptermpttiecipal contributions to knowledge has been
emphasized, within the acknowledged limitationshef study. Whilst this research investigation
has achieved its stated objectives, six most martimnd important directions for the future

continuation and development of this research meng
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Appendix A: Case research overview

Appendix A An overview of the case research presesd in this study

In the course of this research three Industrialithasl Manufacturing companies were examined in ptdainderstand the nature of their operations, and
the way in which manufacturing was implemented arathaged. Each company produced a range of differeducts, and as discussed in Chapter 3,
the Unit of Analysis within these cases is the patdFrom the wide range of potential cases availfdr investigation, the following twelve were

selected based on:

» Availability of data from the manufacturer and afsmm other companies within supply chain
* Representativeness of product to typical suppthefcompany
» Confidentiality constraints

« Willingness and appropriateness of all respondengsrticipate in the reseafch

Hence, although the research is informed by th&ggaating companies’ production of a range of gaoahly twelve are selected for inclusion in this
study. As an aid to the reader in the followingteeca brief overview of these cases is preserded, where confidentiality constraints permit,

photographs of the individual products providedupport the discussion.

* For example, the author chose to omit one relevasg as he was not satisfied that the participatistomer fully understood the implications ofitte@ntribution to
the study. The author believed that consent mustfbemed consent, and that for the particular dhseresearch participant was not capable of actgean adequate
understanding of the potential impact of their jggpation.
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Appendix A: Case research overview

Case 1 Hearing Aid Shells

Additive Manufacturer HearingCo Annual Volume Tens of thousands
Manufacturing Technology envisionTEC Perfactory Variety/Customization High

Classification Rapid Manufacturing Visibility Low

Machine Supplier EnvisionTEC Variation of Demand High

Material Supplier envisionTEC Time Window Next day
Customer Audiologists (for supply to patients)Approach MTO

Case Overview

This case concerns the production of “In The E&FE] Hearing Aid devices, which are used by indiats with impaired hearing to provide some
degree of correction. In the conduct of this caserésearch interviewed two audiologists (hearimmggssionals qualified and licenced to supply heari
aids), and also conducted interviews at HearingCidearing Aid manufacturer. A detailed discussibthe production of Hearing Aids is explored in
Chapter 5.

There are several different types of Hearing AigjgFe A.1), and the ITE device is used for botHdriein and adults with more profound hearing loss.
The device fits entirely within the ear canal, stlesly amplifying noises from outside the ear. ThE& device consists of an outer shell, within whi
number of electronic components are held, includimgicrophone and a Digital Signal Processor (D&kh is used to process the external sound and
convey it to an amplifier. Each ITE hearing aiccanfigured to the requirements of the individualigrat. This necessitates a customised hearing aid
shell to fit the individual ear, and a customisedfiguration of the internal electronics to matble hearing-loss profile. The configuration prociass

normally initiated by the patient visiting the aoidigist for an assessment of their hearing, ekilsest new customer or as an existing patient.

HearingCo produced ITE devices using traditionaftctechniques until 2000, with devices manuallgated by a skilled technician. The process has
previously been described by Cortex et al. (20@gre having achieved a cast from the ear impnessiae further steps involving recasting, trimming

and drilling are necessary to create the final pebéh a time consuming, fiddly operation.
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Appendix A: Case research overview

For Operations Management, the challenge facingufaaturers is the achievement of a highly custothizevice, but with a very short manufacturing
lead-time (often termed the ‘customization-resposséss squeeze’ McCutcheon et al. (1994). Hearind€dified that the traditional crafting of each
shell took three hours, with overall manufacturiegd-times for the entire device being in excessnaf week. Quality was identified as being variable

with approximately 35% of all devices being retw iy users as a result of poor fit.

