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Abstract

Preparing engineering students for interdisciplinary practice in the workplace requires
a meaningful understanding of interdisciplinary learning in engineering practice. Such
an understanding could help to address the ongoing issues and concerns of the
interdisciplinary learning of engineering students. The review of literature on
interdisciplinary engineering education raises a major concern ofthe speculative
approach to formulating learning outcomes of interdisciplinary engineering education,
which results from the lack of understanding of how practising engineers engage in

interdisciplinary learning in their workplaces.

This thesis directly addresses this concern by rpviding the empirical evidencefor a
number of learning outcomes, and by identifying te associated learning practicesound

in three casesof interdisciplinary collaborations between engineers and life science
practitioners. It also enhances the understanding of interdisciplinary learning in
engineering practice by proiiding a detailed exphnation of why engineers are more
likely to engage in those learning practices and how they are more likely to achieve the

learning outcomes.

The main contribution of this thesis is in assembling the identified learning outcomes
and the associated learnig practices irto one theoretical framework that embodies
both the description and the explanation ofinterdisciplinary learning in engineering
practice for a particular subclassz engineering for the life sciences. fle framework
describes interdisciplinary learning in terms of four epistemic practices and four
learning outcomes. Addionally, it includes a contingent causal explanation for those

practices and outcomes by validating thenderlying causal relationships

The findings of this research could irdrm the formulation of learning outcomes and the
deployment of learning practices in interdisciplinary engineering curricular. In addition,
the generalisation of the findings to the education domairsuggestspracticesthat can

help university students in their intellectual development.
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Chapter 1 Introduction

1.1 Motivation for the research

The 2Ist-century society is facing many critical challenges that require an
interdisciplinary approach for responding to them. Such arapproach involves more
than one discipline in addressing the problems, issues, or questions associated with
those challenges. The complexity of such challenges has been attributed partly to the
convergence of distinct technologies originating from differeh sectors, such as the
energy, transportation, health and telecommunication sectors. For example, the
interconnection between these sectors by advanced communication technologies is
forming an increasingly complex system of interdependent infrastructuresyhile such a
complex socioetechnical system enables more efficient service delivery to a wider
population, it also requires additional interdisciplinary effort for solving the safety and
other issues arising from the exposure of the system to cybercrimes nd
cyberterrorisms. At the same time, some of the interdisciplinary efforts that seek to
address complex challenges are also causing the scale and scope of complex issues to
multiply. For example, the interdisciplinary efforts to develop new remedies for
degenerative diseases in the synthetic biology and regenerative medicine sectors serve
to increase our weltbeing and longevity, but also contribute to the rising population,
aging society, cost of healthcare, and consumption of scarce resources. The sealg
scope of these complex challenges are making thes2&entury society more dependent

on interdisciplinary expertise than on the expertise of any individual discipline.

One of the most profound consequences of our increasing dependence on
interdiscipli nary expertise is the demand for university graduates to be ready for
interdisciplinary practice. Such a demand has been growing for several decades. As early

as 1972, the Organisation of Economic Cooperation and Development (OECD) advocated

the adoption o interdisciplinary teaching and academic restructuring in universities. It
AAEET AA OET OAOAEOAEDI ET AOUSG AO Al OAAEAAOD
i Ol OEDPI A pApcstAl Btall, 1728.0666). The interaction encompasses simple




communication of ideas and mutual integration of organising concepts, methodologies,
procedures, epistemologies, terminologies, and data. Spectacular growth in the number

of interdisciplinary degree-granting programs has occurred, at least in the US, ovére

last quarter of the previous century.Brint et al. (2009) reported that the number grew

AOT T oex1 EI pwxuvfpwyxe O peeoc EI ¢mnnnfcq¢mnm
DOl COAI 06 AO OET OA OEAO A axAdemicEApArirer®rigurdeOl |

1.1 shows the growth of interdisciplinary degree programs for nine large

interdisciplinary fields according to their survey.
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Figure 1.1: Growth of interdisciplinary programs for nine large interdisciplinary fields in
the USfrom 1975 to 2000 (Redrawn based orBrint et al.(2009))

The graph shows that towards the end of the last century, the Humanities and the Social
Sciences dominated the growth; with the exception of Environmental Studiesd Brain,
and Biomedical Science, other fields of engineering, physical and natural sciencesrubd
feature prominently in the survey. In recent years, however, the number of
interdisciplinary activities as well as of graduate and undergraduate degree pgrams
has been on the rise in engineering, natural sciences and medicine fielfidewell &
Gagnon, 2013, and Knight et al. (2013) suggest that this marks a shiftowards an

interdisciplinary approach in higher education.




Interdisciplinary approaches in higher education differ substantially from that of mone
disciplinary approaches. In an interdisciplinary approach, the interdisciplinary learners

draw on two or more disciplines in order to advance their underganding of a subject or

a problem that extends beyond the scope of any single discipline. They integrate and
develop information, concepts, methodologies and procedures from two or more

disciplines to gain new knowledge, understanding and skills, and commonly also to

explain or solve problems(Holley, 2017). Although interdisciplinary approaches had
initially emphasised preparation for interdisciplinary practice, their implementation
appears to have deliveredvidespread benefits forlearning. It has been shown taresult

in better student engagement; improved highetorder cognitive skills such as knowledge

application, analysis, synthesis and evaluation; greater tolerance for ambiguity; greater

sensitivity to ethical issues; reducing disciplinary, plitical, or religious bias; and more
creativity and humility (Holley, 2017, Lattuca et al, 2004, Newell et al, 2001). Many

associations were formed, soh as the Association for Interdisciplinary Studies (AlS), to

promote the adoption of the interdisciplinary approach to universities in order to realise

these benefits.

Until the turn of the century, the growth of the ID approach had occurred without any

known policy intervention. However, at the beginning othis century, education policy

makers were increasingly concerned about the lack of drive by some critical academic

fields in implementing interdisciplinary approaches. As can be seen in Figure 1.the

fields of engineering, physical and natural sciences were not among those nine fields

that were actively offering interdisciplinary degrees. Policymakers were increasingly
concerned about the highly disciplinary structure of undergraduate education ithese
fields.

~

-1 06 11 6AATunh ET AT GCeET AAOET Ch OOAE A AT T AA

Engineering (NAEP kibld recommendation in 2005 for all engineering skools in the US
O1T OET 00T AOGAA learhing A chd inGefgiadubtd& dnvirani T Gtéting that
OOOOAAT OO xi1 O A AATAEEO &EOI T AO 1 AAOGO
disciplines embodied in realx I Ol A b QNAE,1 A2006,p.55. Similar

recommendations emerged in other countries, such as those coming from &Royal

Academy of Engineering (RAENg) in 2007. Their report oRducating Engineers for the
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21st Century identified the KAU AEOOOOA OT T A T £ AlSgEh AROO A
OOANOEOAOG COAADOAOAOG O EAOA AxAOAT AOCIO Al 7
AEOAEDI ET A (Kinp, Q00ApAIQ ETReOr8pdrt advocated the need to embed

multidisciplinary approach in UK undergraduate engineering education.

In recent years, almost all national and international accreditation bodies for
undergraduate engineering programs have responded to such policy recommendations

by specifying the acceditation criteria for interdisciplinary engineering. ABET criteria

oj AQ OPAAEAZAEADBI OAREI EOU OPBA E (@B 2 PoA7TQand OA A
OEA )%w! OPAAEAZAEAO OA&OI ACGET 1T AEEAAOEOAI U AOQ
diverse teams and in multidisciplinary settingso (IEA, 2015:p.138 6 4 EA EI bl Al A1
of interdisciplinary approaches in engineering education continues to spread across the

globe as all accredited Bgineering programs seek to meet the criteria related to

interdisciplinary approach.

There have been many implementations of interdisciplinary approaches for engineering
education, but there has been little research on interdisciplinary learning to inform
them. Research on interdisciplinary learning in engineering education as well as in
engineering practice remains scarce for many yeard attuca et al, 2017, Nersessian &
Newstetter, 2014; Speltet al, 2016, Sutherland Olsen, 200%. Richter and Paretti (2009
characterised the literature they surveyed as mostly focusing on describing experiences
in implementing interdisciplinary approaches in engineering curricula with only a few
focusing on developing learning outcomes. The literature on interdisciplinary studies
has been generally helpful in formulating the outcomes. It conceives interdisciplinarity
as a process, the outcome of which is the achievement of integrative syasis from
addressing a problem, question or issuéKlein, 1990, Lattucaet al, 2004; Newell, 1994).

In interdisciplinary studies, Klein (1990) and subsequently Newell et al. (2001)
delineated five keyelements of interdisciplinary process: 1) Defining the problem at
hand; 2) determining the bodies of knowledge relevant to the problem, 3) developing an
integrative framework, 4) evaluating relevant epistemological concepts,and 5)
integrating them toward an interdisciplinary understanding or outcome. There is a
general agreement among scholars for this general processiented framework.

However, Newstetter (2011) opined that a general process model without more detail

4



information on the associated learning practices has not been sufficient for informing
how to make engineeringclassrooms more interdisciplinary. According to her, a model
of interdisciplinary learning in engineering education should be developed to help us
understand how the learning and problemsolving practices from different disciplines
interact in addressing real world problems. The deployment of various pedagogical
approaches, such as problerbased learning, projectbased learning and active learning,
in interdisciplinary engineering curricula, has resulted in some successas reported by
Lattuca et al. (2011), but resultedin some problems as reportecby Richter and Paretti
(2009). These mixed resultzould beindicative of our lack of understanding of how and

why learning outcomes are achieved or not.

The lack of understanding on interdisciplinary learning that is sufficient for informng
interdisciplinary education has been goingon for a long time. Lattuca et a. (2004)

reiterated the challenge posed twenty years ago by two prominent scholars of
interdisciplinary studies, Julie Thompson Klein and William Newell, for researchers to

OPOI AA OEA bPOAAEGGdh whidhAiftekdisdplnbr) studyE has such

x EAAOD OA AKleirksAa@&del, ®0Gp.41). Lattucaet al.(2004) hypothesised the
underlying mechanisms for interdisciplinary knowledge acquisition based on the

I EOAOAOOOA 11 AT CTEOETTh AOO OEAEO AT AT O
OUOOAI AOGEAAT 1 Ud EM@4)UAO OF AA OAODBIT AAA

There are also derivatiors of the outcomes of interdisciplinary engineering education

based on the literature on inerdisciplinary studies such as those derived byorrego et

al. (2007), Richter and Paretti (2009) and Lattuca et al. (2013). However, Lattuca et al.

(2012) cautioned that this approach of formulating the outcomes based solely on

be cautious in speculating learning outcomes. As stated biewell and Gagnon (2013 in
interdisciplinary studies, the outcomes of interdisciplinary activity has so far been
AEAOAAOAOCEOAA AO BAT I POAEAT OEOATAabidmsatl O A
hand (p.24). However, theyurged reseachers to revisit such characterisation sinceéhey

noticed that the locus of interdisciplinary activity has shifted from its origin in the
undergraduate teaching of humanities and soft social science subjects to the real world

research and applications in atural sciences and medicine.




Interdisciplinary practitioners increasingly include non-academics and professionals
who are also interested in creating and implementing solutions rather than only in
achieving comprehensiveness in understandingNewell and Gagnon (2013 thus
pOoi i POAA OEA O1TAAA O1 1 AAOT &£011 OEAOA
activities in the interstices between health sciences and engineering have been
delivering innovative medical devices and technologies to the healthcare market for

many years.

More recently, an emerging approach to interdisciplinary curricular design, known as
the translational approach, has been used to investigate interdisciplinary activities a
biomedical workplace. Proponents of this approachargue that workplace settings
provide more realistic requirements and challenges for interdisciplinary learning than
educational setings (Nersessian, 2009; Nersessian & Newstetter, 2014; Newstettet
al., 2010). Nersessian and Newstetter (201%, MacLeod andNersessian (201§ and
Newstetter (2011) have studied interdisciplinary practices in a biomedical engineering
research lab in a university. They revealed that the majorhallenge of interdisciplinary
learning in that setting is developing selective, integrated understanding of biological
concepts, methods, and materials that are relevant to work goals and problems. This
selective, integrated understanding seems to be diffent from the notion of
comprehensive understanding found in interdisciplinary studies literature. However,
OEAU OOCCAOO OPOET O ETT xI AACA 1T £ZO0AT xEI I
integrated understanding (MacLeod & Nersessian, 2016;p)7This suggestion seems to
challenge the hypothetical explanation lat prior knowledge could be helpful for
acquiring knowledge from other disciplines. However, these studies do not identify the
learning practices that arise from this challenge. To date, | have yet to find studies that
report how practising engineers engage in interdisciplinary learning in industrial

settings.

The scarcity of research on interdisciplinary learning in engineering practice and the
unresolved questions about outcomes, learning practices, and the underlying
mechanisms have important implicatons for engineering education research. Without
sufficient understanding of how interdisciplinary learning is enacted in engineering

practice, the engineering education research community has been relying on
6
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interdisciplinary studies in the humanities, sud as studies by Newell et al. (2001),
Mansilla and Duraising (2003 and Repko (2008, to speculate the éarning outcomes
and to develop hypothetical explanation. Although studies related to interdisciplinary
practices in educational setting has been growingLattuca et al, 2012, Lattuca et al,
2017), there is little empirical evidence from engineering practice to support the
formulation of learning outcomes, the identification of learning practices and the

explanation of the underlying mechanisms.

Nevertheless, the implication of this introductory background on the topic of
interdisciplinary learning is a motivating one for this research. It is motivating to kow
that interdisciplinary learning in engineering education will continue to be of great
significance to our society and industry, and therefore of great concern to many
stakeholders. Substantial contributions have been and are being made, and researcleabl
questions have been raised by scholars in interdisciplinary studies and engineering
education to the extent that it is timely to complement their contributions with a
research on interdisciplinary learning in engineering practice in the industrial

workpl ace. The next sutsection develops the research focus and objectives.

1.2 Focus and objectives of the research

This research is driven by the belief that the development and implementation of
interdisciplinary learning in engineering education settings should be sufficiently
informed by an evidencebased understanding of the phenomenon of interdisciplinary
learning in engineering practice settings. This focus on engineering practice settings
would complement the ongoing research within the engineering educatin and

industrial laboratory settings.

Within this focus, theobjectives of this research are twofoldThe first objective is
to identify the learning practices that engineers engagein and the corresponding
learning outcomes they achieveThe secondresearch objectve is to explain why they

engage in thosepractices and howthey achieve those outcomes.




1.3 Organisation of the t hesis

This thesis is organised into eight chapters.

This first chapter introduces the motivation of the research, outlines theresearch

objectives, and describes the organisation of #thesis.

The second chapter reviews the literatureand identifies the relevant issues that
should be addressed within the scope of the research focus and objectives. It also
identifies the remaining knowledge gaps that have yet to be addresséy the reviewed

literature . Theseknowledge gaps becoméhe requirements for knowledge

The third chapter describes how the research is designed to satisfythe
knowledge requirements identified in Chapter 2. It provides the configuration of the
different aspects of the design by formulatinghe research questions, determininghe
philosophical position, developing a wnceptual framework, and configuring the

research methods.

The fourth chapter then describs the methods of data analysis in detail. It

includes the principles for data analysis, and the analytical processes and procedures.

The fifth chapter reports the analysesresults, and findings of the first case study

that develops a preliminary theoretical framework.

The sixth chapter then reports the analyses, results, and findings of twarther

case studies that refine and generalise the preliminary theoretical framework.

Then, the seventh chapter discusses the overall findings from the theoreticahd
methodological perspectives, andoositions the findings within the current bodies of

knowledge.

Finally, the eighth chapterassesses the significance of the findings in terms of

their contributions to theory and implications for educational practices




Chapter 2 Literature Review

2.1 Introduction
This chapterreviews four strands ofliterature in order to understand how this research
might inform interdisciplinary learning in engineering education.Table 2.1 lists the four

strands of literature and the rationale for reviewing them.

Table2.1: Four strands of literature reviewed by this research

Strands of literature Rationale for their review

Interdisciplinary learning | The literature would inform the critical issues related to interdisciplinary

in engineering learning of engineering students. This helps identify the knowledge required
education for addressing those issues.
Theoretical This literature is fundamental to the understanding of interdisciplinary

perspectives of learning | learning since it considers many different views of learning. By reviewing
this literature, the different views of learning can be assessed to determine
their relevance for conceptualising interdisciplinary learning in a way that is
useful for engineering education.

Organisational This literature is important since it views organisations as institutions that
knowledge and learning | integrate the specialised knowledge of their members (R. Grant, 1996b). By
reviewing it, this research could assess the extent to which the learning
practices found in this literature could sufficiently inform interdisciplinary
learning in engineering education.

Engineering practice This literature is necessary to be reviewed since interdisciplinary learning in
literature the workplace occurs in the context of practice rather than in classrooms or
training rooms. Additionally, researchers would like to know how
engineering knowledge and experiences could be used for interdisciplinary
learning.

Other strands of literature have been explored but not pursued for detailed reviewing:

1) Interdisciplinary studies literature: This literature has been concerned mostly with how
interdisciplinary people in the academia - especially in interdisciplinary educational programs i
study complex phenomena or problems, such as the problem of acid rain studied by students
and scholars of environmental studies. It has yet to be concerned with how non-academic
professionals collaborate across disciplines in the workplace context.

2) Cross-disciplinary innovation literature: This literature has been concerned mainly with how
organisations, rather than their individual members, learn to integrate knowledge across
different industries for producing innovations. Therefore, it focuses more on the organisational
policies and practices that foster cross-disciplinary innovation.

3) Interdisciplinary team science literature: This literature has been concerned mainly with how
interdisciplinary teams establish teamwork. Therefore, it focuses more on identifying the skills
required such as communication skills, leadership skills, conflict resolutions and negotiation
skills, rather than on skills required for dealing with knowledge from different disciplines.




The review elaborates issues in interdiscipliary learning in engineering education, and
considers how the existing bodies of knowledge could bear on those issues. The
outcomes of this consideration include the identification of knowledge gaps, and the
implications for this research in terms of how itseeks to address those gaps. This review

can be viewed as a process, which is represented visually in Figure 2.1 below.

Critical Existing Bodies of Knowledge  Implications
Issues Knowledge Gaps for this
research
— -
Theoretical Organisational Engineering
_l\ Perspectives Knowledge Practice
#2 /' on Learning and Learning  qynifying Model of #2
L «Behaviourist uKnowledge Engineering
Interdisciplinary O Tl oRnomcdae. R C—
i i uConstructionist classes and types R
Eggme;&_rlng #3 LN, «SocieCultural «Knowledge ;nr?g?r?agfring #3 > -
. ucation 1/ uBocieMaterial uizm:;g practice
Literature integration
oBarriers
w | B -
= o
Literature Literature Literature  Literature
Review Review Review Review
1 2 3 4

Figure 2.1: Literature review process forthis study

This chapter is organised into eight sectionsThe frst, this section, introduces the
purpose, contents, and intended outcomesof the review chapter. The second section
clarifies the meaningof the termOE 1T OA OA E O A E buseflih thitbesid. PodnQfieET C 6
third section reviews studies of interdisciplinary engineering educationin order to
identify critical issues which are used to guide the selection of further bodies of
knowledge. After that, the fourth section reviews five theoretical perspectives o
learning, and assessethe extent of their relevancein understanding different aspects of

interdisciplinary learning.

The fifth section reviews the organisational knowledge and learningliterature . In doing

so, it clarifies the meaningof OET 1 x1 AACA8 OOAA E1T OEEO

O
m/
T>
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different kinds of knowledge, processes and barriers that might be involved when
interdisciplinary learning is undertaken in organisational settings. Then, the sixth
section reviews the engineering practice literature in order to identify the different
aspects of engineering practice that coulde useful for engaging in interdisciplinary
learning. Towards the endof the chapter, sction seven integrates all the bodies of
knowledge that have been revieved and assessedo what extent such integration could
bear onthe critical issues. It alsadentifies remaining gaps in knowledge, elaborates on
their implications for this research, and proposes how this researclshould seek to

address those gaps.

Finally, section eight summarises and concludes the findings of the literatuneview

chapter, thus setting the stagdor Chapter 3, which describes the research design.

~ ~ . ya pe

22$AEET EOQOETT 1T &£ O0)1 OAOAEOAEDI ET A

Theuse of theterm OET OA OA E O A E bin thid thessUequirds AlrificRtiorCTais is

due to at leastthree reasons. The first reason iglue to the different understandings of

the term used intwo different bodies of literature reviewed in this thesis The second

reason is that the meaning of the word O A E O A etodield And the adjective

OET OAOAEOGAEDI ET AOUS 1T AAAO Oltothe vay havhidh A1 U O
disciplines are being defined nowadays The third reason is due to need talifferentiate

between the adjective OET OA O A E énd thd dthen adj€xtivés that are often used
interchangeably, OOAE AO Oi O OBAPAABBEDREOUET AION S

~

221#1 AOEAUET ¢ OEA T AATETC T &£ OET OAOAE

There is a potential differencein the understanding of the term OET OAOAEOAED
I A AOwkeh i€ used intwo different contexts. The first context of usage, which
applies to this study, refers tothe act of @arning knowledge ofone or more diciplines
I OEAO OE Ag as iskd@anisatiohal learning scholars who debateabout the
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extent to which specialists from different disciplines have to learnfrom each other(R.
Grant, 1996 Majchrzak et al, 2012, Schmickl & Kieser, 2008. On the other rand, the
second context of usageas used in interdisciplinary studies literature, refers to an
approach to OOOA Alednidg and development, which puts students in
interdisciplinary settings for developing their readiness for interdisciplinary practice
(Borrego & Newswander, 2008 Ivanitskaya et al., 2002, Lattuca & Knight, 201Q Newell
& Klein, 1998 Richter & Paretti, 2009. To avoid confusion, this thesis refergo this
interdisciplinary approach to learning and development asnterdisciplinary education,
whereas theterm interdisciplinary learning specifically means learning theknowledge of
ITA 1T0 i1 O0A AEOCAEDPIEIAO 1T OEAO OEAT 1T1TAGO 1 x

-

222#1 AOEEAUET ¢ OEA AAEET EOEIT 1T &£ OAEOA
Thel AAA O Al AOEAZU OEAEOABDEEICAG £A OEAGA &1 HGA
difference between the common understanding of it and the understandingthat arises

from the way in which the disciplines are defined nowadays.

It is increasingly common, especially among university studentsto understand the
O A E O A Emditie EomBirGtions of courses taken in order to satisfysomerequirements,
such asthe requirements for graduation or professional qualifications(Gardner, 2000Q.
Even scholars ofnterdisciplinary studies contendOEAO OEA OAOI OAEOAED
tools, methods, procedures, A1 B1 Ah AT 1 A A D@Iém 1990t pA1040Owhkh OE A O
are the different types of knowledgecontents found in course textbooks and training

manuals.

However, understanding aparticular discipline as a combination of required courses
and knowledge cortents could be troublesome. @Dferent degrees and training
programmes that associate with the same disciple tend to differ, however, in their
combinations of required courses andknowledge contents. It is not clearhow these
differences in courses and knowledge contents could still be affiliated to the same

discipline if we define the disciplines in those tams.
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Moreover, interdisciplinary scholars, such as Julie Thompson Klejnhave rightly
observedthat the tools, methods, procedures, exempla, concepts, and thexs keep on
changing (Klein, 1990). Nowadays, with a widening involvement of different
stakeholders - such as governmentemployers, and accrediting bodies- in determining
what practitioners of some disciplinesshould do,the change in the requiredcourses and
contents are becoming even more frequent and dynamiclherefore, it seems useful to
move away from defining the disciplines interms of courses and knowledge contents

only.

With the increasing interests of many stakeholders on the disciplines, the process of
defining the disciplines isbecoming more consultative. Through consultation with the
stakeholders, the definitive aspectsof a givendiscipline usually emerge from the joint
sensemaking of those involved in the processOften, this sense making culminates in an
agreed set ofcapabilities that should be posses®d by the practitioners of the discipline.
Thus, this consultativeway of defining the disciplines has fostered the understanding
that the disciplines refers to what capabilities the practitioners have, rather than the
knowledge they know or the tools they use.Many professional organisations have

specified a set otapabilities that define their disciplines(Dowling & Hadgraft, 2012).

An example of such aonsultative process is illustrated by the Define Your Discipline
(DYD) processdevelopedby Dowling and Hadgraft (2012. Theprocess has beemidely
used for defining engineering and norengineering disciplines in Australia.One of the
applications involves defining the Environmental Engineeringdiscipline for the purpose
of curriculum development and renewal. The authorshow how the interests of the
Australian government, employers and accrediting bodies- on determining what
engineering graduates shouldoe ableto do - are eventually translated into a definition
of the Environmental Engineering discipline in terms ofhe capabilities that graduates of
the disciplines should havgDowling & Hadgraft, 2019.

Other relevant aspects of the disciplines are usually subsumed by the capabiligsed
definition. In the same example the capabilty-based definition of the Environmental
Engineering discipline hasbeen used to consultatively identify the aspects of the

discipline that underpin the stated capabilities. Those aspects include a set of tasks that
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existing practitioners of the discipline usually perform, the relevant work processes
involved, the relevant technical and generic skills and knowledge, and the contexts in
which those tasks and work processes are situated. The authors show htlwe details of
the definition have usefully informed the development and renewal of their

Environmental Engineering program.

Thus, consistent with the process of defining the disciplines described above, this
researchAl AOEZAEAO OEAO AKEA AB A EIA EWRAA PA K& RBOE C
refers to, first and foremost, the capabilities possessed by the practitionertt therefore

follows that the different disciplines, are distinguishable by lhe capabilities that they

have even though they mightshare somecourses and knowledge contents in comman

re ~

223#1 AOEAUET ¢ OEA AAEAAOEOA OET OAOAEO

Another potential confusion in the meaning of Ghterdisciplinary learning §could come

fromthe AAEAAOEOA OEIOHA OABA L Bdd BBl ubed i@ ehdngeably

xEOE Oi Ol OBAEOAERA] BTAODARD ABEHAEDI KEHAGUOAND
A E OA E b(KI&H, 2000 I&ttuca & Knight, 201Q. However, scholars are promoting

clear distinctions betweenthe adjectvesOET OAOAEOAEDI ET AOUdy AT A
clarifying the definitions of their corresponAET ¢ 11 01 Oh OET OAOAE((

processcentric definition (Borrego & Newswander, 2010 Lattuca & Knight, 2010 ,

which was propaosedas follows:

Interdisciplinarity is a process of answeng a question, solving a problem, or
addressing a topic that is too broad or complex to be dealt with adequately by a
single discipline or profed O E i[It] 8iraws upon disciplinary perspectives and
integrates their insights through construction of a more comprehensive
b A O O b A(Newd&I@KI&in, 1998;p.3934).
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encompases AT OE -OMETAD A@IBED IOE] ARbEeQd)& Newswander, 2008,
whereas OO OAT OA E indolvds ImérbidgAvibdor more disciplines to become a
hybrid discipline (Nersessian & Newstetter, 2013, such as Mechatronicengineering,

which is a hybrid betweenthe Mechanical and Electronic Engineering disciplines

Based on the procesA AT OOEA AAAZAET EOEIT 1 I £ OEI OAOA
OE1 OAOAE OAE b Is RlboAaOpbcessihich btérts @ith interactions between
practitioners or experts who possess different set of capabilities. Since their interactis

are often motivated by the value of integrating their underpinning knowledge contents

and skills, they often bring their own disciplinary knowledge into those interactions.
Interdisciplinary learning that occurs during such interactions has beena subject of

ongoing research within the engineering education research community. Thenext

section provides areview of research in thissubjectarea.

2.3 Review of interdisciplinary learning in engineering
education

The purpose of this revew is to identify critical issues related to theinterdisciplinary
learning of engineering students The following subsections reviewfive topics identified

by different studies of interdisciplinary engineering education

2.3.1 Formulating learning outcomes of interdisciplinary ~ education

Learning outcomes are statements that specify a set of abilities that students should
develop. For interdisciplinary education, educators and researchers have sought to
formulate outcomes that align tothe workplace requirements for interdisciplinary

practice. However, currentformulation of outcomes remainsO O b A A © [LdttGcE & A

al., 2012;p.12 since it relies entirely on reviewing literature from interdisciplinary
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studies in the humanities (Borrego & Newswander, 2010, rather than on studying

actual workplace practices

There have been at least three separate sets gpeculative karning outcomes borrowed

from interdisciplinary studi es in humanities such asNewell et al. (2001), Repko (2008

and Mansilla and Duraising (2007. The frst set proposesthat OAAET EOEAO O
AT A OF AOAI OAOA OEA OAOOEITTU T &£ AoPDAOOOSG
(Lattuca et al,, 2004). The authorsargue that studentsneed to develop the ability to
OAOA1 @Adreat fronlamong differing perspectives that bear on a probledA 1 Ao O
resolve conficting ideas and opinions, and tcevaluate evidence supporting or refuting

OEAI 8 AOO NI & pPAAdddIHAT 1 AOOPAAOEOAG | P8o

Since engineering students are npvided with foundational knowledge that crosses

many disciplines, rather than trained with specialised knowledge and skills of many
different disciplines throughout their studies, the ablities mentioned above indicatea

high expectation of engineering studentslt is not clear how students would learn to

gain the ability to evaluate and select knovedge of other disciplineswithout learning
specialised knowledge of other disciplines. Thereforel.attuca et al. (2004) proposes

OEAO OEUDI OEAOEOAA OI OOAOG O1 4AAOT ET ¢ OANOE

Secondly,Borrego et al. (2007) derive eight possible learning outcomes basedn the
Cognitive Flexibility Theory (Spiro et al,, 1988), which theorises about the use of flexible
cognitive strategies to acquire advancedtage disciplinary knowledge. The outcomes

stipulate that engineering students should be alel to (Borregoet al, 2007;p.2:

1 define key terms from another discipline that are relevant to an engineering
project;

1 develop a common vocabulary with collaborators from another discipline;

1 describe strategies for learning new content in an unfamiliar disciime;

1 compare and contrast research approaches and values from one discipline with
those in another;

1 enumerate theories or categorizations for describing interdisciplinary

interactions;

16



1 select an appropriate approach for organizing an interdisciplinary tei project;
1 summarise current debates in the value and evaluation of interdisciplinary work;
1 coordinate multiple disciplinary viewpoints to help their teams successfully

complete a multidisciplinary team project.

Clearly, this set of outcomes covers more #n just the ability to learn from different
disciplines as it also includes how to organise projects. Parof those outcomes that
relate to interdisciplinary learning include defining terms, and comparing and selecting
the approaches of different disciplhes They speculatehat Gnterdisciplinary thinking 6 h
which is the AT CT EOEOA &£ AGEAEI EOU O 1 AAEAOA
developed for learning advancedstage knowledge if students are exposed to All
structured problems (Borrego et al, 2007;p.2. However, they did not identfy the
mechanism by which expoare to ill-structured problems could lead to successful

acquisition of knowledge and interdisciplinary thinking ability .

Thirdly, Richter and Paretti (2009 also used literature review to derive a set of

outcomes that dictate abilities to:

1 identify the contributions of multiple fields to a given complex problem;

1 value thecontributions of multiple fields;

71 identify the information needs and constraints of experts in other disciplines to
ensure effective collaboration;

1 integrate approachesrom multiple fields in a synthetic way;

1 learn from both the methods and content of otbr disciplines to contribute to the

project and inform future work.

The threedifferent sets oflearning outcomesdiffer mainly in the different expectation of
the ability to evaluate knowledge contributions by experts. This expectatioms in the
first set but is not shared by the other two setslt would be useful to address the
variations in outcomes by complementirg the literature-based formulation with an
approach tha relies on empirical evidence Empirical evidence from engineering
practice in the workplace may alsaidentify the relevant mechanisms that could lead to

successful outcomes.
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2.3.2 Using engineering knowledge for interdisciplinary learning

Cognitive theories propose that prior knowledge can be used for learning new
knowledge.Lattucaet al.(2004) draw on those theoriesto explain hypothetically that by
organising disciplinary knowledge into mental modelsknown A O O O AifcAuid /énd
be used to learn knowledge from different disciplines. They hypothesise three
mechanisms by which disciplinary knowledge could possibly be used for

interdisciplinary learning basedon the work of Rumelhart and Norman (1979.

The first mechanismis AAT ARRAOBDOET 1 8h xEEAE OEAU O1 AAC
interdisciplinary learning, as the accumulating andencoding of conceptual knowledge
secondone is called© O O 1 whiclCréférs to the modification of existing schemagor
accommodating more knowledgeof different disciplines, rather than simply the addition
refers to the construction of new schemago incorporate more knowledge of different

disciplines (Lattucaet al.,, 2004).

These hypothesisednechanismsare useful for examining how engineering knowledge
and skills could be used forinterdisciplinary learning. However, there is a lack of
evidence from actualcasesof interdisciplinary learning to validate their operations and
to identify their roles in achieving other speculated learning outcomes, such as
evaluating knowledge.Lattuca et al. (2004) propose, ypothesised routes to learning
require systematic studyod(p. 44). Consequently, here have beera fewattempts to study

work practices in organisational settings
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2.3.3 Engaging with work practices in organisational settings

Work practices often involve collaboration between people from different functions,
departments, and disciplinary background. Recentlyengineering education researchers

have begun tostudy some of those practices to propose some learning approaches.

First, McNair et al.(2009) introduces the concept of Selmanaging Work Teans (SMWT)
from studies of industry teams, and examingits usefulness asa pedagogical approach
for an interdisciplinary project. In SMWTSs, teamsre givenautonomy to decide on how

to proceed with team activities.

This work relates to interdisciplinary learning since it highlights how autonomy could
possibly influence learning outcomes For example, teams that have the autonomy to
decide whether they should adopt, avoid or change knowledge of a particular discipline
will probably achieve different outcomes compared to teams that only have the mandate
to reuse knowledge.Therefore, SMWTs may have the potential to address the issue of
achieving outcomes beyond acquisition of knowledge, such as evaluation of knowledge.

However, the actual learning practices that arise from giving autonomy arenot known.

Secondly,Beddoeset al. (2011) borrow the concept of Boundary Negotiation Artefact
(BNA) (Lee, 2003 from the organisational knowledge and learning literature. BNAs are
objects used to facilitate negotiation across functional and digplinary boundaries. They
apply the BNA concept to one interdisciplinary graduate researcteém and find that the
concept isuseful for facilitating interdisciplinary collaboration . However, it is not clear

how it relates to interdisciplinary learning.

This work is valuable because it espouses the soeiaterial view of learning that has
recently been promoted in researching workplae learning (Fenwick et al, 2012, 2014,
McMurtry, 2013; McMurtry et al, 2016; Reich et al, 2015, and more recently in
studying higher educaton learning (Acton, 2017 Decuypere & Simons, 2016Fenwick
et al, 2011, Hopwood et al, 2016, Kontopodis & PerretClermont, 2016 Zukas &
Malcolm, 2017). The sociematerial perspective emphaises the importance of both

social actors and material artefacts such agawings, models and prototypes.
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An emerging approachto interdisciplinary curricular design, known as thetranslational
approach, argues that workplace settings provides more realistic requirements and
challengesfor interdisciplinary learning than educational settingsdo (Nersessian, 2009
Nersessian & Newstetter, 2014 Newstetter et al, 2010). MacLeod and Nersessian

(2016); Nersessian and Newstetter (2014 have all studiedinterdisciplinary practices in

a biomedical engineering research lab. They found that the major challenge of
interdisciplinary learning in that setting is developing selective, integrated
understanding of biological concepts, methods, and materials thaterelevant to their

goals and problems.4 EAU AOOI AEAOAA OEEO AEAIT AT CA O
ETT xI AACA 1T £O0AT xEI 1  (MacheodE8A NeBséssia) RB16;pvT CET /
However, these studies donot identify the learning practices that arise from this

challenge

A similar study by Sutherland Olsen (2009 explores interdisciplinary learning in a
technology development projec8 4 EAU Ai PEAOEOA ET T xET ¢ OET
disciplines. However, the research encompases only the early stage of technology
development. Hence, idid not specify practices that could lead tothe achievements of

learning outcomes at the end of the project.

Consequently, gaps remain in our understanding of the necessdearning practices, and

of how these couldhelp students overcome barriers and achieve learning outcomes

2.3.4 Identifying barriers to interdisciplinary learning

Many educators believethat through repeated participation in problem-based learning
and interdisciplinary teamwork students would be ableto benefit from their learning
(Stentoft, 2017). However, Richter and Paretti (2009 assert that many engineering

studentsface barriers to learning

Through a case study of an interdisciplinary course, they discowed that the main
barrier to making interdisciplinary connectons AAT AA AT 1T AAPOOAI EOCAA
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Aci AAT OOEOGIi 68 4EA AT T AADPO OAEAOO O A A& O
tEAl AOg OOAI ACAAT AGOGS AT A OPAOOPAAOEOAGS

4 E AATOA OA AHerBeOréférs to the failure to make a connection between a
engineering discipline and an interdisciplinary topidi x EEIpA O OBERA &GE OA 6
refers to the failure to make connection between arengineering discipline and other
disciplines. They exemplify that sustainable engineering design is an interdisciplinary
topic, the complexity of which requires many other norengineering disciplines such as

business and economics, industrial design and smlogy.

However, they are concernedprimarily with the outcome ofdeveloping undestanding,
rather than concerned with other outcomes suchas evaluation.As a result,there is lack
of knowledge aboutbarriers to these other outcomes.Scholars are generally aware of
the relevance of cognitive barriers confronting interdisciplinary practices, buthave O
struggled to articulate them in any precise or detailedwayo (MacLeod, 2016;p.20.
Nevertheless, thegeneral recognition of thesebarriers has led to subsequent research

on pedagogical pradtes as intervention strategies for developing nderstanding.

2.3.5 Developing intervention strategies for interdisciplinary learning

Interdisciplinary learning in engineering educationis challenging due tothe difficulties

in making connectiors between disparate disciplines. Thus, intervention though
pedagogical practices isnecessary Richter and Paretti (2009 propose some teaching
interventions, such as lecturing abouthe perspectives of different disciplinesand about

theuse ofOMIl T cUS8 AT A Oi AOCADPET 08 A&l i®propdsaddetivesb ET C
from a literature review rather than from their own research, so they do not illustrate

ETl x OARARKI OU ddfacnmiy Gsid.

Subsequently, Lattuca and Knight (2010); Lattuca et al. (2011) reported some
pedagogical practices that are found to work in some exemplary implementations. The

following are some of the main strategies they glean from their caseusties:
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T DOI OEAA OO uage) padichlarly BatHerAdticsand common learning
experiences,which can be used across disciplines so that better connections
between different disciplines can be facilitated

1 provide introductory engineering or design courses or linking courses
thematically to help students see the connections among disciplines

1 use design as the integrative task

Generally, the work reiterates the importance of providing the context, such as design
projects, that could promote interdisciplinary learning. However, the actual learning
practices and barriers encountered by the students were not identifiedTherefore,
specific interventions for overcoming barriers to interdisciplinary learning could not be
identified.

2.3.6 Summarising a nd identifying critical issues

The review of interdisciplinary learning in engineering education was intended to
identify critical issues related to interdisciplinary learning that demand further
research.Five critical issues outlined below appearto demandfurther attention because

the review reveals that:

1. Formulation of learning outcomes continues to b OP A A O1 ABIESO A 6
mainly on literature review;

2. A number of ways oflearning have been considered, but without showing
how engineering knowledge could be used for interdisciplinary learning;

3. The socio-material learning perspective may be useful for informing
interdisciplinary learning;

4. Cognitive barriers to making interdisciplinary connections are identified,
but barriers to other outcomes such as evaluatiorhave yet to be
identified;
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5. Intervention strategies are equired to show students how they can
successfully engage in interdisciplinary learning and achieve learning

outcomes.

This research selecs a number of literature sourcesthat can be brought to bear onthe

above issues.