In this case, the ability of Additive Manufacturitgchnologies to produce custom geometries withopgnalty over standard geometries is exploited,
and technologies suited to small batch productrenuaed to promote flow. These machine capabiliiesbined with flexibility in the workforce and
focus in terms of the product range being produesdlt in a line-based manufacturing system capafijpgoducing devices within a few hours, with a

reduction of customer returns to 2%.

Completely-in-
the-Canal (E1C)

>

Figure A.1: Types of conventional hearing aid Figure A.2: ITE Hearing Aid
Hearing Institute (Undated) Phoank (Undated)
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Case 2 Model Ship

Additive Manufacturer LittleCo Annual Volume 1 shop comprising approximately
700 individual timbers

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Manufacturing Visibility High — customer visits

Machine Supplier EOS Variation of Demand High

Material Supplier EOS Time Window 2 weeks per batch

Customer Museum Approach MTO

Case Overview

This case examined the use of Additive Manufacgutechnologies in the production of ‘timbers’ fomdel ship by BigCo. In the conduct of this
research the author engaged in participant obsenvat LittleCo, and conducted interviews and siters of the customer premises. In this case the
identified customer was an archaeologist and kistevorking in a warehouse in South Wales in thresgnvation and model making of the ship. This

case is detailed in Chapter 5.

The techniques of model-making have long been eyaplan archaeological applications to provide tbdi@nce with a tangible physical version of a
historic artefact. To be effective research tomisdels must achieve a high degree of accuracyerwise they are merely ‘pretty pictures’ (Sims 209

For effective future research, archaeological modalst be faithful and accurate reconstructiorth@fbriginal artefact and so care needs to bedstbr

in the manufacturing process. The original archageobl find (Figure A.3) has formed a multi-yeasearch project in order to understand the nature of
the ship (Nayling and Jones 2014). Possible ideathke ships design have been drawn (Figure Adelrer a unique element of the project was to
focus on the creation of an accurate 3D model. piogluction of archaeological models has receivdatively little research attention from the
perspective of enhancing manufacturing processesmally produced at very low volumes (single modate commonplace), the manufacturing
process has remained a labour-intensive craft psoft many years, using traditional materials sagtwood and paper in the fabrication of replica
items. More recent forays into virtual modellingzbagrovided an alternative to the craft approadebugh these have often been shown to be expensive,
and do not enjoy universal acceptance in the aathgieal community. This case therefore explored to achieve effective realization of the ship

through 3D scanning (Figure A.5), modelling (Figixé), manufacture and assembly (Figures A.7, A.8).
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The Newport Ship - a possible reconstruction by Owain Robers and Anne Leaver

Figure A.3 Excavation of ship timbers
Source: Newport Museum Service

Figure A.4 Artist impression of Newport Ship
Source: Newport Museum Service

48
\

Figure A.5 Geometry capture using
FAROArm
Source: Newport Museum Service
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Figure A.6 CAD Model of Newport Ship
components
Source: Soe et al. (2011)

Figure A.7 Assembly of model
Source: Nayling and Jones (2014)

Figure A.8 View of assembly detalil
Source: The Author
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Case 3 Archaeological Models

Additive Manufacturer LittleCo Annual Volume 4

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Manufacturing Visibility High — customer visits
Machine Supplier EOS Variation of Demand High

Material Supplier EOS Time Window 2 weeks

Customer Museum Approach MTO

Case Overview

This case concerned the production of replica nvadligtones for display at a museum, with scannirifye original pieces in-situ at an Irish cathedral
Scanning of the original stones was undertakemetcathedral using a contactless Konica-MinolteO®0- scanner. This process took twelve hours,
leading to the creation of a lattice model with 10880,000 vertices. Each stone was produced ilz-sequiring no scaling of the design. To redilnse
amount of material used in the production of tlemas, each design was hollowed to produce a sygmexmately 0.5 meters tall, weighing between
20 and 30kgs. One of the major challenges of ghdieation was to achieve a realistic reproductbthe medieval
stones for display in a museum environment, nesg] much consideration of the aesthetic qualité the
artefact. This was particularly challenging givee highly faceted nature of the part surface. Ahetone would be
professionally painted in post-processing, at trenufacturing stage it was necessary to conductiassef trial
builds to evaluate the best approach with regawdlsuild orientation and the initial post-processingfivities of
powder removal. Several samples were sent to thdekhmaker before the final configuration was dedijdg
subsequently it was possible to build two modehasain a single LS build. The EOS P700 machine eyeql in this
task operated at 10mm per hour; the completed sttmuk 40 hours to build at a combined cost of axipnately

£3,000. On build completion excess powder was retde reveal the white stones before shipping ¢ontledel-

maker to be hand-painted (Figure A.9).

Figure A.9: Archaeological model of a dog
Source: LittleCo
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Case 4 Architectural Models

Additive Manufacturer LittleCo Annual Volume 20

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Manufacturing Visibility High — customer visits
Machine Supplier EOS Variation of Demand High

Material Supplier EOS Time Window 1 week

Customer Architecture Students Approach MTO

Case Overview

This case concerned the production of 20 individuablels created by undergraduate architecture msidesing 3D CAD software as part of their
studies. Whilst the utilization of 3D modelling @t@mmercial practice is becoming increasingly compfeace, student training lags this trend. This case
study was developed as a result of participant ggmgant at LittleCo during the requirements eligitat manufacturing, and handover activities, and
also included interviews with the students’ instoncwho was overseeing their work. A more detaiegbloration of model-making for Additive

Manufacturing can be found in the author’s relgiellication (Eyers et al. 2012b).

Models are used in architectural projects for a lnemnof purposes including the development of id#ses presentation of these ideas to colleagues and
clients, the exploration of processes, and théngpstf design solutions in a cost-effective andesaianner (De Beer et al. 2004; Gibson et al. 2002).
These models can be tangible: physical artefacishadan be held, explored, and manipulated, orradtevely exist in an intangible form where thewg ar
Virtual models existing only a computer screen.c8idditive Manufacturing has the potential to teephysical artefacts directly from the virtual
forms, for architecture it offers the potentialclannect these virtual and real worlds (Shih 200&)r architectural applications three types of nhade
typically created depending on the various stadelseoproject (Ryder et al. 2002). The first is tfeasibility model’ which is simple, inexpensivand

give a basic idea of form and mass. The secorghtblimore complex model is the ‘planning model’igfhprovides more detail than its feasibility
counterpart. The third, ‘final project model’ isryadetailed and used to demonstrate how develommetfitlook once the project is complete. As shown
in Figures A.10 and A.11, the students producedildddy models within their project brief. Each ael was very different in terms of geometry, and

ranged from complex lattice-like structures (Fighr&0) through to more conventional, larger surfa@egure A.11).

329



Appendix A: Case research overview

Each design was created by a single student ancksstronically to LittleCo for production. Thelave inexperience of the students in the design o
products for Additive Manuacture was noted by kiftb as necessitating considerable pre-processiivitias by the bureau, particularly in scaling and
fixing designs prior to manufacture. Once all pavese verified, production was planned and thesparbduced simultaneously in polyamide 12 using
an EOS P700 laser sintering machine. Each partnglasdually post-processed by a skilled techniciaeluding cleaning and assembly activities.