Firstly, the theoretical perspective on learning literature is fundamental to the
understanding of interdisciplinary learning. This literature considers different views of
learning; by reviewing this literature, these views can be assessed to determine how
interdisciplinary learning should be conceptualised For example, if interdisciplinary
learning is conceptualised asacquisition and transference of knowledge between
disciplines, then the learning outcomes, and the ways of learning and teaching are likely
to emphasise knowledge acquisition, rather than other outconsg such as knowledge

evaluation.

Secondy, the organisational knowedge and learning literature is relevant as in this
literature organisations are viewed as institutions that integrate the specialised
knowledge of their members (R. Grant, 1996h. Therefore, learning practices for
integrating knowledge from different disciplines in organisations could be hghly

valuablein informing interdisciplinary engineering education.

Thirdly, the engineering practice literature is also important because learning in the
workplace occursin the context of prectice rather than in classrooms or training rooms.
More importantly, researchers would like to know how engineering knowledge and
experiences gained through workplace practice couldbe usea for interdisciplinary

learning, as stated in the second of the five issues given above.

2.4 Theoretical perspectives on learning

There are many different views 6x EA O Ol A A O(Edier@@dNevib, AG9F) and

these different views emphasisedifferent aspectsof learning (Greeno, 1997 Merriam,

23



2008; Van Merriénboer & De Bruin, 2014 By extension, educatorsd views of

interdisciplinary learning would influence what practices and outcomes they emphasise

The review will explore: 1) which aspects of interdisciplinary learningwould be obvious
if a particular perspective were used 2) which aspectsof interdisciplinary learning
would be obscured ifa perspective were used alone; and 3)vhat are the potential risks

of applying one perspectiveonly or applying it in conjunction with other perspectives.

To explore the aboveitis helpful to categorise heoretical perspectives on learning into
five categories: 1) Behaviourist, 2) Cognitivist, 3) Constructivist, 4) Smccultural, and

5) Sociematerial.

2.4.1 The Behaviourist perspective on learning

The behaviourist perspectiveon learning originates from behaviourism,an approach to
psychology thatfocuses onobservable physical actions, rather thanon mental actions.
Such skillrelated learning involves practising to respond correctly to a given stimulus.
This requires specifyng a stimulus and the correct response, and thereby enabling
learners to learn through trial-and-error. Learning ends when erroneous performances
have changed to skilful performances. Of course, mental action is involved in learning,
but such action couldnot be observed and useddr characterising the learning(Ertmer

& Newby, 1998; Greeno, 1997 Jarvis & Watts, 2012.

Based on the abovelescription, the behaviourist perspective is useful for recognising
aspects of interdisciplinary learning in which a set of physical actions iacquired from
one or more disciplines. However, using the behaviourist perspective alone would not

be enough fecause it would obscure the recognition of other aspects of interdisciplinary

1 Another application of the behaviourist perspectiveto interdisciplinary learning, but is not part of this
research, would be to characterisethe process of becoming amore skilful interdisciplinary learner
through repeated exposure to interdisciplinary learning environment. Here, the change in behaviour
(getting better at performing observable learning actions) can be observed when a learner has become
competent in taking an immediate and correct action to learn a new knowledge from different disciplines
without any guidance. This characterisation of competence development is not pursued because it is not
the ambition of this research. This research concerns with how knowledge is learnt, rather than with how
competence in performing interdisciplinary leaming is acquired through repeated practices.

24



learning that might involve acquisition of knowledge rather than skills, for example,

acquisition of conceptual knowledge through cognitive processes.

There is also a risk in viewing interdisciplinary learning from the behaviourist
perspective, even if it is used in conjunction with other perspectives. An observer might
think that all engagement withknowledge of other disciplines would be accompaniedby
an intention to acquire it, and that the absence ofcquisition might be mistakenly
considered asa failure. This mistake is risky because some of theroposed learning
outcomesof interdisciplinary learning extend beyond knowledge acquisition to inclde

evaluation and selective integration.

Therefore, therelevance of this perspectiveis rather limited and its useneeds to be

complemented with other perspectives.

2.4.2 The Cognitivist perspective on learning

The cogntivist perspective views learning asthe acquisition of knowledge through

i AT OA1T DPOT AAOOGAOHh OGAER OO ABRIETE (VEats] ZDE). AT A
Knowledge is acquired by usingne or morecognitive structuresh ET T x1 A& OOAE
O O A E A BSohénA,8and its plural form schemata, is a cognitive psychological concept

that represents the way inwhich knowledge and experiences are organised in human

brain (Bourgeois, D11).

Learning from this perspective involves applying an existing schema toew knowledge
so that the knowledge an be organised according to thaschema before it is acquired.
This suggests that existing knowledge could play significant role in acqiring new
knowledge (Bourgeois, 2019).4 EA x 1 OA signids thé EnOMedige istransferred
and acquired together with its meaning as itended by the knowledge sourceThis
requires that the knowledge and its intended meaningare specified explicitly and

objectively.

Based on the above description, the cognitivist pspective would be useful for

recognisingthe aspects of interdisciplinary learning that involve:
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1)
2)

3)
4)

5)

MAT OAT DOT AAOOAO OOAENgR OAIODEGOALET EAOBIOT &
Acquisition and transference process, rather thanother processes such as
evaluation.

Factual knowledgethat can bespecifiedexplicitly .

UOA T &£ TTA80 AEOAEDPI ET AOU ETIT xI AAQds & O
using schema

Acquisition of basic as well as advancetkével conceptual knowledge from

different disciplines.

However, usingthe cognitivist perspective alone would not be enough because it would

obscure the potential recognition of other aspects of interdisciplinary learning which

involve:

1)

2)
3)

4)
5)

There

Acquisition of tacit knowledge, which cannot bespecified explicitly for schema
based oganisation.

Dealing with ambiguity andthe subjectivity of knowledge.

Altern ative pathways to learning for achieving knowledge acquisition other than
those hypothesised by the perspective

Alternative outcomes, other than acquidion, for example, evaluaion.

The necessity to reinterpret, translate, adapt, and contextualise theacquired

knowledge.

Is also a risk in viewing interdisciplinary learning from the cognitive perspective,

even if it is used in conjunction with other perspectives. An observanight mistakenly

perceivethat:

1)

2)

3)

All engagements with knowledge (basic or adancedlevel) are accompanied by
anintention to acquire it.

Any engagement with knowledge (basic or advancebbvel) that does not
(intentionally or unintentionally) result in acquisition can be considered a failure
to learn.

All knowledge elements to be acquiredare already available atthe identified
knowledge sources withoutthe possibility that the identified sources are not

aware of it, or think thatit is not their responsibility to know it. For example, an
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engineer who would like to learn from amedical practitioner about how the
practitioner would diagnose a diseasdghrough a computerised robotic interface,

whereasthe samediagnosishasalways been conducted manually.

Based on the above considerations, the cognitive perspective very useful, but has its
limitations. However, the cognitive way of linking disciplinary knowledge to
interdisciplinary learning is of concern to engireering education researchers. Therefore

this perspective need to be usedand complementedwith other perspectives.

2.4.3 The Constructivist perspective on learning

The constructivist perspective differs fundamentally from the cognitivist grspective
that focuses on learning objective and contexifree knowledge2. The constructivist
perspective treats knowledge as subjective and contextependent, thus emphasisethe
learning processes that involve construction and contextualisation of knowledge

interp retation (Cooperstein & KocevatWeidinger, 2004, Ertmer & Newby, 1993.

Essentially, the perspective emphsises making sense of knowledge, rather than making
a mental model of it.This is because theoncern is with applying knowledge in one or
more contexts, but not with storing knowledge in the mind or in documents For
example, knowledgethat has been described in a qualitative form using specifc
terminologies in one context can be describeddifferently in another context using
quantitative or visual forms with different terminologies, symbols,or parameter values.
Such a change in description is even encouraged because knowledgeeds to be
contextualised according to the context in which iwill be applied, rather thanorganised
according to schema where iwill be kept (Ertmer & Newby, 1993. The outcome othis
form of learning is the ability to reuse the knowledge in different contexts with different
adaptations, rather than the ability to recall it at different times with the same

description, for example by writing it on an examination answer script.

2 There is a cognitive perspective that does not treat all knowledge as objective and contdsde. In this
study, this perspective is considered as part of the constructivist perspective.

27



Based on the above description, the constructivist perspective would be useful for

recognising aspects ointerdisciplinary learning that involve:

1) Knowledge that issubjective and contextdependent.

2) Sensemaking and interpreting for building understanding to compensate for
differences in disciplinary and professbnal background and experiences.

3) The use of exising knowledge and experience to interpret and contextualise
knowledge.

4) Contextualisation, adaptation, and translation of knowledgefor the purpose of
application, such as converting words description into visual representation.

5) Reflection and adjustment tased on experience of applyinghe knowledge.

However, using the constructivist perspective alone would not be enough because it
would obscure the potential recognition of other aspects of interdisglinary learning

which involve:

1) Knowledge elements thatare objective and contextfree.

2) Acquisition and transference of knowledg without re-interpretation,
contextualisation or representation

3) Alternative processs, other than knowledge interpretation, for example,
knowledge assessment

4) Ambiguity in knowledge claims that requires making a choice of which

knowledgeis to be applied to a given context

There is also a risk in viewing interdisciplinary learning from the constructivist
perspective, even if it is used in conjunction with other perspectives. An obser might

mistakenly perceivethat:

1) All attempts to makeOAT OA T £ T Ax ETT xI AACA AOA
intention to reinterpret, contextualise, and apply it in different form. Sometimes,
the eventual intention could beto ascertain the exactmeaning intended by the
source by narrating it until the source agreed that his intending meaning is

understood accurately.
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2) Any engagement with knowledge that does not result ithe construction of an
individual interpretation, contextualisation, adaptation, and application could be
considered as a failure to learn.

3) All knowledge elements to becontextualised,adapted,or interpreted are already

specified at the source

Based onthese considerations, the constructvist perspective is very useful. It can be
used to investigate how engineering knowledge is used to contextualisedéwledge from
other disciplines. However, it needs to be carefully applied and be cgolemented by

other perspectives due to itgisks and limitations.

2.4.4 The Socio-cultural Perspective on Learning

The sociocultural perspective focuses on learning that involves participation in one or
such participation is either to develop the competence to become a competent
practitioner (Lave & Wenger 1991), or to gain knowledgeabout the practice of others
(WengerTrayner & WengerTrayner, 2015). The sociecultural perspective recognies
that not all knowledge in a community-of-practice can be specified for immediate
acquisition. Instead, to acquirecompetenceor the knowledge of a community a learner

must socialise with practitionersin that community.

Although the sociccultural perspective explicitly focuses on the social aspects of
learning, it implicitly subsumes some of the behaviouristcognitivist, and constructivist
views of learning (llleris, 2012). However, unlike in the other three perspectives,
explicit guidance is either not always available or sometimes not enough for learning

according to the sociecultural perspective.

However, participative learning for acquiring the competencein another discipline
might not be relevant. This is becase the primary intention for collaborating with
different experts is to integrate knowledge and expertise that are necessarily different
a specialist seek to replicate the competence of different disciplines, then his newly

acquired mmpetencies would be redundantAs Wenger and Wenger rightly put itD x A
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cannot be competent in all the practices3, but we can still be knowledgeable about

N L~ A o~

OEAI h OEAEO OAIl AOGAT ARengedTrayndr B8O WeBgexArayOdtE, A A 8 6

2015;p.19).

Based on the above consideration, using the soetmltural perspective would be useful

for recognising aspects of interdisglinary learning that involve:

1) Authentic participation in a community of practitioners of different disciplinesin
order to know abou, and understand the relevanceof, their knowledge and
practices.

2) Observing practitioners of different disciplinesin action.

3) Knowledge elements that are not explicitly specified in a form that can be easily
acquired and applied, but ratherare implicitly and tacitly embodied in practice
and hidden assumptions.

4) Knowledge elements that are articulated during informal social interactns

Despite its usefulness and coverage of the aspects that are already considered by the
previous three perspectives, there are a number of risks in viewing interdisciplinary
learning from the sociccultural perspective. This is because by paying attentia to
learning that occurs during social interactions, an observer may neglect aspects of

interdisciplinary that invo Ive:

1) Processes that cannot easily be observed in social interactions, such as the
cognitive learning mechanisms suggested by theognitivistd @&rspective.

2) Interaction with the material, rather than the social entities, ér example, a
solitary interaction of an engineer wih lab-ware and specimensused by
scientists.

3) Intentions beyond the need to know aboutand understand the relevance ofthe
knowledge and practices of other disciplines, for example to evaluate, tectify

etc.

Therefore, the sociocultural perspective needs to be complementedby other

perspectives if it is used.
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2.4.5 The Socio-material perspective on learning

In contrast to the sociocultural perspective, which views social entities askey to
learning, the sociematerial perspective insists that both the social (i.e. human) and
material (i.e. nonhuman) entities are equally key. This perspective focuses on the
relationships and interactions that a learner may form with the social as well the
material entities that make up their learning environment. The learner is assumed to
learn during the formation and maintenance of these relationships, as well as during

his/her int eractions with those entities.

The sociomaterial perspective maintains that alearner canalso learn through his/her

solitary interaction with non-human entities, such as protein(Knorr-Cetina, 200§.

Some scholars have also considered knowledgartefacts/objects such as visual
representations, physical and computer models, aa form of materials that act as
intermediaries between entities (e.g. a learner learns about a material througtomputer

models of the material, rather than through a direct solitary interaction with the
material itself) (Nerland & Jensen, 201R

Unlike the socio-cultural perspective, which emphasises learning within a community,
the sociomaterial perspective considers learning can extend beyondhe community.
Learning is distributed across space and time because the social and material entities
with which a learner interacts could come from many different communities.Such
distributed interactions are viewed as networks of relations with many diferent

entities, or socalled actor-networks (Fenwick & Edwards, 2010).

This distributed view of learning arises due to the recognition by many scholarshat in

O AAUBS @ kndvilelige As@ot only generated by, andembodied in, practitioners
within communities, but knowledge is also generated by, and embedded in matied
things, such as plants, animals, artefacts as well as their representations (i.e. drawings,
models etc.). Furthermore, knowledge in its various forms and representativeds also
becoming widely circulated around the world and &ross professional boundaes
(Nerland & Jensen, 201p
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The result of suich a wide circulation of knowledge isthe increase inavailability and
accessibility of knowledge. Hbwever, possible differences in the veracity of knowledge
claimed by different sources can also result in ambiguityTherefore, to learn from
encounters with different knowledge from different sources,a learner has to perform
knowledge that s/he needs.The sociematerial perspective focuses on identifying those
epistemic practices,and proposes the relevance odfearning through epistemic pradices
(Fenwick et al, 2012 2014; Karseth & Nerland, 2007 Nerland & Jensen, 201220144a).

Based on the above consideratias) using thesocio-material perspective would be useful

for recognising aspects of interdisiplinary learning that involve:

1) Social as well as material entities from different disciplines

2) The formation and maintenance of relationships across different spaces and
times

3) Knowledge elements generated by, and embedded in, social and material entities

4) Knowledge from different disciplines that is widely circulated, available, and
accessible to a learnersuch as visual representations

5) Ambiguity and contradictionsin the relevance of knowledge.

Many of theseconsiderations appearto be taken forgranted by other perspectives, but
appear to be of concern to interdisciplinary learning. Most strikingly, the consideration
of the ambiguity of relevance of knowledge relates to theeérning outcomes of
OAOAI OBé&ddre]l &@ use of the socianaterial perspective to characterise
interdisciplinary learning would be advantageous. However, the use of other
perspectives in conjunction is also advantageous whenan understanding of the
underlying mechanisms of epistemic practicess required. This is becausethe socio
material perspective does not mention explicitly the use ofexisting knowledge for

interdisciplinary learning.
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2.4.6 Summarising and committing to a perspective

The review of theoretical perspectives on learningshows theneedto emphasisevarious
possible aspects of interdisciplinary learningln combination, different perspectives are
not contradictory; each focuses ondifferent aspects of learning. While some
perspectivesprovide more breadth incoverage of learning aspectthan others, theylack

depth in other aspects.

So, to gainboth breadth and depth in coverage for understanding interdisciplinary
learning, the different perspectives are best deployed in conjunction.However, the
socio-material perspective dealswith aspeds that appear to be overlookedpbscuredor
implicitly assumed by the other four perspectives. As well aemphasisingthe solitary
and participatory learning through interaction with material entities, it considers the
issues of anbiguity and contradiction in relevancy of knowledge.These two important
aspectsare of concern to interdisciplinary learning as evidenced by the efficacy tifie
boundary negotiating artefact cocept mentioned in Section 2.38. Therefore for this
research, the sociematerial perspectivewill be used as the main perspectiveand other
perspectives will be used to gain a deeper understandingf particular aspect as and

when required.

Referring back to issues #1 to #5 in Sean 2.36, by committing to the sociecmaterial
perspective of learning, thisreview lends support to the idea of learning outcomes that

span from knowledge acquisition to knowledge evaluation.

Ambiguity and contradiction in knowledge relevancecould be oneof the potential
barrier sin integrating knowledge across disciplines in organisational settingsdowever,
the theoretical perspectives on learning danot address barriers between disciplinesin
this respect, literature that deals with knowledge processes and barriers in
organisational setings could be useful. Thusthis chapter moves on to review the
organisational knowledge and learning literature where the process of knowledge

integration is extensively studied.
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2.5 Organisational knowledge and learning

Organisational knowledgeand learning literature is concerned with how organisations
use knowledgein production activities. Central to this concern is the elaboration of what
constitutes knowledge, and howorganisations keepup with learning to gain andsustain
competitive advantage. The following review begins with the definition and
classification of knowledge. Then, it proceeddo discuss how learning ocars in
organisational settings through knowledge processes and interactions. After that, it

discusses larriers to those processes and interactions.

2.5.1 Knowledge definition and classification

4AEAOA AOA 1 ATU AAEET EOEI T O OEAO ANOAOA ETI
through life experiences(Machlup, 1980;p.2§. Nonaka uses a definition of knowledge

that relates to personal beliefjudgment, and commitment HedefinesE O AO OEOOOE A
A AT BNBEKa, 1994:p.15. Many of these definitionsdraw on the argument made by

Polanyi (1958) that all knowing is personal. Machlup (1980;p.xiii) considers abroad
AAEET EOQET 1 1 AMytkirglthatipdopleCtihink ) EA T xho AOO Al OI
instances when people communicate what they know to others In this situation,
OETARACA AOOOAT Ol tgrmed Tad eddlidit Adodledde Qvhich is part of

personal knowledge

Further, when explicit knowledge is communicated, itcan then be codified into written
forms such as in books and documents. This ©assified ascodified knowledgé. It is
considered as an impersonal form of ET 1T x1 AACAh AAAAOOA EO A
geographically and temporally from the person who knowst, for example by storng it
in a knowledge repository, andremains available even afterits contributor had passed
away. Thus, there are two differentclasses oknowledge for productive activities. In this
research, the different classes are classified gsersonal knowledge and impersonal

knowledge This distinction is helpful for this research because it wisbsto make a clear

3 Much literature equates explicit knowledge owned by a person with codified knowledge.
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distinction between knowledge that is embodied by people from knowledgehat is

embedded in material. This ensuresonsistency with the socicmaterial perspective.

For the personalclass of knowledge, scholars have divided it into thredifferent typesof
knowledge explicit, implicit, and tacit knowledge. Most literature equates implicit to
tacit knowledge (see for exanple, Nonaka (1994, R. Grant (19963 and R. Grant
(1996b)). However, Bennet and Bennet (2008 differentiate between the two.

The explicit type of knowledge can be readily articulated in words and/or represented
visually for others to understand it (R. Grant, 1996aNonaka, 1994. On the other hand,
the implicit type of knowledge cannot be readilyarticulated. According toBennet and
Bennet (2008:;p.407), the implicit type AT T OEOOO 1T £ OET T x1 AACA
which the individual is not immediately aware, but may be plled up when triggered3 6
The tacit type of knowledge cannot beexpressedin words, O O A E a kivd@vingdof what
decision to make or how to dasomething that cannot be clearly voiced in a manner such
that another person can extract and recreate that knowledge(understanding, meaning,

etc.)a

For the impersonalclass ofknowledge, it can exist ineither codified or embeddedforms.
The odified form of knowledge is the explicit type of personal knowledge that has been
written and kept in documents such as books. On the other hanithe embedded formof
knowledge is the explicit type of knowledge that has been stored or embedded into
material things such as drawing.artefacts, tools, equipment, specimens as well as in

repositories.

While the above descriptiondefines and classifiesknowledge, it also elaborates onthe
replication of the explicit part of personal knowledge intoits corresponding impersonal
types.However, itdoes notelaborate onwhat could happen to the tacit and implicitpart
of the personal knowledge when different individuals collaborate with each other.
Therefore, the knowledge conversion literature that elaborates this situation is

reviewed in the next subsection.
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2.5.2 Knowledge conversion

Knowledge conversion literature discussesthe conversion ofknowledge through social
interactions. Nonaka (1994 elaborates on four types of social interactions thatinvolve
knowledge conversion.Massey and MontoyaWeiss (2006) extend . T T AEAG® x1 OE
include interaction between individuals and knowledge repositoriesas intermediaries

between people.

The first type of social intera©ET 1T EO AAIl 1 AidvonetheArendfér BIAdOET T 8
knowledge by one or more individuals, and the @uisition of it by others. Three waysof
learning are DOT BT OAAg O AGAOOAOGEI 18h OEI EOQAOQEIT &

,,,,,

The second type of social IN®AAOET T EO AAI 1T AA OA@OAOT Al E
transfer of tacit knowledge of one or more individuals, and the conversion of it into

explicit knowledge through collaboration with others. It is a tacitto-explicit form of
knowledge conversion. Thre approaches to learning are identified: using 01 AOABDET O
OAT AT T cuwd OADADP/®N Al 1 O0EA XKEEAEO Aodding@EioRO 1
AEAT T @©léndkd, 1994:p.20. In such a dialogue different perspectives are
communicated. There are taciissumpgions behind those perspectiveswhich are called

O AT OAI i TAAT 66h OOCAEAI AOA6h OPAMaRECT O6h
1994;p.16). Metaphors, analogies and prototypes are used during the successive rounds

of dialogue to understand those tacit assumptions ral eventually to arrive at the

L~ s oA e oA

The thirdtypel £ OT AEAT ET OAOAAOQEIT EO AAI 1T AA OAT I
explicit knowledge between two or more individuals who then combine thar
knowledge. Thelearning method isthrough ®nowledge exchang&during meetings and
telephone conversations. Learning actions includsorting, adding, recategorising, and

re-contextualising of explicit knowledge.

The fourth type of social interactionisA Al 1 AA OET OiAvOlVeh theet@nsériofl T & 8

the explicit knowledge of one or more individual, and the adoption of it by one or more
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other individuals who apply the knowledge until itis tacitly embodied in them.It is an
explicit-to-tacit form of knowledge conversion. Themethods o O&OAB DT 08 h
OABDAOEI AlledrAityby-A i5arehiiposdd.

The identification and elaboration of these four types of social interactions provide
useful suggestions oflearning methods that could be applicable to interdisciplinary
learning. However, it assumes unproblematicachievements of outcomes such an
assumption prevents the identification d possible barriers to learning. It does not
consider the possible ambiguity in knowledge relevanceto problems either. Moreover,
there is little concern about integrating different kinds of knowledge. Since
interdisciplinary collaboration also requires knowledge integration, the relevant

literature on knowledge integrationis reviewed in the next section.

2.5.3 Knowledge integration

Knowledge integration is consideredas the most important role for organisations z as
argued by the knowledge-based view of the firm (Demsetz, 1991 R. Grant, 1996a
1996b). However, the understanding of knowledge integration tendsto differ among
scholars (Berggren, 201)). The difference lies in thedifferent approachesthey espouse
for knowledge integration. In this review, two different conceptsof, and approaches tp
knowledge integration are examined Each has different implications for

interdisciplinary learning.

2.5.3.1 The knowledge transfer approach to knowledge integration

The knowledge transfer approach to knowledge integrationis espoused by the
mainstream view of knowledge integration (Berggren, 201). This view understands
knowledge integration asthe movement of knowledge from dispersed locatios to
where it is required inside organisations (Berggren, 2011 Carlile, 2002 Carlile &

Rebentisch, 2003. The approachoffers a three-stage modelof knowledge integration:
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acquisition, storage, and retrieval(Carlile & Rebentisch,2003). Firstly, knowledge is
found and acquired from external sources. Then, the acquired knowledge @toreddin
organisaional memory in the form of embodied knowledge of organisational members
but it canalsobe embeddedin repositories. Subsequerly, the Gtoredéknowledge is then

retrieved from organisational memoryfor integration.

This view doesnot elaborate on individual learning in detail because itfocuseson the
intra-and inter-organisational level knowledge transfer It is assumed that the retrieved
knowledge is sufficient and unambiguous enough to be used for integration or for
acquiring other new knowledge. Furthermore, the efficacy of theknowledge transfer
view is challenged whenchanges in circumstances resultin the inadequacy of some, if
not all, of the Gtoreddknowledge. Thus, Carlile and Rebentisch (2003 further elaborate
on the retrieval part, and add a transformdion stage. Hence, the knowledge

transformation view of knowledge integration.

2.5.3.2 The knowledge transformation view of knowledge integration

The knowledge transformation view of knowledge integration understands knowledge
integration as a cycle of transform#ion of knowledge. As an approach to knowledge
integration, it consists of three stages: storageetrieval, and transformation. Knowledge
integration begins with the storage process, whereby knowledge is accumulated through
learning and experiencing (i.e.applying knowledge). Accumulated knowledge ighus
0 O O (i@ Aekbodied)in the experience of individuals, but it can also be embedded in
storage medias, andartefacts, and in a particular community of practice (Carlile &
Rebentisch, 2003.

Then, the retrieval process starts when a new problem requires integration of
knowledge. However the retrieval process here differs substantially from the
knowledge transfer approach to knowledge integration. Here, retrieval involves
searching for andassessing relevancyf knowledge (Carlile & Rebentisch, 2008 Since
this view assumes tlat some of the stored knowledge is obsolete due to changes in
circumstances,the retrieval process requiressearching for new knowledge sources, and

the assesment of the relevancy of those knowledge sources to a new problem.
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This supports the relevance ofthe socio-material perspective that argues for he need to

assess knowledge. ltalsolends supportto OEA Eil BT OOAT AA alleAningA OAT ¢
outcome. However, the argument of the obsolescence of stored knowledge seerto

imply that existing knowledge is no longer useful for aguiring and assessing
knowledge; whereas how existing knowledge is used for that purpose is of concern to

educators.

The assessment of relevancy of knowledge especially challenging not only due tothe

newness ofknowledge sources but also due to thespecialised nature of knowledge

(Carlile & Rebentisch, 2003. For this reason specialists who bring innew specialisal
knowledge are supposed| OOADPOAOAT 68 xEAO OEAU ETT x OI

disciplines can understand and assess its relevance.

At the knowledge transformation stage knowledge representations aretransformed
into shared representations, whch are then used toassess knowledgelUsing shared
representations, OEA OOAI AGEOA | AGEOO AT A AT 06O 1T £ A
trade-offs could be made andigreemA T OO O fCarlleE&ARebentisch, 2003;p.1185

As a result, relevant knowledge can be integrated.

The knowledge transformation view seems to suggest thahe collaborative knowledge
representation method is one way by which interdisciplinary learning could occur.
However, it could not inform how disciplinary knowledge could be useful for
interdisciplinary learning. Thus, Carlile and Rebentisch (2003 challengeresearchers to

Ol AAROOOAT A OOEA O1 AAOI UET ¢ 1 AAEATEOI O A& O
O1 AEA1T AT A OAAET EAAI OAOOEIT ¢cO06 | P8ppwo(Qds

From an interdisciplinary learning perspective, thisknowledge transformation view of
knowledge integration suggess that interdisciplinary learning does not only involvethe
transference and acquisition of knowledge between different disciplineghrough its
codified form or through the four knowledge conversions ite. sodalisation,
externalisation, combination, and internalisation). Rather, interdisciplinary learningalso
involves understanding and assessing knowledge through its representativesi.€.

drawings, models, and boundary objecis
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The argument for knowledge transformation by Carlile and Rebentisch (2003 is based
on the recognition of barriers to knowledge integration when different disciplines
collaborate. Barrier to interdisciplinary learning is of interest to engineering education
OAOGAAOAEAOOR AOGO 111U OAEOAEDI ET AOU Aci AAT
connections) has been disceered so far. A review ofbarriers found in knowledge

integration is therefore provided in the next section.

2.5.4 Barriers to knowledge integration

In the organisational knowledge and learning literature, barriers to integrating
knowledge within interdisciplinary and cross-functional teams have been widely
discussed Carlile (2002) classifiesthese barriers into three types syntactic, semantic,

and pragmatic barriers.

2.5.4.1 Syntactic Barrier

Carlile (2002) understands the syntactic barrier as differences in specialised
terminologies used by people from different functions in an organisatin. When
specialists from different disciplines or functions collaborate each specialist tends to
use thar specialised terms to describe his/her knowledge to othersfrom different
disciplines. Others perceive specialised terms as disciplinary jargonsnd therefore

barriers to understanding knowledge from different disciplines arise.

According to Carlile (2002), syntactic barriers pose a problem to the transfer and
acquisition of knowledge between different function,but they can besolved by simply
defining the terminologies to others. Thes are explicit forms ofknowledge; their exact
meaning can beunderstood due to the specificity oftheir definitions. This seems to
suggest that when dealing with terminologies and jargon, the patiwvay to

interdisciplinary learning is to codify their definitions.
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2.5.4.2 Semantic Barrier

Semantic barriers correspondto different interpretations of a similar problem by people
from different disciplines or functions. Differences in interpretationcan arise due to, at

least, two reasons.

The first reason corresponds to the familiarity people have witlthe meanings of certain
common words, which have completely different meanings tathers from different
disciplines. The meanings can be implicitly associatedith particular methods in a
AEOAEDI ET A8 &1 O AgAiBIi AR A ATT1TT x1T OA 1EE
interpretation because differentdisciplines may havedifferent ways of sterilising. When

similar words are used in common but ther meanings and the correspondng implicit
assumptions are nofconfuson and misunderstanding resultin semantic barriers.In this

case, the implicitmeaningsneed to be made explicitThis suggests that when dealing

with ambiguity in meaning, the pathway to inerdisciplinary learning is to engage in
learning actions that can deciphertthe exact meaning of common words used by other

specialists.

The second reason corresponsito the implicit assumptions and mental models that
specialists from different disciplinesuse to interpret and explain a common problem.
They may not be fully aware of their implicit assumptions and mental models, even
though their causal explanation ofproblems and solutionsare actually underpinned by
implicit assumptions. Differences inimplicit assumptions and mental models couldead

to semantic barriers.

According to Carlile (2002), semantic barriers are harder to handle than sytactic
barriers. This is becausedifferent interpretation s are tied to the assumptions that are
implicitly held rather than explicitly discussed. It is due to tlis reasonthat Boland and
Tenkasi (1995 and Carlile and Rebentisch (2003 argue for the deployment of
representation methods, shared methodologies and dundary objects. Implicit
assumptions can then be explicitly clarified, compared and contrasted collaboratively
towards a resolution (Beckett, 2015 Carlile, 2005 Koskela et al, 2016, Thompson,
2016; Thompson et al, 2017). By depicting and exldanging representations, each
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specialist can take the perspectiveof others into considerations, ébr example, the use of
a cognitive map to represent implicit assumptions aboutause and effectselationships
(Boland & Tenkasi, 1995.

This argument seems to reinforce the applicability ofthe interdisciplinary learning
method of representing knowledge of other disciplines, tan using the representation to
collaboratively understand and evaluate knowledge. Howeverthe mechanisms by
which this method work has yetto be explained(Carlile & Rebentisch, 2003, thereby
reinforcing the need for developing a mechanismbased explanation for

interdisciplinary learning (Lattucaet al, 2004).

2.5.4.3 Pragmatic barrier

The third type of barrier, calledthe pragmatic barrier, corresponds to the differences in
practices where individual specialists have investedmany resources to developand
i AOOAO OEAI 8 4EAU EAOA OAAT OO hd khavwedgd
AAOAT (aarlid 2002;p.449. If different specialists suggestdifferent approaches to
practitioners who have been benefitting from their existingapproaches then the latter
would not readily agree with such suggestios. Additionally, different specialists may
differ in their goals and target achievementsAccording to Carlile (2002), the pragmatic
barrier could also be overcome through representation because it can be used to
negotiate and make tradeoffs. However, from aninterdisciplinary learning perspective,
the mechanisms by whichknowledge representations could lead to the outcome of
replacing existing knowledge and practices of other different disciplineare not known.

This further entrenches the need fora mechanian-based explanation.

The review of literature on barriers indicates that in organisational settings, scholars
recognisethat barrier s are not necessarily related tothe inherent ability, or the lack of it,
of different specialists to understandknowledge and perspectives of other disciplines
Cognitive learning that emphasises conceptual knowledge is natnough to develop
understanding and other learning outcomesThe review indicates that ways of learning
could depend on the types of barrier encountered,hus providing the need toexplain

contingent pathways to interdisciplinary learning outcomes.
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2.5.5 Summarising the review on organisational knowledge and
learning

The review of theorganisational knowledge and learning literaturecovers a number of
topics that are relevant for informing interdisciplinary learning in engineering
education. Firsty, it informs about knowledge andthe different types that could be
encountered by engineers in organisational settings. It clarifies that knowledge can take
two main forms: the personal form and the impersonal form of knowledgdn addition,
interdisciplinary learners are likely to deal with different types of personal and

impersonal knowledge from different disciplines.

More importantly, this section of the literature review shows that sociematerial
interactions are prevalent in learning in organisational settings. It elaborates oihe
knowledge conversion and knowledge integration processey which interactions with
social and material entities provide various larning situations. By reinforcing the socic
material view of learning, thereview also clarifies that outcomes of interdisciplinary
learning in engineering education shouldspan the wider range of outcomes from
acquisition to evaluation, and even to contbuting knowledge that could replace the

existing knowledge of differentdisciplines.

In terms of addressing the needo know the mechanisms by which interdisciplinary
could occur and how engineering knowledge could be used, this review reveals that such
need has not been addressed sufficiently. In fact, the review reinforces the need to

understand the underlying mechanisms.

Nevertheless, the review reveals that there are many pathwaysi.€. successive
combination of learning methods) to achievinglearning outcomes, and that those
pathways are likely to becontingent upon situations in the learning environment, such
as the different barriers in organisational settings Therefore, it informs engineering
education that it is usefulfor students to diagnosethe interdisciplinary situation they

face, and then make appropriate judgemestof the suitable pathway to follow (i.e.

learning actions to take to achieve different outcomes).
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In terms of identifying barriers, this part of the review suggeststhat there are three
types of barriers in interdisciplinary work. However, little is known about how the
barriers interact with learning practices. Therefore, the review can only partially

address many of the critical issues described earlier.

Much of the review coversgeneral organisational settings rather than specific settings
where practising engineers work. Therefore, in the next section, the engineering
practice literature is reviewed to gain a better understanding bthe work practices of
engineers so that the sado-material practices and learning aspects can be further
recognised. It could perhaps give some ideas of what aspects of engineering practice

could be useful for interdisciplinary learning.

2.6 Engineering practice

The engineering practice literature mainly seeks to conceptualise what practising
engineers actually do at work so that engineering education aligns to the needs of
engineering practice.To help inform this educationto-practice alignment, engineering
education researchers have been engaging withrgctising engineers in theirworkplace
to develop models of engineering practice.In this section,two most notable modelsof
engineering practice are reviewed: the Unifying Mdel by Trevelyan (2009) and the
Actor-Network Model by B. Williams and Figueiredo (2013. These two moels are
chosen asthey have been developed mainly through engageent with engineers at
work, but also because the models do not narrowly focus on only a few aspects of
engineering practice, such as design and problem solvinglhe models are developed
based on the perception ofactivities carried out by the engineers who participated in
the studies. Therefore, theyboth capture a wide range of practices, allowing this
research to investigate whichaspects of engineering practiceare actually useful for

interdisciplinary learning.
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2.6.1 The Unifying Model of engineering pract ice

The Unifying Model of engineering practice has beendeveloped by Trevelyan (2009)
based on astudy of the work practices of engineers in Australia.The model represents
engineering practice as anenterprise that provides reliable servicesto its clients. Figure
2.2 depicts the representation ofthe Unifying Model. The topmost block represents the
service that the engineering enterprise provides, and the other blocks represent
different aspects of engineering practice. There are also importaneaspects of
engineering practicethat are notrepresented byblocks, but arerepresented instead by
A OOAAEAI 1 Afhoseltiioék@4 ODOOAAAEEI 1| AS OADPOAOAT OC
social interactions performed by the engineers in order to ensure other practices could
be performed reliably and efficiently. These social interactionsconstitute 60% of the
AT CET AAOOime.x1T OEET ¢ O
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Figure 2.2: Unifying Model of Engineering Practic¢Trevelyan, 2009
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These social interactions are collectively termed Jechnical Coordinatiord defined as

OET £ O Al 1 U aiikdsiErtians codpérdtidn lof@ther people in technical
contextsd (Trevelyan, 2010;p.18Q. As can be seen in Figure 2,30me of the aspects of
O4AAET EAAI #1OGMET AOET OB OEZEORATIOEAOBRCS Al
T ACT OEAQEIT T O 1 £ 1 Achuidbd rglabed to Diardidcifinalylleangrd.6

The remaining 40% of the working time is spent on solitary interaction with material
entities, which include interacting with systems and abstract data (calculating,
modelling, simulation and data analysis, designing, drawing and creating software
codes), and interacting with hardware. Again, this shows the possibilityof interacting

with material entities for engaging in interdisciplinary learning.

Based on the description othe model, it appears to be valuable for this researchit gives

a clearer picture ofengineering knowledge and experiencehat can be brought into an

interdisciplinary collaboration. However, without empirical evidence d how engineers

practise their interdisciplinary learning, it is hard to know how these aspects of
engineering practice help achieve the outcomes of interdisciplinary learningstudies of

interdisciplinary practice in an engineering context remain scart (Nersessian &
Newstetter, 2014).

Consequently the developer of the Unifying ModelGdentified a need for more research

into engineering as a sociotechnical process requiringonstant distributed learningby
practitioners in the workplaceo (B. Williams & Figueiredo, 2013;p.16% In particular,
(Trevelyan, 2013 2014) £ 61 A OEA OAI AOGAT AA T £ OAEOOOEA
practice.4 O A O A Istudfe$ @ @ngineering practice weresubsequently extended byB.

Williams and Figueiredo (2013, who studiedthe practices ofPortuguese engineers. The

extendedstudy culminates in anactor-network model of engineering practice.
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2.6.2 The Actor-Network model of engineering practice

B. Williams and Figueiredo (2013 characterise engineering practice as a network of

human and nonhuman actors represented by the Ator-Network Model in Figure 2.3
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Figure 2.3: Actor-network model of engineering practice(B. Williams & Figueiredo,
2013)

In this model, an engineer is viewed as an actor who interacts with other actors, thus
forming social and material networks with other engineering and norengineering
workers, as well as with instruments and technologies in the workplace. In addition,

such interactions extend beyond the immediate workplace, thus forming a distributed
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network of many actors. This model enhances the Unifying Model because it emphasises

the wider distribution of social and material interactions performed by the engineers. It

Al 01 OAET £ OAAO OEA DOAOGAI AT AA 1T &£ OEA 0O4A;
practices in the Unifying Model; theO4 AAET EAAT #1 1 oohdhititd % iofl 6 A C

the working time.

The actor-network model depicts (usingdifferent font-sizes) the relative frequencies of

OE® AT CET AAOET ¢ OAPAOOI EOAOS8 fréquchtAreperidieAl Al
Al11TxAA AU OAOAAOEIT ¢céh OAAOARAD AABARERT A
OPOil AAOOGEIT 1T A1 EOACAI A1 66838

This model is also helpful for interdisciplinary learning because it shows that
engineering practice provides engineers with an immense network of socimaterial

relationships that could be useful for interdisciplinary learning.