Figure A.10 Architectural model Figure A.11 Architectural model
Source: The Author Source: The Author
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Case 5 Exhaust Tool

Additive Manufacturer LittleCo Annual Volume 1

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Tooling Visibility High — customer visits
Machine Supplier 3D Systems Variation of Demand High

Material Supplier 3D Systems Time Window 2 weeks

Customer Exhaust Manufacturer Approach MTO

Case Overview

Additive technologies have been shown to offer gonaenefit is in the creation of tooling, whichptgally constitutes a major time and cost burden fo
manufacturers (Gibbons et al. 2003). The use ofitA@dTooling has been shown to enable complex stidpoling inserts, jigs, and fixtures to be
manufactured rapidly and efficiently to support wemtional manufacturing processes (Dimov et al.1200a et al. 2007). Designs for tools can be
created based on the 3D CAD model of the originatipct, and quickly fabricated using a selectedithgel Manufacturing technology. Leadtimes can
be reduced by over 80% (Oakham 2002), which canceethe time-to-market of new products and thewdlgr firms a competitive advantage. The
paradox exists that whilst Additive Manufacturinged not need tooling for its own operation, onéso$trengths is its capabilities to create toofiog
rival conventional manufacturing processes.

This case concerns the production of a hydroforol tor the production of automotive exhaust systeifisere are three principal hydroforming
methods: shell, sheet, and tube hydroforming, faltfuch are employed in the creation of lightweiglomponents using a range of forming techniques
(Lang et al. 2004). This case concerns the tubeofyan process, which has increased in populadtyalitomotive applications in recent years, leading
to a shift from conventional stamping processehédtube hydroforming alternative. In tube hydraiorg, sheet metal is placed within two halves of a
tool, which is then closed and subjected to flats very high pressure which forces the matemtal the shape of the tool, enabling the produotion

complex shaped metal parts (Figure A.12)
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Using Additive Manufacturing for tooling processaay be categorized as being either dictindirect. The direct approach produces a medal p
directly using an Industrial Additive Manufacturingachine capable of metal processing (e.g. DMLShgua very high powered laser to fuse the metal
powder achieving an almost 100% dense part. Littld@es not posess such equipment, and so usediegcirprocess where a polymer coated metal

powder is fused in its 3D Systems HiQ machine.

Using a CAD model of the required part (Figure A,X8laser sintered porous skeleton part (knowa @seen Part) was produced in the same manner
as other parts produced in Industrial Additive Macturing Systems. However, this part required mpolt-processing, requiring subsequently
infiltration with a low melting point alloy (e.g.rbnze) in an infiltration furnace to achieve ayullense part (Figure A.14). Whilst this is therefar
more manual and laborious process to perform cosolpiar direct approaches, it does enable the ugeeafommonly available laser sintering processes
(e.g. SLS), rather than the less common and corditjemore expensive metal processing machines.

Figure A.12 Hydroform process — before (top) and aér Figure A.13 CAD model Figure A.14: Manufactured insert
(bottom) Source: LittleCo Source: LittleCo
Source: The Author

332



Appendix A: Case research overview

Case 6 LittleCo Fixtures

Additive Manufacturer LittleCo Annual Volume 1

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Tooling Visibility Medium — telephone updates
Machine Supplier 3DSystems Variation of Demand High

Material Supplier 3DSystems Time Window 1 week

Customer Medical Manufacturer Approach MTO

Case Overview

In the production of many conventional productstuies are an essential resource that are utilidexzhever a component must be located and held with
respect to a machine-tool or measuring device,ithr i@spect to another component, as for instames$embly or welding. Conventionally, fixtures are
made of plastic or metal and are produced by mauiprocesses. The lead times are variable anaftean extend to several weeks for production of
moderately complex fixtures. For these conventigmatesses, lead time and costs increase as theefiszecomes more complex. Further limitation
arises since both design for manufacturability design for assembly rules apply to fixtures, arsitently optimal fixture designs are often sacsf

to satisfy machining or fabricating constraintstte design of new products for manufacture, camaiibn of fixtures is therefore often an important

consideration.

This case concerns the development of fixturesafaew toothbrush product, for which LittleCo weeguired to produce fixture plates and mounts
(Figures A.15-A.18). LittleCo had previously proédcthe toothbrush through Additive Manufacturingg @& create the fixture used an inverse of the
CAD model to create an exactly fitting fixture dgsi Produced using a 3D Systems HiQ machine, thewses built in six hours at a cost of £250.