Overall, the main contribution of the review of the engineering practicditerature is in
demonstrating the wide range of aspects of engineering experiencand networked
relationships that could be useful for interdisciplinary learning.It supports the choice of
viewing interdisciplinary learning in engineering practice through the perspective othe
socio-material view of learning. However, it does not satisfythe need to know the
mechanisms by which these aspects and relationships could lead to the achievement of

outcomes of intedisciplinary learning.

2.7 Integrating reviews and identifying gaps

This section describesthe conceptual flow development that provides a holistic
perspective of all five issues, andassesgs how well the existing bodies of knowledge
reviewed haveaddressedthem. This assessmenallows the identification of gaps inthe

existing bodies of knowledge
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2.7.1 Integration of the reviews

The integration of the literature review considers the five critical issuesutlined in

Section 2.3.6 and assesses to what exteihey havebeen jointly addressed.

1. The first critical issue mentioned in Section 2.3.6elates to theformulation of
learning outcomeswhichisOOET 1T  OODAA Grelledriabdlion AAAAOOA

literature review.

The integration of the reviews clarifies thatlearning outcomesshould specify
what engineering students should be able to do inan interdisciplinary
collaboration when knowledge from different dsciplines is brought into such
collaboration. While the review indicates that there are differences in the
expected outcomes, theapproach to formulating them is similar; it is based on
the review of literature on interdisciplinary studies. As a result, the outcomes

remain speculative, and thus requireempirical underpinning.

The sociematerial learning perspective suggeststhat statements of learning
outcomes should be alignedo x EAO AT CET AAOET ¢ DPOI AAOOEI
their scAAT 1 AA OADE OOwhénEthey é@ncoinfed EndwleGg® hfrom
different disciplines. 4 EA 1T OO0AT I A0 T £OGRIOCEGAAOADP EOOAI
practice should therefore inform the formulation of learning outcomes in

educational settings.

The organisational knowledge and learningliterature informs that OABDE OOAI E
situations. However, how different epistemic practices and learningputcomes are
contingent upon situations in interdisciplinary learning has yet to besufficiently

understood.

2. The second critical issue mentionedh Section 2.3.Gelates tounderstanding how

to useengineering knowledge and experience for interdisciplinary learning.
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The review indicates that arrent understanding lacks an explanation of how
different ways of learningcould help studentsusetheir engineering knowledge

and skills to achievelearning outcomes.

The socio-material view of interdisciplinary learning indicates that the @ays of
learning AAT AA AT T AADPOOAI EOAA The Grgabidaimiad OA | E
knowledge and learning literature provides useful suggestions ofwhat these
@pistemicDOAAOEAAOGS 1 ECEO sPREAOCAOAPEDORI EECH
likely to depend on situations.The literature on erngineering practice provides
suggestions @ the different aspects of engineering practicehat could provide
useful knowledge and experiences for interdisciplinary learning However, the
integrated literature review still could not provide the knowledge abouthow
different ways of learning could lead to achieving otcomes under various

contingencies

. The third critical issue mentioned in Section 2.3.6elates to the socio-material

perspective on learning

Learning theories that educators espouse in teachingan determine how
students seek toachieve learning outcomesThe review showsthat the use of
learning theories that emphasis mere participation in interdisciplinary work
tends to obscure the potential of using materi objects for facilitating
participative learning. The socio-material view and the organisational knowledge
integration have shown that when interdisciplinary work is required, there is a
T AAA O1 AAPEOAI EOA 11 Qdéyhg DlEyAdd o soddl 8 OE
side. The integrated review highlights the relevance of the learning theories that
are based on the socignaterial perspective d learning. However, empirical
evidence from engineering practicehas yet to be producedto support this

suggestion.
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4. The fourth critical issue mentioned in Section A.6relates to the identification
and understanding of barriers to achieung outcomes beyondknowledge

acquisition, such aknowledge evaluation.

Understanding the barriers faced by studens is important to help them
overcome those barriers. In engineering education, the barrier that has been
identified is the inability of students to make connections between engineering
and different disciplines. The integrated review clarifies that such a barrier, as
well as other barriers, exists inthe interdisciplinary workplace. There are also
different ways of overcoming them depending o what types of barriers are
encountered by practitioners. However, how barriers interact with different
xAUO 1T £ 1 AAOTEITC j EB8A8 OAPEOOAI EA POAAOE
5. The fifth critical issue mentioned in Section 2.3.@elates to the need for moe
contributions from studies that engagewith practising engineers in order to
identify work practices that can inform suitable intervention strategies for

achieving learning outcomes.

Information about intervention strategies is valuable for educatorsn helping
students cope with barriers to achievinglearning outcomes The knowledge
integration literature indicates that intervention strategies could facilitate the
achievement of a range of outcomes including the assessment of knowledge
relevance. However, it is also acknowledged that little is known abouthe
mechanisms by which such intervention strategies could lead to outcomes
achievement. The literature from organisational settings alsoindicates that
intervention strategies are likely to be contingent upon situations, such as

different types of barrier.

The relevance of the sociematerial perspective, which anticipates ambiguity in
knowledge, indicates that intervention strategies should also target the
development of situational judgement in the face of ambiguity in knowledge

relevance. However, studies that engage with practising engineers in
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interdi sciplinary practice are scant. Otherwise different situations and suitable
practices could have beenidentified to inform about situational judgement and

suitable intervention strategies.

Based on the arguments above, it seems reasonable to sugdhat the five critical issues
are only partially addressed by the integration of allthe reviewed literature. This

indicates that there are gaps in existig knowledge with respect to thesassues.

2.7.2 ldentification of gaps in the literature

The integrated review suggests the followinggaps in the literature and the

corresponding implications for this research.

1. With respect to issue #1 in Section 2.7.1 above, the speculative appoh to
formulating outcomes hasyet to be complemented by empircal research that
engages with practising engineers.The implication of this gap for this research is

that this research should engage with practising engineers, identify their

N s o~ A 2~

2. With respect toissue#2 in Section 2.7.1 abovghere is a gap in knowledge about
how to use engineering experienceand knowledgefor interdisciplinary learning.
The implication of this gap for this research is that this research shoulexplain
how engineering knowledge andskills are actually used for achievingearning

outcomes

3. With respect to issue #3 in Section 2.7.1 above, the literature lacks knowledge
about how sociomaterial learning practices are enacted by practising engineers
in actual workplaces. The implication of this gap is that this research should
employ the sociematerial perspective of learning todescribe andexplain how

practising engineers practi® their interdisciplinary learning.
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4. With respect toissue #4in Section 2.7.1 above, the literature lacks krnaedge
of this gap for this research is that it shoulgpecify how different barriers relate
to the deployment of different epistemic practices and their corresponding

outcomes.

5. With respect toissue #5 in Section 2.7.1 above, the literature lacks studies that
engagewith engineers in thar workplace in a way that different situations and
suitable practices couldbe identified to inform about situational judgement and
suitable intervention strategies. The implication of this gap for this research is
that it should engage with practising engineers in order to identify different
situations and suitable learning practices. It should then develop contingent
generalisations on howdifferent situations could lead to deployment of different
epistemic practices and their corresponding outcomes.This allows the
elucidation of how situational conditions could be diagnosed for making
situational judgement about choices of learning practices.In this way,
intervention strategies could focus on whether or not students exercise such

situational judgement to choose different ways ofearning.

2.8 Summarising and concluding the review

This chapter has reviewed four bodies ofiteratures: the interdisciplinary learning in
engineering education literature, the perspectives on learning literature, the
organisational knowledge and learning iterature, and the engineering practice

literature.

The review of interdisciplinary learning in engineering education revealsfive emerging

issuesto be addressed

1) Formulation of learning outcomes for interdisciplinary learning in engineering

education;
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2) Understanding how engineering knowledge and experience are useful for
interdisciplinary learning ;

3) ldentification of a suitable perspective onlearning for informing teaching and
learning in interdisciplinary settings;

4) Identification of barriers to interdisciplinary learning in engineering educatiort

5) ldentification of intervention strategies for supporting students and educators.

In light of these issues, this caipter has selectively reviewedthree strands ofliterature
that could be brought to bear on the above issues. Firsly, five different theoretical
perspectives on learninghave been reviewed in section 2.4 in orderto inform the
different ways in which interdisciplinary learning in engineering could beunderstood.
Assessment of their relevancéo interdisciplinary learning supports the applicability of
the sociomaterial learning perspective, and thecommitment to use it as the main

perspective for understanding interdisciplinary learning.

Secondy, a review of the organisational knowledge andlearning literature has been
undertaken to reveal the different ways in which organisation members learn to
integrate specialised knowledge across functions and disciplinesThe review reveals
wide-ranging types of knowledge, interactions between social and material entities,
processes for integrating knovledge, as well the barriers toknowledge integration.
These organiséional situations identify the likely contingencies in interdisciplinary

learning within the organisational setting

Thirdly, the engineering practice literaturehas keen reviewed to revealthe different
aspects of engineering practiceand interactions that are undertaken by practising
engineers, thusproviding information about the likely experience and knowledge that

practising engineers could use for interdisciplinary learning.

The integration of all the reviews indicates that the five emerging issues can be
addressed onlypartially by the reviewed bodies ofknowledge, and thereby resuting in

significant knowledge gaps. To fill these gaps, this research has sought to
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interdisciplinary collaboration. In addition, to formulate the relevant learning
outcomes, it shouldidentify what engineering professionalsachieveas outcomes
of their epistemic practices.

2) explain OEA 1 AAEAT EOI O AU xEEAE u&lhmybeddi EA
knowledge andskills for achieving learning outcomes

3) apply the socio-material perspective on learning to describe and explain
interdisciplinary learning i n engineering practice.

4) specify how different barriers relate to the deployment of diferent epistemic
practices andtheir corresponding outcomes.

5) develop contingent generalisatims on how different situations could lead to

deployment of different epistemic practicesand their corresponding outcomes.

The above constitute the knowledge requirements that inform the design of this

research in the next chapter.
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Chapter 3 Research Design

3.1 Introduction

A research study needs to be designed according to some specific requirements. For this
research, the main design requirements are th&nowledge requiremerts derived from

the five knowledge gaps identified in the previous chapter

The design of a researcprogramme OET OT 1 OAO OEA ET OAOOAAOQBEIT I
of inquiry, and D AAE £E A (CrdsWell, (1909 2009;p.5). In addition, the choice of

design and research methods need to be justifieCase & Light, 201} Since there are
interactions between the difierent design aspects, the implementation of the design is
reflexive in the sense that the choice of one aspect influences the other design aspects in

an iterative manner (Maxwell, 2008). This chapterdescribes howthe design process

starts by translating the knowledge requirements intotwo research questions. The
research questions determine the optios for the first aspect of the research desigg the

philosophical position z, whichis determined in section 3.3.

After determining a suitable philosophical position, section 3.4 shows how the
philosophical position informs the development of a conceptual framework. The
conceptual framework determines the option for the second aspect of the research

designz the strategy of inquiry.

After determining a suitable research strategy, the remaining sections discuss the
configuration of the third aspect of the research desigg the research method. Section
3.6 discusses the case study research method and identifies the salass of

interdisciplinary learning studied.

Finally, the last section 3.7summarises this chapter by showing the overall design

configurations of the different aspects of the research design.
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3.2 Formulation of the r esearch questions

The design of this research is based no knowledge requirements deived from

knowledge gaps identified in the previous chapterThese are the knowledge about:

1. Different epistemic practicesthat practising engineers perform when engaging in
interdisciplinary learning, and the outcomesthey achieve.

2. How engineering knowledye, skills andexperiences couldoe usedfor
interdisciplinary learning.

3. The application ofthe socio-material perspective on learning to understand
interdisciplinary learning

4. How different barriers relate to the deployment of different epistemic practices
and the achievement of outcomes.

5. Contingent generalisations d how different situations could lead to the

deployment of different epistemic practices and the achievement of outcomes.

To address the above knowledge requirements, two main research questioase

formulated as follows:

1. Research question 1: How engineers practise their interdisciplinary learning in
terms of their engagement in epistemic practices, and their achievements of
learning outcomes?

2. Research question 2: Why engineers engage in diffettegpistemic practices, and

achieve differentlearning outcomes?

The above research questions requiran identification task and an explanatory task.
The identification task involves identifying a number of aspects of the phenomenon such
as epistemic practces and learning outcomes. The explanatory task involvedentifying
and explaining a number of causal relationships andhe underlying causal mechanisms.
Both tasks necessitate philosophical considerations in terms of the nature of existence of
those aspets. For example, ddhe underlying mechanisms exist in reality, or do they

merely exist in our thinking? This requires the researcher to state explicitly the
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philosophical position that he holds about the nature of existence, and about the nature

of knowledge.

3.3 Determinati on of a philosophical position

In undertaking research on a phenomenon, two assumptions about the phenomenon are
central: assumption about the nature of reality of the phenomenon, or the smalled
ontological assumption, and assumption laout the nature of knowledge about that

reality, or the so-called epistemologcal assumptior8 4 EAOA AOA OOAAI EO(
ITOT 1T CEAAT AOOOI POEI T Oh AT A O1I AEAAOEOEOOS
(Creswell, 2009 Maxwell, 2012b).

The realist ontology assumes that the existence of different aspects of a phenomenon
does not depend on our conceptions about therfBraun & Clarke, 2013Guba & Lincoln,
1994; Kelly, 2017). Accordingly, a realist ontology would assume that the different
aspects of interdisciplinary learning phenomem, such as entities that cause the
deployment of epistemic pactices and the associated causal processeseally exist in
reality, and are not merely conceptions of the researcher and his informant¢Maxwell,
2012b). On the contrary, a relativist ontology assumes that the different aspects of a
phenomenon are conceptions of those who experience and observe the phenomenon;
the nature of their existence depnds on ;AT P A6 O AkddvikdgE &t &d h
meanings they assigned to then{Harré & Krausz, 1996 Maxwell, 2012y Schraw &
Olafson, 2009.
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assumes that the nature of knowledge about the different aspects of a phenomenon is
objective. Such knowledge does not consist ofhe different interpretations and
constructions of people who experience b observe the phenomenon (Allison &
Pomeroy, 200Q Cohenet al, 2013). On the other hand, a subjectivist epistemology

assumes that the nature of knowledge about the different aspects of a phenomenon is
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subjective in the sense that there are differentonceptions of the same phenomenon
(Cohenet al, 2013, Maxwell, 2012b).

To determine a suitable philosophical position, this research considers three main
philosophical positions that differ in their combinations of ontological and
epistemological assumpions. Table 3.1 represents their relative positions and

assumptions.

Table 3.1: Philosophical positions

Epistemological assumptions
Objectivist Subjectivist
epistemology epistemology
Ontological Realist ontology Positivism Critical Realism
assumptions
Relativist ontology - Interpretivism

First, there is a positivist philosophical position, which combines a realist ontology with

an objectivist epistemology. Acording to Alvesson and Skdldberg (2009;p.1) the

position claims that OAAOA AAT OO0 OEA PEATTITATTT AAEITC
Al OAAAU AQEOOO 1 6O OEAOA OF AA CAOEWMLDKSAh T A
objectivist epistemology emphasises the production of objective knowledge in the form

of statements about the relationships between laservable, or measurable, aspect§uch
statements aresaid to be universalin the sense that they are applicable acrossfterent

contexts (Alvesson & Skéldberg, 2009Cohenet al., 2013).

Second, there is an interpretivist philosophical posion, which combines a relativist
ontology with a subjectivist epistemology. Itcontends that data about a phenomenon is
constructed during research(Alvesson & Skoéldberg, 2008 p.23). Sucha construction of
data could happen when researchers interactwith the phenomenon, either directly,
such as by taking part in the phenomenon, andirectly, such as by interviewing those

who experienceit. Thus, a researchemwho takes an interpretivist position would focus
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on developing knowledge abouthe different subjective meanings and conceptions of a

phenomenon according to those who eerienceit (Alvesson & Skoldberg, 2009

Third, there is a critical realist philosophical position that combines a realist ontology

with a subjectivist epistemology (Bhaskar, 1975 Maxwell, 2012b). Critical realism

rejects apd EOEOEOO8 O Al AEIi OEAO T AEAAOEOA OAAIl EC
i AAOOOAT AT 08 4EAOAMEI OAh  AOE O&sh Aihcluded Ankl E O ¢
identification of aspects that cannot be observed or measured, but are significdiatr the

study, such as the underlying causal processeSince they are not observable to the
researcher, his/her knowledge about them necessarily consists of conceptions.
However, critical realismdoes not endorse multiple realities(Maxwell, 2012b), and thus

seeks to develop conceptions that correspond closely to a reality. Therefore critical

realism philosophy dso evaluates the plausibility of different conceptions in terms of

how closely they correspond to theactual reality (Edgley et al, 2016, Maxwell, 2004,

2012Db; Scott, 2005 Zachariadiset al, 2013).

Critical realism concepualises about a phenomenon by developing knowledge about
contingent and contextual generalisations othe causal relationships between different

aspects of a phenomenon. Such knowledge providasausal explanation of how events

and outcomes of a phenomeon could be caused by real entities that may not always be
observable or measurable (Maxwell, 2012b). Such contingent and contextualised

ETT x1 AACA T £ A PEATTI AT T-OAEQA ADBAT Gtkayx 1 A AQ
that falls between universal law-like generalisation and detailed contextualised
descriptions (Bygstad et al., 2015Maxwell, 2004, Smith, 2012).

By comparing the suitability of the three philosophical positions, a critical realist

position appears to be the most suitable for this researchlhis is mainly because the
researcher recognisesthat there are limitations in the accessibility, observability, and
measurability of the different aspectsthat this research seeks to identify and explain

Events that have occurred in the past such as pat engagement in epistemic practices

are no longer observable.Their real existence in the past does not depend on the
OAOAAOAEAOBO Ai T AAPOET T8 (1T xAOAOh OEAeET T x|

construction of it depends onthe conceptions of he informants and the researcher.
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The prevalence of unobservable aspects in interdisciplinary learning also indicates that
data collection needs to relyheavily on retrospective accounts of, and subjective
interpretations by, different people including theresearcher and his informants. When
different interpretations point to competing explanations, their plusibility needsto be

evaluated in terms of how closely they correspond to what has actually happened.

Last but not the least, critical realism emphases the development of knowledge in the
form of contingent and contextual causal explanation. This informs the development of a

conceptual framework.

3.4 Development of a conceptual f ramework

A conceptual framework consists ofthe concepts and relationshipsthat represent a
general conceptualisation of the phenomenon being researched. It embodi€&sOE A [ AET
things to be studiedz the key factors, constructs or variable z and the presumed
relationships between OE A [(Miles & Huberman, 1994:p.18. The presumed

xEAO EO EADD ANakwel( 2008} pi2228;Rabson, 2002;p.63.

In developing a coneptual framework, this research combines findings from the
literature review with the philosophical ideas of critical realism. The literature review
suggeststhat interdisciplinary learning can be viewed as a process. Logically therefore,

the conceptual famework isalso OOOOAOOOAA A0 A DPOI AKk0GIO8 #C
contingent causal relationships between different aspects of a phenomenanis used to

inform the construction of a causal structurefor the conceptual framework. Thus, the
conceptual framework is structured into three sequential stages as depicted in Figure

3.1 below.

As seen in Figure 3.1, the first part of the conceptual framework represents the
OET1 EOEAQOEI 16 OOACA 1T &£ ET1 OAOAEOGAEDI ET AU 1 A/
that are of interest to this research, interdisciplinary collaboration, and engineering
practice, make up this stage. The initiation of the process mainly involves interactions

between engineers and other social and material elements within both entés. Such
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interactions are assumed to cause the emergence of situations, and the formation of
judgements. The two arrows in Figure 3.1 represent the causal links between both

causal entities to situations and judgments.

Sltuatlons
Epistemic
Practices
Judgments

Initiation Commitment Outcome

Inter-
disciplinary
collaboratio

@

Engineering
Practice

Figure 3.1: Conceptual framework of interdisciplinary learning in engineering practice

The second stage corresponds tevents thatinclude the various situations that demand

action to be taken on knowledge from diffeent disciplines, judgements that are formed

by engineers, epistemic practices that are deployed based on their situational
judgments, andthe outcomes of those practices. In Figure 3.1, the interactions between
OOEOOAOQEI T O86h OEOAQAKNEARDT M A POABE OOA IABDA
three-way arrow that inksOEATI 8 4EEO OAAT T A OOACA EO AAIT
order to signify that at this stage engineers makea commitment to engage in learning

through epistemic practices, according b the sociematerial perspective on learning.

Finally, the last stage corresponds to the empirical ontological domain. At this stage,
outcomes of engagement in epistemic practices producempirical traces that can be
gathered by the researcher. Demonstran of learning outcomes, such as showing

understanding of conceptual knowledge, is the main empirical aspect tha of special
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interest to this research. Other empirical traces of events, such as archived materials, are

also part of this stage.

The concetual framework is a generic model that is still lacking in the identification of
conceptual categories. Therefore, its further development into a theoretical model
requires a research inquiry into the actual phenomenon. Consequently, a suitable

strategy o inquiry needs to be selected.

3.5 Selection of the research strategy

Research strategy determines how the phenomenon of interest should lexaminedin

order to develop knowledge aboutts different aspects. Creswell (2003) emphasises that
aOAOAAOAE OOOAOGACU ODPOI OEAAO OPAABMASEAT AEOA
(p.13), and identifiesthree types of strategies of inquiry: quantitative, qualitative, and

mixed-method research strategies.

Among the three strategies, the qualitative strategy is the most optimal choice for
inquiring about the different aspects of nterdisciplinary learning. This is mainly due to
the need to rely heavily on qualitative accounts of events, outcomes, atie entities that
cause them. In addition, qualative strategy would facilitate a deeperunderstanding of
the relevant contexts, sitiations, and interactionsto enable the development of causal
explanation (Maxwell, 2004, 2012a, 2016a). Such ause of qualitative strategy of inquiry

entails configuring the different aspects ofa qualitative research method.

3.6 Configuration of a qualitative research method

Research methods offer systematic means for inquiring about different aspecof a
phenomenon.Unlike other methods, he ase study research m#od offers a systematic
i AATO £ O AAAOAOCOGEDA OAAPA®ID, NI, Ar@ S kuidble for
developing cawsal explanation(George & Bennett, 2005Maxwell, 2004, 2012a). This is
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mainly due to its explicit emphasis on the contextal factors that influence a

phenomenon

Further, for developing contingent gerralisatonsh EO EO Ei Bl OOAT O OE/

phenomenon to be investigated is not defined too broadlfGeorge & Bennett, 2005Yin,
2003). Therefore, one of the important aspects ofdesigning a case study research

method involves focusing on a particular sukclass of a phenomenon.

3.6.1 Identification of the sub-class of interdisciplinary learning

Interdisciplinary learning in engineering practice broadly encompasses learning
knowledge from many different disciplines. However,this research focuses on a
particular sub-class of interdisciplinary learning in engineering practice, where

engineers learn:

1) Knowledge of the life sciences discipline,

2) In the context of their involvement in devdopment projects that integrate
engineering and the life sciences

3) To address problemsppportunities, and issues that arise in the life sciences

domain.

This subAl AOO ET OAOI AA OEA OAT qNemdydr PBI7)CThe&l O

main reason for choosingthis sub-class of interdisciplinary learning of life sciences
knowledge, rather than that of other disciplines, is due to the recent emergence and
growth of new industries in which engineering and the life sciencegonverge such as
Synthetic Biology, Regenerative Medicine, and Blganotechnology industries.
Engineers in these emerging industries need to work in the interstices between
engineering and the life sa@nces for solving problems in the life sciences domain, such
as health problems. This demand has led to the creation ofany interdisciplinary
educational programmes that seek to prepare engineering graduates for

interdisciplinary practice in the era of cawvergence.

Having selected the sufxlass, the type of case study design can then be selected.
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3.6.2 Selecting the type of case study design

Since this research seeks to develop a theory for the chosen stlbss,a multiple -case
design is necessary to ascertaithe extent to which the theory can be generalised across

cases that are representative of the sublass.

#1 1 OEOOAT O xEOE OEA 1| AEdw eqyheed Aptadtise theiOA OOE
interdisciplinary learning in terms of their engagement in different epstemic practices

and their achievements of the corresponding learning outcome§?h OE E Goc3dsOA A O /
IT OPOAAOGEAAOS A Gugddstdobypiadiic@ basef stidiesiof ibRiac@ A O
and professional learning (Reich et al, 2015). According to Reich et al. (2015;p.3),
OPOAAOCEAAO DOl GEAA OTEOO 1T £ AT AT UOEO OEAO
objects with which they work, their relations with others and the context in which they

operate8 6

In order to provide the necessary variation in the practices of the engineerpurposive
sampling is used based on the followingariationsin experience level as shown in Table
3.2 below.

Table 3.2: Variation in level ofexperience of practising engineers

Experience in life science domain
Low High
Experience in engineering prég High &xperienced | &xperienced interdiscipli
domain enginees engineels
Low &arly career | darly careémterdisciplina|
engineels engineels

#AOACT OEOET C DPOAAOGEOET C AT CET AAOO AO AEOE!/
requires an informed decision on how to differentiatebetween the two categories. One
useful way to inform this decision is to clarify whatOEA OAOI OAAOI U AAO/
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AT CET AAOET ¢ AAOAAOQEIT larly Icdtc@rAdndinoetdd A ikceaSiegy OA O
commorh AOO OF AAOA OEAOA EO A 1 AAE 1T &£ AiI160O
signifies. Much literature has signified the phras in terms of variables related to age
range and the duration of working experiencegDanielson et al., 2011Greenhaus et al.,
2009; Kirkpatrick et al., 201). However, relating the term to some variables has
resulted in contradictory definitions. Therefore, this research has sought to formulate a
AAFET EOETT OEAO Ai AT AEAO OEA Aiiiil1l AEAOAA

informed by the career devebpment literature.

4EA AT TAAPO 1T &£ OAAOI U AAOAAOGE xAO EEOOO OOZ
UAO A OOGhpkrE10a3 AHa Gssociated thm with the early career stage called the
OOOEAI PDPAOEI A8 AOOET ¢ xEEAE OEAU O60OUThR®T AO
OOOEAI DAOET A8 1T £OAT ET O1 1 OAO AEAT CcAaperET EI
& Jordaan, 1973. Once found, efforts are made to establish the necessary work habits

for performance and promotion. Promotion, within the same organisation or outside,

AT AO O mrfthe édiOcErdelr siagd Savickas, 200).

AEA ADPDPI EAAAEI EOU 1T £ OEA OAAOI U AAOAAOG £
substantiated by the research on the career development experiences of 380
professional engineers and scientists byHall and Mansfield (1975. Their findings

suggest some common characteristics of the early career engineers. They have low
seniority, but high need for establishment and aduwacement, and high tendency to

change employerqHall & Mansfield, 1975.

"U OAEET ¢ OEA AAOAAO AAOAN 1 DAABAKNO PRIOODIAKRL
research is defined as: the newly employed or reemployed engineers who occupy the

junior level posts, and have yet to make their first career progression to the senior level

posts inside or outside the employing organisationsBy default, those who havenade a
AAOAAO bDOI COAOGOGETT AAUITA OEA EOTEIO 1AO/
AT CET AAOOG 8

In Table 3.2, the phrase@® A OE AT AAA rdidrsCth 1eAgh€2@ dwho have

progressed beyond the junior level position, and thus haveelatively high experience
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practising in the engineering practice domain. However, they havéow experience
practising in the life science domain

%l CET AAOO AAOACI OEOAA Arave Ghivey Iow ekpbrieded O Al
practising in both domains in addition to occupying junior-level posts In contast,

AT CET AAOO A Axpehieph DL ORTAO AOA BO A E taveighlegperienkd CET A
practising in both domain in addition to occupying <nior-level posts Engineers
AAOACIT Odany Bafeeritérdisdiplinary A1 C E T have Righ &xperiencepractising

in interdisciplinary engineering for the life science project but low expgéence in

engineering practice

3.6.3 Sampling the development proje cts within the sub -class

Based on the chosen sublass| £ OAT CET AAOET ¢ ihi©®resddcA 1 E A
searched forthe relevant development projects and studiedive such projects.Table 3.3

lists the projects and thenumber of informants.

Table 3.3: List of projects and informants

Projects Number of informants

Engineers Nonengineers Total

1 | Design and development of ¢ Two experienced enging One Biochemtsam member| 3
celfculture automation systen

2 | Design and development of g Two experienced One Geneticistam member | 7
automated miesoale bio interdisciplinagngineers
reactor Chief Executi@Hficer

One early career engine

Head of Engineering

Department
Chief Technology Office
3. | Design and development of g 1 experienced engineer | Chief Executive Officer (with 2
cryopreservation system Biology background)
4. | Design and development of g 1 experienced Chief Medical Officer 5

noncontacbased respiratory | interdisciplinaengineer
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diagnostic equipment 1 early career Chief Executive Officer
interdisciplinary enginee

Founder
5. | Design and development of § Threeexperienced Chief Executive Officer 6
organ perfusion system interdisciplinary enginee
One Senior Consultaith
Natural Science backgroun
One Senior Design Consult
All projects 13 engineers 10 norengineers 23

The academicand professional backgrounds as well as thexperiences of the informants

are reported in detailed along with the relevant findings in chapters 5 and 6.

The data fromthe projects are processed accordingp the analytical methods described

in the next chapter: the Analytical Methods chapter.

This section completes the configuraon of the different aspects of the research desigy

The next section provides aummary of the overall design configurations.

3.7 Summary of the research d esign

This chapter has described how the three main aspects of research designthe
philosophical postion, the research strategy, and methodg are configured. It also
shows that theimplementation of the research design is a reflexive proceswhere the
different design aspects mutually influences each other during the projedtMaxwell,
2008).

Firstly, the need to take a particular philosophical psition is shown to arise mainly from

the formulation of the research questions stated in section 3.2. Thguestions require

the identification and explanation of entities that cannot be observed, or measured.

Thus, the critical realist philosophical posiion is chosen. This choicesupports the
ontological assumption of the researcher that those entities exist in reality, and that

their existence is independent of OEA OAOAAOAEAOC8O AT T AADPOEI]

ontology). It also supports the epistemological assumption of the researcher that the
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knowledge about them is necessarily a subjective conception of the researcher (a
subjectivist epistemology). By choosing critical realism as the philosophical position,
this research commits to evaluate the plausibity of different conceptions in terms of
how closely they correspond to the unobserved reality. Critical realis@® philosophical

position informs the development of the conceptual framework in section 3.4.

Secondly, the need for choosing a patrticular strategy of inquiry has been shown to arise
from the conceptual framework. Its general and highevel state requires a particular
research strategy that can obtain empirical datéo be used fordeveloping it fur ther into
a theoretical framework. The qualitative research strategy has been chosemainly due
to the need to relyon qualitative accounts of events, outcomesand the entities that

cause them.

Thirdly, the need for choosing specific methods has been shawo arise from the need
to execute qualitativeresearch ina systematic fashion. The case study research method
has been chosen mainly becausi offers systematic means forA A A OA O O Edn€
Ox BUOAOAAOA BEnd K i® duitaBlefdr deDelopingcausal explanation. The choice
of case study as a research method entails the specification of a particular stlbss,
casestudy design, and units of analysis in section 3.8 his choice ofthe critical realist

case study method requireghe methods for data analysis described in the next chapter.
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Chapter 4 Analytical Methods

4.1 Introduction

This chapteris concerned with describing how this researchemploys a combination of

rigorous analytical methods for analysinghe case stug data.

This chapter isorganised into five main sections. After this introductory section, the
second section elaborates on the principles of data analysis according to critical realism
philosophy. Then, the third section selects and justifies a combination of sevanalytical

methods. Itssevensub-sectionseach describes how the individual methods are applied.

Having completed the description of all the seven methodshe penultimate section four
identifies four criteria for evaluating research quality and rigour in qualitative critical
realist case studies,and discusses how the seven methods contribute towards the

attainment of quality and rigour for this research.

Finally, the last section summarises key analytical aspects of this research and leads to
the presentation of the data analysis and findingsfor the first case study in the next

chapter.

4.2 Methodological principles for data analysis

The analysis of case studdata in this research adheres to the five principles of data
analysis according to critical realism philosoply as ofered by Wynn and Williams

(2012). The principles do not recommend specific methods, but identify essential
elements of analysis. The follommg subsections elaborate the five principles and the

essential elements of analysis.
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4.2.1 Principle #1: Explication of events

The principle of explication of events emphasises the identification of the important
aspects of thoseeventsthat characterise thephenomenonbeing studied (C. Williams &
Karahanna, 2013. In line with the objectives of this research, two foal events

characterise the interdisciplinary learning of practising engineers.

1. Focal event #1: Engagements in epistemic practices

2. Focal event #2: Achievements of learning outcomes
4EA AOOAT OEAT AT AT AT OO 1T £ Al Al Usb&réctioEbfO OE |
AobDAOEAT AAGS £O0T 1  énEdata WOk &E \Bilang A12;p780 A OO E
ExperiencesOOET O1 A E1 tohsGAdloutElAIUA O%#8). ThuS, abstraction of
experiences entails translating the concrete descriptions of actions and outcome
achievements into abstract concepts andhe patterns of relationships between them.
Therefore, the researcher needs to abstct key actions and outcomes in terms of
theoretical variables and statements of causal relationships between thenSuch
abstractonOi AU OAEA OEA & Oi 1T &£ AT ACCOACAOEIT I
level factors, a reinterpretation to expose stratural elements or causal factors, or a
OAEOAI ET ¢ OEOI OCE OEA 7081 O 1T £#/ AGEOOET ¢ OEAI

4.2.2 Principle #2: Explication of structure and context

,,,,,

also emphasiseOAOAOEAET ¢ AAOOAI OAT AAT AEAOG GBAO C/
OEA O1 OOAA 1T &£ OEAOA OAT AAT AEAOG AT AW@AT T OA¢
& Williams, 2012;p.799. For this research, the two main structured entities are
interdisciplinary collaboration and engineering practicegach has their own constitutive

components in the form of social and material elements.

Essential elements of analysis in this second principle includ&/ynn & Williams, 2012):
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Decomposing the entitiesinto their constituent elements
Identifying the influential interactions betweenthose elements
Redescribingthose elements and their mutual interactions according to existing

theories and frameworks to help caceptualise influential factors

4.2.3 Principle #3: Retroduction of mechanisms

The principle of retroduction of mechanisms involves postulating a number of relevant

causal mechanisms by which structured entities and the interaction among their
elements kad © the occurrence of eventgWynn & Williams, 2012). The postulation of

causal mechanisms are necessarily retroductive, rather than deductive anductive,

since the intervening causal processes thatunderlie a phenomenon are typically

OT T AOGAOOGAAT As 4EA AOGOAT OGEAT AT AT AT O 1T &£ OF
OACAOAET ¢ OEA AQEOOAT AA T &£ AT U Al Q@& O 11
Williams, 2012;p.800).

4.2.4 Principle #4: Empirical corroboration

The principle of empirical corroboration emphasises substantiating the causal
inferences with the available empirical evidence. This evidencbased substantiation is

01 OAT 6O60OA OEAO OEA pOi T OAA 1T AAEAT EOI O AA
sufficient causal deptit and better explanatory power OE AT Al OAOT AOEOA A
(Wynn & Williams, 2012;p.810.

The essential elerenti £ OEEO AT Al UOEO EO OAI EAAOEIT T h «x
for either the mechanism itself or its effect8 8EA OAOAAOAEAO AAT OEA/
that should have occurred, related to focal evens 8sing existing data or seek out new

datawithin the current case context@Wynn & Williams, 2012;p.809).

4 Causal depth refers to the status of a proposed causal entity that is necessary and sufficient to cause a
particular outcome. (See George & Bennett, 2005;p.185)
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Another essential element of corroboration is demonstrating theefficacy of the logic of

the causal explanation. Accordingto C. Wiliams and Karahanna (2018 part of

AAT 11T OOOAOET ¢ OEA AxEsEEAAAU T &£ OEA 11 CEA
mechanisms bring about observed outcomés p.955). This can be done by providing a
causal explanation thatconsists of a chin of causeand-effect relationships, or socalled

causal links(George & Bennett, 200h

4.2.5 Principle #5: Triangulation of methods

The fifth principle, the triangulation of methods, involves combining multiple
approaches to support causal analysis based on variety of data types and sources,
analytical methods, and theoretical perspectived-or case study research, a key concern
is methodological triangulation to capitalise on the strengths of each method while
compensating for ther various weaknes®s (C. Williams & Karahanna, 2018 This
principle signifies the importance of combining several analytical methods in a

complementary way.

4.3 Analytical methods, process and procedures

Seven analytical méhods are combined and organised as the following series of seven

analytical procedures:
1) Coding the qualitative interview data using three coding techniques

2) Framing the data and describing influential interactions using the ANT

analytical framework
3) Delineating different causal patterns using the typology analysis
4) Generating logical causal inferences using the comparative method

5) Evaluating the causal inferences using the congruence method
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6) Validating causal inferences using t causal proces tracing method

7) Generalising causal explanation across the chosen salass using the cross

case comparison method

Figure 4.1 shows the analytical process that consists of seven procedures and the
corresponding seven analyticamethods. Thefollowing seven sections 4.3.1 to 4.3.7

describe each of tle seven methods and demonstrathow they are employed.

Case Studies Data

Interview Data

Analytical Procedure #1: Coding the interview data
Analytical method #1: Coding Techniques

Codes and conceptual categories

Analytical Procedure #2: Framing anedlescribindcey aspects
Analytical method #2: Acteetwork Theory framework

Patterns of causal relationships

Analytical Procedure #3: Characterising causal patterns
Analytical method #3: Typology

Types of causal relationships

Analytical Procedure #4: Generating causal inferences
Analytical method #4: Comparative Method

Causal inferences

Analytical Procedure #5: Evaluating causal inferences
Analytical method #5: Congruence Method

Established and unresolved causal relationshi

Analytical Procedure #6: Validating causal relationships
Analytical method #6: Causal Process Tracing Method

Tentative Theoretical Framework

Analytical Procedure #7: Refining and Generalising Theoretical Framegwork
Analytical method #7: Crossmse analysis

@ed Theoretical F@

Figure 4.1 Analytical process, procedures, and methods
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4.3.1 Analytical method #1: Coding

Three codingtechniques ae identified from Saldafia (212): Action Coding Causation

Coding, and Pattern Coding.

Action coding helps the researcherto locate and select data segments that contain
AAGETT1 08 )OO EO DAOOEAOI -4oiny attiodimdaotiomeEtidnO A
taken in response tosituations, or problems, often with the purpose of reacmg a goal or
handling a problem (Corbin & Strauss, 2008;pp.9&7) quoted in Saldafia (2012;p.96.
#AOOAOEIT T AT AET ¢ AT AAT AO OEA OAOA Abkled O
outcomes ofactions identified by Action Coding Pattern coding helps the researcher
explores patterns of relationships between actions and their corrggonding outcomes

(Saldafa, 2012.

Codinganalysis leads to theconcepualisations and definitions of different categories of
epistemic practices and learning outcomes as well de the revelation of the patterns of
relationships between them. However, explaininghe relationships, as recommended by
Wynn and Williams (2012;p.799h A1 &pkdedsof dbstraction that can be extended
by redescribing the components parts of structure andtteir relationships in terms of
existing theories and frameworks that provide leverage for potential explanatior® 8
Hence, an analytical framework is employed tdighlight influential interactions that

could explain findings

4.3.2 Analytical method #2: Actor -Network Theory analytical
framework

Since this research taks a sociematerial perspective on learnirg, it chooses an
analytical framework that is compatible with the perspective. Within this perspective,
the Actor-Network Theory (ANT) analytical framework (Callon, 1986 Latour, 1996;

Law, 2009) is especially useful as it focuses on critical moments during which influential
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interactions among different types of social and materials entities, collectively called
GeterogeneousA A OT OO6h OAEA bl AAAS

ANT-analysis frames a particular case into foucritical moments, collectively called the
Oi 11T AT OO 1T &£ OOAT 01 ACETIT86h OEAOQOU TIALOOOKLT O1AA
There are four moments: Qroblematisationd @teressemen® @nrolmentd and

Mobilisationd

1. The momentof OP OT Al Al A OE O Arldentidl &tteriipts by biftederd
actors to frame the nature of the problem at hand according to what they know.
Thus, it can highlight how engineers engagkwith the knowledge that their life
science couterparts used to descrbe life sciencegproblems.