Alternative options using CNC machining of an alnimm billet was identified by LittleCo as costing@, and taking 24 hours to complete.
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Figure A.15: Toothbrush fixture plate
Source: The Author

Figure A.16: Toothbrush fixture plate with product
Source: The Author

Figure A.17 Toothbrush fixture plate with product and
assembly mount
Source: The Author

Figure A.18 Toothbrush fixture plate with product and
assembly mount clamped
Source: The Author
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Case 7 Sensor Tool

Additive Manufacturer LittleCo Annual Volume 3

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Prototyping Visibility Medium — telephone updates
Machine Supplier 3DSystems Variation of Demand High

Material Supplier 3DSystems Time Window 1 week

Customer Exhaust Manufacturer Approach MTO

Case Overview

Exhaust systems for modern domestic automobildsalyp include a Lamba sensor which measures thiestoms of the vehicle’s engine in terms of a

fuel/air ratio. Through a closed loop control syste¢his sensor provides feedback to the car taderato maintain the optimal mixture of gases eéntgr

the catalytic convertor of the car. In the manufeetof exhaust systems a hole is laser cut inthaiest tube (Figure A.19), in which the lambda sens

will later be inserted. Under normal circumstanitesmetal slug offcut will be ejected through tipee end of the exhaust; however, the potentiatexis

that the part will remain attached as a result efaihmelting and re-solidifying.

This case concerns a project involving LittleCo andexhaust system manufacturer in the developofenprototoype tool to test for the presence of an

undetached metal slug in the tube. The customegrtkxs an inspection tool (referred to as ‘sensof)téo mechanically test for the presence of the

metal slug (Figure A20). LittleCo received 3D CAiR$ for this part, which were refined to afford maéacturability. The evaluation part (Figure A.21)

was manufactured using an EOS P700 Laser Sintaraudpine, for conformance testing and evaluatiothbyexhaust manufacturer (Figure A.22).
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Figure A.19: Hole for lambda sensor
Source: The Author

Figure A.20 Inspection tool envisaged design
Source: Exhaust Manufacturer

Figure A.21: Laser sintered part
Source: The Author

Figure A.22: Sensor tool in situ
Source: The Author
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Case 8 Surgical Guides

Additive Manufacturer BigCo Annual Volume Tens of thousands

Manufacturing Technology Laser Sintering Variety/Customization High

Classification Rapid Manufacturing Visibility Medium — telephone/email updates
Machine Supplier EOS Variation of Demand Low

Material Supplier EOS Time Window 3 weeks

Customer Assembler & orthopaedic surgegnApproach MTO

Case Overview

This case concerns the production

of surgical guiddiich are medical products used by surgeons wbpenating on patients. Surgical guides are

prepared in advance of operations, and are custohtizthe individual requirements of each pati@ndetailed appraisal of the nature of these prasiuct

has previously been provided (Bibb et al. 2009)yhich the interested reader is directed.

BigCo identified that one of the major challengesthis application is the need to achieve highueaty in the geometry of the products produced, for

which two principal strategies are identified:

» Using CT data from the patient, the company wotksaly with the consultant/surgeon in the developinod a 3D CAD model for production.

To assist in this process, BigCo has developediajstcconfigurator software to simplify some ofethoperations, reducing time and

development effort.

» A dedicated production line exists, producing otifyse medical parts. This allows the company tmetumachines to an optimum

configuration, and to engage specialist staff fesiliar with the pre- and post-processing acteati

This accuracy is confirmed within post-processinbere each surgical guide is subject to enhancalitgjassurance checks prior to despatch.
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Case 9 Custom Lamps

Additive Manufacturer BigCo Annual Volume Hundreds
Manufacturing Technology Laser Sintering Variety/Customization Medium

Classification Rapid Manufacturing Visibility Medium —email updates
Machine Supplier EOS Variation of Demand High

Material Supplier E