2. 4EA 11T AT O 1T /&£ OET OAOAOOAT A1 66 1T AADOOO xE!
interest of others through various means such as using representationattefacts
to articulate their knowledge. Thus, thismoment highlights the material elements
from both engineering and life sciences disciplinethat are possibly influential on
interdisciplinary learning.

3. 4EA T TTATOG 1T &£ OGATOITI AT 68 1TAADOO xEAT A
AET OA xET ACOAA xEiI 1l OA®OT AEt@idrdgdneods i 1 C
actor-l AOxT OEho6 1 O OHIABIxU OARI18aAbizsE®dips Gdced
interactions and actions that lead to agreement othe appropriate actions to deal
with the knowledge they encounter.

4. 4EA 111 AT O 1 A& odddrsi WhEn mHeAetsEdf Tad actonetwork
iTAEI EOA OEA OAOI OOAAO j Al 01 Ail1AAOEOA
network in order to attract, influence, and enrol more actors towards the
successful development, implementation, and diffusion of theolutions. Thus, it
highlights interactions that possibly influence the accomplishment of the

outcomes.

The redescription that results from an ANFanalysis brings causally relevant aspects to
the foreground. However, according to principle #1, the researdr needs to abstract
key actions and outcomes in terms of theoretical variables and statements of causal

relationships between them. The typology method serves this need.
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4.3.3 Analytical method #3: Typology

31T AEAT OAEAT OEOOO 1 A£0 Ase vafiebtd of Odiveni phehamEndron O1 ¢
terms of conjunctions of variable8 ® 3 DAAEAEAA AT T EOT AGETT O |
O A OE Aafeicallgd@ U b @Géadge & Bennett, 2005;p.236

Typologies consist of both independent and dependent variablegccording to George

and Bennett (2005, apAOOEAOI AO OOUPASE EO AEAOAAOAQEOG!
OOUDAOGSh AAOGAA 11 OEA A1 i AET AOQGEIT 1T &£ OO E
are not considered. By treating a combination of eventg such as a combination of

different epistemic practices z as independent variables, the researcher thenuse

OuUPi T T CEAO O AEAOAAOAOEOA OEAI AO AEAEEAOAI
In this research, the researcher first formulates an initial typology with an initial set of
theoretical variables that correspond to the wo focal eventsz engagements in epistemic
practices and achievements of learning outcomes. The different categories of epistemic
practices are treated as independent variables. Each one of them can take two possible
states: either the epistemic practice § present in, or absent from, the events. The

achievement of different learning outcomess treated as different values of a dependent

variable.

30AE & Oi O1 AGET1T 1T &£ A Oubpilicu OPAAEEAEAO O
relate to specified outd | A @Geomge & Bennett, 2005;p.23%. A pathway diagram is

OOAA Oi OAPOAOGAT O OEA OPAAEAEAAOQOEIT I I £ 4

interpretation of how a combination of causal events leads to a specific outcome event.
The pathway diagram is also formulatedas a configuration of independent and
dependent variables. The different configurations of values of the independent and
dependent variables are then tabuwdted in a typology table thatregisters all the

pathways in terms of the values of all the variables.
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Examples of pathway diagrams, types, and the corresponding typolotable are

provided in Table 4.1overleaf.

Table4.1: Pathway diagrams and typology table

Index| Pathway diagrams Categories of Learning
epistemic Outcomes
practices and th¢ (O=Adoption;
presence in the | 1=Translatiol
pathways 2=Avoidance
(C=Consultationj 3=Addition)
T=Translational,

E=Evidential);
(O=Absent;
1=Present)
C T E
#l Consulational Enowledge l 0 O O
Epistemic Practice Adoption
#2 Consultational Evidential Knowledge 1 0 1 0
Epistemic Practice Epistemic Practice Adoption
#3 Consultational Trandational Knowledge 1 1 0 1
Epistemic Practice Epistemic Practice Transation
#4 Consulational | Translationa Evidential Enowledge l l 1 1
Epistemic Practice Epistemic Practice Epistemic Practice Translation
#5 Conaultational Translaiona 1 1 0 2
Epistemic Practice Epistemic Practice Avoidance
#6 Consultational - Translational Evidential 1 1 1 2
Epistemic Practice Epistemic Practice Epistemic Practice
#7 Consultational Evidential 1 0 1 3
Epistemic Practice Epistemic Practice Addition

Table 4.2 shows examples of seven different pathways (indexed #1 to #7) taken from

the typological analysis of the fist case study. The seven rows dhe second column

contain the seven pathway diagrams; the rest of the table contains the corresponding

typology table.

The typology table consists of two major parts: the epistemipractice part on the left,

and the learningoutcome part on the right. The left part registers the combination of
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different categories of epistemic practices (independent variables), and the right part

registers the learning outcomes (dependent variable).

The epistemicpractice part of the typology table is divided into a number otolumns;

each represents one category of epistemic practice. For example, the typology table in
Table 4.2 shows three categories of epistemic practices. Each category is treadsdone
independent variable, which can have two values. The value for each cell in the
epistemic practices columns is labelled according to the presence or absence of the
particular epistemic practice. If it is present in the causal pathway, its cell is signed a

I AAAT T &£ Opbn 1T OEAOXxEOAh EO EO AOOGECT AA A |

The learningoutcome part of the typology table registers the achieved learning
[ OOAT T AOG Al 61 OOET C 1 AAAI 08 &I O AgAi bl Ah EI
outcomes of Knavledge Adoption, Knowledge Translation, Knowledge Avoidance, and

Knowledge Addition respectively.

Based on the contents of the epistemipractice part of the typology table, the researcher

AAT EAAT OEEU OEA AEAEEAOAT O Gobpdstranifiorin OE A
the presence/absence of the three different categories of epistemic practice: Type 1= [1

0 0]; Type 2= [1 0 1]; Type 3=[1 1 0]; and Type & [1 1 1]. Pathway #1 is of Type 1,
pathways #2 and #7 are both of Type 2, pathways #3ma #5 are both of Type 3, and

pathways #4 and #6 are both of Type 4. These four types relate to specifiutcomes.

The formulation of an initial typology in terms of types, pathways, ana typology table

prepares the data for a further investigation of thecausal relationships between the

ET EOEAl OAO 1T &£ OEAT OAOEAAT OAOEAAI AO8 (1 xA
causal from spurious factors, or possible from unlikely or impossible combinations of

variA A1 @éabge & Bennett, 2005;p.230 Nevertheless, typology formulation enable

the generation of logical causal inferences. The next section describes how the

comparative method generates logical causal inferences.
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4.3.4 Analytical method #4: The Comparative Method

Thed | PAOAOGEOA 1 ABOGE G AMIAGTHAOAOEOA AT Al UOE
instances (George & Bennett, 2005Lijphart, 1971, 1975). It carries out three specific
comparative analyses between pasi £ OOUDPAOSEqd pq Al ioBOXOFH EITA G
OUPAON ¢q AAOxAOHEI EA ABDSE A UDA Odi TAOA -aintE | ADG x A
types. Table 4.2on the next pageshows the tiree comparative analysesthe different
possible results of those analyses, the different possibladications of the results, and

the different implications for further analysis.

As shown in Table 4.2 the three different comparative analyses correspond to three
AEEEAOAT O AEAOAAOAOEOOEAO 1T £ PAEOO 1T &/ O60OUD
OEi E1 AO6 OUDPAO ABEDAAGNOGE COERNO SR AMBARAD 6 C
characterisedasOOE | E1 AGBIRE 1A Q80HD 1 TEQD ADISA AMAGRT OAET ¢ OI
1. O3EIi EIl AO OUPAOGSE AEAOAAOAOEOOEAd ! bDHAEO
when both types have the same values for all the independent variables. An
example of a paii £ OOE | E Indis@ ®f typed BofnPathivays #3 and #5n
Table 48 4EAU AT OE EAOA Opdh Oph AT A Omo

epistemic practices respectively.

OEI E1 AO OUPAOGG xEAT AT OE OUPAO EAOA OE,
OAOEAAT AO AgAAPO A1 O T1AGEINEI A@AOBDD ROF &
the types from pathways #X [100] and #3= [110] in Table 4.1 As indicated by
the underlined values, the two pathways differ ony in their values for the second
independent variable.

3. 0, Adntid typeO8 AEAOAMAAAGDBOOBD] EO AEAOAAOAOE
simlar OUPAOS8 xEAT AT OE OUPAO EAOA OEA OAI .
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variable. AnA @A D1 A 1T £ AsimiaAtgpesdcondists®dithd Age©from
pathways #1= [100] and #6= [111] in Table 4.1 They have similar values for the

first independent variable only (i.e. the underlined values).

Each of the three comparative analyses and the logical arguments for the possible
indications and implications of their results aredetailed out in subsections 4.3.1,

4.3.4.2, and 43.4.3 respectively. All the logical argments are sourcel from Georgeand

Bennett (2005).
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Table4.2: Three comparative analysis, possible results, indications, and implications for further analysis

Analysesf: Possible result| Possible indications Implications feubsequent analyses
Similar typésbothhave | Similar in The independearariables they have in commor The plausibility of the can$alencaeeds to be evaluated b
the same values for all th outcomes possibly causal to that similar oytagrossible | another method of analysis that can help assess its plau
independentriables causal relationship is thus inferred
Diffelin There is at least one otlzgrable that has cause The relevapathwayeseedo be examined in maill by
outcomes theoutcome to diffetherelevanpathwayhave | another method of analysis that can helpthedeftidut
probably left out at least one causal variable | variable(s)
Mostsimilar typésboth Similam Either there i s ahepr | Therelevant pathways nebd texamined in more detail so
have th same values for| outcomes variabléor which they differ could pi83iblybe |t he presence of O6éequi fina
all the independent the cause for thienilar outcome, or, the relevarn status of the variable for whicliffezycan be ascertained (i
variables except for one pathways have probably left out other causal|t he i ndi cation of its irr
varial@s/factors that work in conjunction with { that it is causal when it works in conjunction with other v
independent variainlevhich they differ that have been efit by the relevant pathways)
Diffelin Theonevariable for which they differ could pog Theplausibility of thausal inference needs to be evahyate
outcomes be the cause thie different in outcomppssible | another method of analysis that can help assesshifityl
causatelationship is thus inferred
Leastsimilar typedoth | Similam The presence of equifinalityhenohie variable | The plausibility of the causal inference needs to be evalu
have the same valfier outcomes that they have in common pasisiblpe the another method of analysis that can help assess its plau
only onendependent cause for the similar outcarpessibleausal
variable relationship is thus inferred
Diffelin Either thene variable that they have in commq The relevant pathways needédgadmeined in more deithat
outcomes could NOpossiblype the cause for the differen( the causal status of the vasiabfebe ascertained (i.e. the

outcome, or the other variables for which they
are possibly the causes for the differenteome

indicaticare not merelyf al s e, naengda t4if vae @
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4.3.4.1 Comparative Analysis of similar types

7EAT OEA Al i PAOAOEOA [ AOET A EO AbPDPI EAA O £
it compares two separate events that have a similar combination of independent
variables. For the initial typology in this research, it compares two separate events in
which engineers have reportedly engaged in a similar combination of epistemic
practices.Two different results are possible: either the events have a similar outcome, or

they havea different outcome.

4.3.4.1.1 Similar types with similar outcomes

The revelation that two separate events have a similar combination of epistemic
practices and that both have resulted in a similar outcome is considered as indication
of a possible causal relationship. This aivs the researcher todevelop alogical
inference that the epistemic practices have possibly caused the achievement of the

learning outcome.

However, this result could only indicate a possible occurrence of a causal relationship,
rather than strongly suggest, or establish, its actual occurrence meality. This is because
the comparative method does not evaluate the plausibility of a causal inference against
other competing explanations; for example, against a rival explanation that contends
that the causal relationship is spurious (i.e. the learnig outcome is caused by another

variable/factor, rather than by the epistemic practice proposed by the causal inference).

The comparative method can neither evaluate the causal priority of the independent
variable (i.e. whether or not the cause itself is hwlly or largely determined by another

prior factor/variable), nor indicate the necessity of the independent variable for the
achievement of the outcome (i.e. whether or not the outcome coulalso be achieved
through other variables/factors). Therefore, the plausibility of the causal inference

CAT AOAOAA OEOT OCE Al i PAOE Olsto bé\eévdluatddAubing@E | E I
different method of analysis, vhich is described in section 4.3.5% The Congruence
Method.
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4.3.4.1.2 Similar types with different outcomes

The revelation that two separate events have a similar combination of epistemic
practices but have resulted intwo different outcomes is considered asa deviation,
rather than as a replication.The presence of sucla deviation requires explanation for
the achievements of different outcomes despite engagemeit a similar set of epistemic
practices. This result indicates that there is at least one other variable that has caused
the outcomes to differ, and that the relevant pathways in the initial typology have

probably left out at least one other causal variable/factor.

The implication for the subsequent analysis is that the relevant pathways need to be
examined in more detail using another method of analysis called the causal process
tracing method. In this way, the left-out variable(s) can be systematically traced,
identified, and included in the relevant pathways. This helps refine the initial causal

explanation to become a more contingent causal explanation.

For example, both of thgpathways #3 and #5 in Table 4.lhavea similar combination of
epistemic practicesbut they have twodifferent outcomes of Knowledge Translation and
Knowledge Avoidance respectively.This indicates that there is at least one other
factor/variable that has causal the difference inthe outcomes.Therefore, pathways #3

and #5 need to be analysed in order tadentify the left-out factor/variable.

4342 #1 1 DAOAOCGEOA 11 DEVGE A Ol AUDIRIOGO

7EAT OEA AT i1 PAOAOEOA 1 AOmE-HDEEBI AOPDBAAODI E
typology, it compares two separate events thahave similar values for all of their
independent variablesexcept for one variable For the initial typology in this research, it
compares two separate events that have a similarombination of epistemic practices
except one An example from Table 4.1shows that pathways #E [100] and #2= [101]
AOA QOIEIT D AO O Utkej differ oBly in 1B pkeBence/absence of thelast
variable, the Evidential Epistemic Practice (EER)Two different results are possible:

either the events have a similar outcome, or they have two different outcomes
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434210- 1-0Bi E1 AO6 OUPAO xEOE OEIEI AO 1T OO0OAT T AcC

The revelation that two separate events have two different combinations of epistemic
practices but that both have nevertheless resulted in a similar outcome indicates the

bl OOEAEI EOU 1T &£ OANOEAZEET Al EOUSdh xEAOAAU Al
different pathways. This also indicatesanother possibility that the epistemic practiceby

which they differ may not be the causeof the similar outcome. Theoretically, thissecond
possibility castsdoubt on the causal role of thaepistemic practice to the achievement of

the corresponding learning outcome. An example from Table 4shows that pathways
#1=[100] and #2=[101] are (nost-similar typesd in that they differ only in the
presence/absence of he third variable, the Evidential Epistemic Practice (EEP), yet they
EAOA A OEIEIAO O+11 x1 AACA ! AT DOET Tesencd ddOAT |
OAREOEAEEOUBR xEAOAAU ET i x| Adckeked Aibighseparatt | EC
engagements intwo different sets of epistemic practicesHowever, such aresult also

casts doubt on the necessity of EEP for knowledge adoption since one can adopt

knowledge without having to engage in EEP.

However, it is premature to eliminate the epistemic practice from the relevant pathway
(George & Bennett, 2005;p.156 whereby a variablethat appears to be norcausal turns

out to be causal only when one or more other variables are present. For example, the
presence of a situational factor in Pathway #2 mayequire engagement in EEP in order

to adopt knowledge. Premature elimination will @roneously remove the EEP from
Pathway #2, but will also leave out the situationafactors that havecaused the necessity

for EEP. This will produce an inaccurate description and explanation of the
phenomenon. Therefore, whenever this kind of result arisegn a comparison between

Oi - ETI AO OUPAOGSE OEA OAOGAAOAEAO A@AI ETAO

another method of the analysis (see section 4.3.8The Causal Process Tracing method).

O
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4.3.4.2.2 Most-similar types dwith different outcomes

The situation where two separate eventswith two different sets of epistemic practices

that differ in only one epistemic practice andhave resulted in two different outcomes

indicates that the one epistemic practice for which they differ could possibly be the

cause for the difference in outcome. For example, in Table 4.2, Pathways=#100] and
#3=[11ntY A O Asimitaf © OEDA Gt they differ only in the presencéabsence of

one variablezO4 OAT O1 A Oifit d AA A GBS Pqrative analysis wilteveal

that they AE £Z£ZA O ET OEAEO 1 OOAT T AO T &£ O6+11 x1 AACA
respectively. This suggests OEAO 4 %0 AT OI A BT OOEAIT U AA O
4 OAT 01 AGET 168

Similar to earlier results that indicate a possible causal relationship, this kind of result
allows the researcher to develop a causal inference, but mandates him to evaluate its
plausibility using a different method of analysis, which is descrédl in section 4.3.5 The

Congruence Method.

7EAT OEA AT i PAOAOEOA 1 AlestDEEDI AODPDEAAODI E
typology, it compares two separate events thahave similar values for only one of their
independent variables For the initial typology in this research, it compares two separate

events that haveonly one epistemic practice in commonAn example from Table 4.2

shows that Pathway #% [100] and Pathway #6= [111] have similar values for the first

variable only. Two different results are possible: either the events have a similar

outcome, or they have two different outcomes.

4.3.43.10, A-Airdlér types dwith similar outcomes

The situation where a similar outcome has resulted from two separate events that have

only one common epistemic pratice while the rest of their epistemic practices differ

v oo~ oA Z L.~ 2N
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common epistemic practice could be the determining cause for the achievementtbe

similar outcome. Thus,a causal inference is generated and subsequently evaluated for

its plausibility. The possibility that the other epistemic practices for which they differ do

ITTO0 PI AU ATU AAOOGAI OI1T A EO 1106 AT OAOOAET Al

worki ng in conjunction with the common epistemic practice to reach a similar outcome.

4.3.4.3.2 Qeast-similar types dwith different outcomes

The situation where two different outcomes haveresulted from two separate events that
have only one common epistemic practicavhile the rest of their epistemic practices
differ indicates the possibility that the one common practice could not be the cause for
the difference in outcome. However, it auld also indicate the possibility that the other
practices for which they differ have jointly caused the difference in outcomén example
from Table 4.2 shows that Pathway #% [100] and Pathway #6= [111] have similar
values for the first variable only (Consliational Epistemic PracticeCEP), and they have
different outcomes of Knowledge Adoption and Knowledge Avoidance. The researcher
might think that CEP does not play any causal role and seek to eliminate it from the
pathways. The researcher might also thinkhat the presences of the other two practices

are causal to the Knowledge Avoidance outcome.

However, it is premature to eliminate the one common practice as there is a risk af

OZA1 OA T ACAOEOASHh T 0O O1 ET EAO Oediariéknta 1 OF/
OZA1 OA b1 OEOCEOAS ET OEA OAOGOI 68 ' O xEOE OE,
the relevant pathways are examined in more detail in the subsequent method of

analysis.

The application of thecomparative method at this stage of the data analysis can help
generate a set of causal inferenseand indicates the presence of some lefbut

variables/factors in specific pathways.

However, it doesnot help to evaluate the causal inferences against competing
explanations or to identify the left-out variables/factors. Therefore, to complement the

comparative method this research also employs twother methods. The first one is the
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congruence method of analysis, whickvaluates the causal inferences against competing

explanations.

4.3.5 Analytical method #5: The Congruence Method

The congruence method is a deductive method of testing several competing theories in
order to determine which theory could best explain a cas@latter & Blume, 2008 Odell,

2001; Rohlfing, 2012 . It involves first stating the predictions or implications that each
candidate theory has for a particular case, and then corroborating them against eas
evidences. The theory whose predictions/implicationanost closely agreaviththe AAOA S O
evidence is determined to bethe best explanaton (Blatter & Haverland, 2012. For this
research, however, the use of the congruence methoallbws George and Bennett
(2005) who promote its use for evaluating inferences about causal relationships

between causes and their corresponding effects.

Generally, such evaluation involves treating a particular causal inference as one of the

many possible explanations bhow a specified outcome could have been achievethe
evaluation introduces several explanations that rival the causal inference being
AOGAI OAOAA8 4EA OEOAI Agbl AT AOGETT O AAB AA
alternative explanations. Figure 4.2(a)on the next page AADEAOO A OCAT AC
inference that shows a possible causal relationship between an independent variable

(i.,e. a cause) and a dependent variable (i.e. its corresponding effect/outcome), while
&ECOOA 18¢ jAqh jAqh AT A jAQqQ OAOPAAOEOAI
explanations.

Together the causal inference and its rival inferences represent an exhaustive set of four

ATl i pPAOET ¢ OCAT AOAT OEAT OEAOGS 1T &£ ET x OEA OAI
achieved. The congruence method examines the four competing explamats against

case evidence in order to find the one that isest fit with the available evidence.

s4EAU AOA OCAT AOA1I 8 ET OEA OAT OA OEAO 11 OPAAEEEA 4
OAOEAAT AT EAAOI O EO OPAAEZLZEAA8 4EOOh A Al i PAOGET C OCA
embody different specified variables. In e&luating a causal inference, it basically competes against one or

i T OA OOPAAEAZEA OEAI OEA0OGS
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Figure 4.2: Causal inference and rival inferences

Generally, the other three rival explanations contend thathe proposed causal inference
is inaccurate in explaining how the dependent variable is affected. Whereas the causal
inference generally proposes that the independent variable directly causes the
dependent variable, as depicted in Figure 4.2 (a), the theealternative explanations

respectively contend that:
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1. 4EA ET AADPAT AAT O OAOEAAT A AT A0 110 AAOGO!
OAOEAAI A6 AAOOAO OEA 1 OQGAdmpelimy explanatibonO E A O
suspectsthat the causal inference is spuriousas depicted in Figure 2(b).

2. The independent variable is only an intervening variable through which a prior
variable/factor acts to cause the outcome. In other words, the second competing
explanation contends that the independent variable has less causaliority
compared to the prior variable/factor, as depicted in Figure £(c).

3. The independent variable is an unnecessary intervening variable because the
outcome could also be achieved when the prior variable acts through another
intervening variable. In other words, the third competing explanation contends
that the independent variable lacks causal depth as an intervening variable, as
depicted in Figure 42 (d).

In this research, the congruence method is used to subject the causal inferences to three
consecutive evaluations labelled as C1, C2, and C3 in Figure 4.3 overlddfe first
evaluation, C1 evaluates the spuriasness of the causal inference, followed by the second
evaluation, C2, which evaluates itsausal priority, and the method isfinally completed

by the third evaluation, C3, which evaluates itsausal depth.The flow of the congruence
analysis is pathdependent in that its progress depends on the resudtof each evaluation.
This path-dependent flow can be represented in the form of a Congrueadviethod Tree

in Figure 4.3 overleatf.

Figure 4.3 shows that a causal inference is initially subjected to the first congruence
analysis (C1), which evaluates its spuriousness. Its subsequent progression depends on

the results of the analysis. Every analysican result in any one of the following:

1. Possible result #1: the causal inference is more congruent than its competing
explanation(s)

2.0 OOEAT A OAOGOI O ng¢g T T A OOPAAEEEAS AT Hf
congruent than the causal inference and otheavailable explanations

3. Possible result #3: the congruence method could not resolve between two or

more possible explanations
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Figure 4.3: Congruence Method Treg¢derived from George and Bennett, 2005)

12b(iii): Causal process tracing on causal depth

|§’
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If the analysis results in either one of the first two results stated above, the researcher
then moves on to the second or third analysis respectively. However,iifproduces the
third result (i.e. inconclusive), then the causal inference and its contending
explanation(s) proceed directly toa subsequent method of aalysis (see the next section

4.3.6-Causal Process Tracing) that attempts to resolve the contentions.

The following sections 4.3.5.14.3.5.2, and 4.3.5.3 provide general descriptionsf tlow
the researcher performs the evaluation of spuriousness (C1), causal prityr (C2), and
causal depth (C3).

4.3.5.1 Congruence analysis #1: Evaluating spuriousness

To evaluate the spuriousness of a causaiference, the researcher first finds candidates
for specific competing explanation(s) from extant theories that offer one or more
explanations for the achievement of the specified outcome. For example, if the causal
inference under evaluation proposes thata particular epistemic practice causes
knowledge adoption, the researcher then explores literature and theoretical
perspectives that explain how knowledge adoption is achieved. The literature review on
different theoretical perspectives on learning in chater 2 can provide a selection of
competing views d how professionals adopt knowledge. However, this researctioes
not intend to seek all possible competing explanationsexhaustively, nor does it seek to
test the sufficiency of a particular epistemic pratice in causing a particular learning
outcome. Rather, it limits the explanations to the different theoretical perspectives
reviewed in Chapter 2 in order to identify alternative learning practices that could have
caused the achievement of the learning oabme instead of the proposed epistemic

practice.

Then, the researcher specifies how the selected competing explanations would predict

or explain how the engineers inthe particular case adoped knowledge from different
disciplines. For example, the sociaultural perspective on learning would imply the

AT CET AAOOG AT CACAi AT O ET OI ACEOEI AOGA PDPAOE:

would participate as a practising member in a community of more experienced
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practitioners and undertake authentic tasks under leir guidance, according to the

Situated Learnirg Theory(Lave & Wenger, 1991

Having specified the implications of each theory, the researchethen seeks for

corroborating evidence. For example, the researcher would seek for evidence of actions

pointsto the actual occurrence of such engagemerihen the corresponding explanation

is supported. If case evidences suggest otherwigben it is rejected.

The researcher makes attempts tesearch for supporting evidencefor all theoretical
implications, and decide on one of the three possible results of the congruence test:
spurious, not spurious, or inconclusive. He then proceeds according to the Congruence
Method Tree in Figure 4.3.

4.3.5.2 Congruence Analysis #2: Evaluating causal priority

To evaluate the causal priority of an independent variable, the researcher first finds
candidates for the prior cause, or the antecedentgf the variable. For example, if the
causal inference under evaluation proposes that Tranation Epistemic Practice has
caused the achievement of knowledge translation, the researcher then exploréise
literature for theoretical perspectivesthat identify possible antecedentsto translational
epistemic practice. For example, the framework for m@aging knowledge acoss
boundaries byCarlile (2004) suggests thata knowledge barrier is the antecedent of such
practice. The researcher then tries to find supporting evidences for the presence af

knowledge barrier.

The researcher searches for supporting evidence for all possible antecedents and
decides on either one d the three possibleresults of the congruence test. If the result
found evidence to support one specific antecedent variable, the causal inference is
replaced by the specific competing explanation, and the independent variable becomes
an intervening variable through which the antecedent variable acts to achieve the
outcome. The researcher then proceeds to evaluate the causal depth of the intervening

variable.
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Instead, if the resuls found evidence to support the causal priority of the independent
variable, then the causal relationship between the independent variable and the
outcome is established. The researcher then proceeds to evaluate the causal depth of the

independent variable

However, if the resulss are inconclusive,then the causal inferenceneeds b be subject to

further analysis.

4.3.5.3 Congruence Analysis #3: Evaluating causal depth

To evaluate the causal depth of an intervening variable, the researcher first finds other
variables/factors that can substitute the role of the variable being assessed. The
researcher can search for candidate variables from theories that offer such
substitution(s). For example, if the causal inference under evaluation proposes that the
existence ofa knowledge barrier necessitates engagement in translational epistemic
practice in order to achieve a knowledge translation outcome, the researcher can point

O A OEAx OEAO POTIiT OAO OEA AOCGK«substbuied 1T £ A

The researcher seeks for evidence to corroborate the occurrence of such a substitution

If the case evidence suppod it, then the necessity of the intervening variable is
guestionable. The researcher makes attempts to search for supporting evidence for all
possible substitutions, and decide on one of the three possible results of the
conguence test: having causal depth, lacks causal depth, or inconclusive. Intervening
OAOEAAT AO OEAO EAOA AAOOAT AAPOE CAET OEA (
are considered unnecessaryAn inconclusive result necessitates the employment of

another method.

When congruence analysis results in findingghat one or more explanations are
congruent with the case study data, an additional assessment, called assessment of

preliminary findings of congruity, is conducted (George & Bennett, 200h

The assessment involves checking whethethere are other outcomesalso consistent

with a particular causal relationship. In other words, the causal variables appear to
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cause multiple outcomes. As a result, the significance of the causal relationship in
predicting any particular outcome is weakend. For example, a congruent causal
relationship between a knowledge barrier, translational epistemic practice, and
knowledge translation outcome lacks predictive power if the two causal variables also
together produce a knowledge avoidance outcome. Anothedetermining factor must be
identified to explain how knowledge translation is achieved instead of knowledge

avoidance.

The application of ths method at this stage of the data analysis can help evaluate causal
inferences against competing explanatiom and corroborate them with the case

evidence. However, the congruence method of analysis can also result in inconclusive
findings. Therefore, this research also employs the causal process tracing method of

analysis to resolve those findings.

4.3.6 Analytical met hod #6: The Causal Process Tracing Method

The method is useful for identifying the intervening causal processthat consists of
sequences of causand-effect relationships linking a cau® to its corresponding
outcome (Blatter & Haverland, 2012 George & Bennett, 2005 Trampusch & Palier,
2016). By applying this method at this point of the analytical process, the researcher
may be able to identify unobservable factors/variables that mighte involved in the

causal rdationships but overlooked by the precedinganalytical methods.

4.3.6.1 ldentifying left -out variables/factors

To identify the left-out variables, the researcher analyses the relevant pathways and
identifies variables/factors that could fully explain how those pathways progress to a
specific outcome. However, this researctdoes not intend to identify all possible
factors/variables exhaustively;, rather, it focuses on those that could also inform
students on howto be flexible in their learning in different situations. Therefore, it

focuses mostly on identifying factors related to situations that are influential to the focal
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events, such as how a given situation might have been perceived prior to an engagement

in a certain practice or an achievement of a certain outcome.

By focusing on situational and perceptual factors, this research promotessituational

diagnosis for recognising and differentiating different situations that might demand

different learning responses and outcomes. It is useful for students to able to analyse

and perceive situations in order to form situational judgment on the suitable learning
practices to take. For educators, it is important to recognise different situations and
perceptions thaO EAOA OECI EEAEAAT O AZEZEAAOO 11 OEAEOQ

learning outcomes.

After inferring the possible existence ofadditional variables/factors, the researcher
generates the relevant causal inferences and their correspondirrgval inferences.Then,
he evaluates the plausibility of the inferences using the Causal Process Tracing Test
(CPT). The next subsection introduces the test, describes how CPT is conducted, and

how it uses different evidence.

4.3.6.2 Testing the plausibility of causal infere nces

The effort of identifying left-out variables/factors also entails validating that the
relevant causal inferences closely correspond to the actual reality. In CPT, the researcher
attempts to validate two types of inferences related to a particular casal
inference(Collier, 2011).

1. Descriptive inference, which refers to the hypothesised existence of a
variable/factor
2. Explanatory inference, which refers to the hypothesised occurrence of the

causal relationshipbetween a cause and its effect

Van Evera (1997;pp.312) decomposes CPT intthe following set of four different tests;
each contributes in a distinct way to confirming and eliminating potential explanations
(Bennett, 2010.
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Passing or failing a particular test has different implications for the inference being
tested andfor EOO OEOAI ET £ZAOAT AAO8 4EEO OAOAAOAE
OO0i TEET ¢ C¢O1T 8 Oduehpth to Ddatd and dxanfing @aulditidral piece of
evidence in order to decide whetheran inference can be confirmed. Such evidence is
sufficient to confirm the plausibility of an inference. It is nota necessary evidence,
however, because other pieces of evidence may also be sufficient fomfitonation. In

other words, the failure to locate such evidence does not mean that an inference is not
plausible. Analogically, a criminal suspect who is caught holding ansking gun right
after a gunfightis corfirmed as guilty (Bennett, 2010. However, a criminal suspect who
is caught without a smoking gun remains a suspect because other evideag@an be
sufficiently used to convict him. The implications for rivh hypotheses arethat if the
i AET EUDI OEAOGEO bAOOA Anti@EEl hypAliedes dd weakenéll]

otherwise they are somewhat strengthenedCollier, 2011).
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evidence to confirm whether an inferred variable/factor corresponds to its real
existence in the case being studied. It is a sufficient, but not necessary in the sense that
another piece d evidence can substitu¢ it. According toMahoney (2012 2015), the
researcher of the case needs to find either one of the two sufficient bodies of evidences

in order to pass the test.

First, s/he can seek for evidences that the case has the conditions that are sufficient for
the existence of he factor/variable. If there is evidencethat such conditions were

present in the case, the descriptive inference is confirmed. However, they are not
necessary conditions in that other conditions may also be sufficient for the existence of

the factor/variable. Therefore, the absence o& piece of evidene does not eliminate the
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plausibility of the existence of the variable. The logic is that, the resedrer can be sure
about the plausibility of the existence of a variable/factor because there are conditions

that were sufficient to produce it.

Secondly, if edence of preconditions islacking, the researcher can also see&mpirical
traces left behind bythe variable/factor, or so called auxiliary traces(Mahoney, 2013.
The empirical traces exist if the variable/factors were necessary for producing them.
Therefore, the presence of the empirical traces confirms that the necessary
variable/factor exists. However, it is also likely that the traces are not available because
the variable/factor was only necessary but not sufficient.Therefore, absence of such
traces does not allow the esearcher to eliminate the inference. It may still exist, but not

sufficient to produce empirical traces.

0AOOET ¢ A OOITEET ¢ ¢cOT 68 OAOO Ai1 EEOI O OEA

that it did not exist. Analogically, even if a suspect doethhold a smoking gun, it does

not mean that we can rule out his status as a suspect.

4.3.6.2.2 Explanatory OOiI 1 EET ¢ ¢cO1 8 OAOGO

Testing an explanatory inference depends on whether the inference involves
variables/factors that are necessary or sufficient for their corresponding

effects/outcomes. However, this research recognises that it is unlikely for a complex
phenomenon to have one cause that can be claimed to be sufficient for producing an

effect/outcome. Furthermore, it limits its focus on factors related to Buations.

AEAOAEI OAh TT1 U Agbl AthaAitvblve beced<ary Vakablésact@O 1 6

are used.

First, the researcherstarts by identifying evidence of the presence of one or more
intervening mechanisms that have been known, or established asecessary, for
producing the outcome/effect stated in the inference. Therhe should ask if the inferred

variable/factor is a necessary cause for the mechanism.
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necessary for the intervening mechanisms as well as for the effect/outcome. If the
variable/factor is not necessary for the intervening mechanisms, the causal inference

fails the testsinceit is not plausible for the variable/factor to be a necessary caus®if

the outcome unless it is also necessary for the intervening mechanisms that are

T AAAOOAOU &£ O OEA 1 O0OAT I A8 (1 xAOAOh OEA O&0OI
necessary.Therefore, passing confirms the causal inference, whereas failing does not

eliminate it.

The CPT method completes a series of analytical methods that are employed for
analysing data from one case. The findings from one case are then used to construct a
preliminary theoretical framework. This framework is actually the refined ard evolved
version of the initial typology. The next section discusses the analytical effort of using
cross-case comparison for developing contingent generalisation from a preliminary

theoretical framework.

4.3.7 Analytical method #7: Cross -case comparison

Cross-case comparison compares findingacross a number of cases in order to achieve
theoretical or analytical generalisation (Eisenhardt, 1989 Yin, 2003 2013). Cases are
selected according to the theoretical sampling metho@Eisenhardt & Graebner, 200Y.
This section describes how findings from one case are compared with those from other

studied cases in order to refine and evolvéhe tentative theoretical framework.

4.3.7.1 Refining and evolving a theory with cross -case analysis

The organisation of the crosscase comparison for refining and evolving the tentative
theoretical framework follows the building block approach offered byGeorge and

Bennett (2005). Thisapproach is depicted in Figure 4.4 below.
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Series of case studies

\_ Devaion _g
Develop Test
Tentative
Conceptual .
Theoretical
Framework
Framework
Reinforce
Refine
Revise

Figure 4.4: Building-block approach to theory development

Figure 4.4 shows that the cross£ase comparison uses a tentative theoretical framework

as a basis for cmparison with findings from the subsequent cases. The analysis tests

whether or not the framework can adequately describe and explain the findings from

the subsequent cases. Findings that can be described and explained by the tentative

framework are considered as replicating the findings from the first case, thereby

reinforcing the applicability of the framework.

On the other hand, findings that cannot be adequately described and explained by the

tentative framework help further refine the framework with more contingent aspects of

the phenomenon such as the identification of new factors/variables that cause the

emergence of additional pathways that embody additional events. However, since the

cases vary in the characteristics of the engineers, it is also immpant to test the extent to

which the findings can be generalised across all the cases.

4.3.7.2 Contingent Generalisation across whole sub -class

As well asbeing used for refining and evolving the tentative theoretical model, the

subsequent cases are also used ttest the extent to which the findings can be

generalised across other cases. @ do this testing, theresearcher formulates testable

propositions based onthe tentative theoretical framework of the first caseand uses the

subsequent cases to test and update the propositionsHe then tries to falsify the

100



prediction of the proposition using the subsequent cases. In this research, the reseagch
selects a leaslikely case, in which the proposition is least likely to hold. If the
proposition holds in the leastlikely case, it can be argued that it also holds in all the
other cases that are more likely than the least likely cadé-lyvbjerg, 2006 Levy, 2008.

If it does not and a different epistemic practice is undertakerthen the perceptual factor
that causes the divergence to the different practice can be inferred and tested for

plausibility. Propositions are also testedvith most-likely casesfor validating them.

All the seven analytical methods need to contribute to the attainment of research quality

and rigour discussed in the next section.

4.4 Attaining research quality and rigour

The level of quality and rigaur of a research study is signified by its validity aspects,
often indicated by a set of crieria, called validity criteria (Cook & Campbell, 1976
Maxwell, 2016b; Shadishet al,, 2002 Venkateshet al, 2013). The following subsections
discuss four validity criteria and the contribution of analytical methods in attaing

research quality and rigour in a qualitdive critical realist research.

4.4.1 Credibility

4EA OAOAAEAEI EOQUG A @ic&dedt dénsufd thad thé resgdrch AT 1 U
findings represent plausible interpretations drawn from the points of view of the
informants (Graneheim & Lundman, 2004Lincoln & Guba, 1985%. Critical realist case

studies, on the other hand,do not draw plausible causal explanation solely from

ET OAOPOAOET ¢ EIT Al.0kEnkeitaiOtbe paskildity had inforant® akex

limited awareness ofall the relevant causes of eventsral outcomes in a phenomenonin
particular, informants may have limited awareness of the underlying causal factors and
unobservable causal relationships, the occurrences of which are inferred during data
analysis. Hence, critical realist case studieslso need to ensure credibilityin drawing
plausible explanations from inferences about possible causal relationships in addition to

ensuring credibility in developing subjective descriptions in terms of abstract concepts
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and conceptual categoriedBygstad et al, 2015, Edgley et al, 2016, Maxwell, 2016k
Wynn & Williams, 2012; Zachariadiset al, 2013).

In this research, codingechniques ensure that theconceptual categorieslevelopedgain
credibility by grounding the definition of the concepts in segments of interview data.
Additionally, the comparative method ensures that only logical causal inferences are
generated rather than relying solely on the subjective interpretatiorof the researcher.
Further, the causal inferences are rigorously evaluated using the combination of two
methods: the congruence method and causal process tracing tests. In this way, the

research ensures credibility in drawing the most plausible causal elgnation.

4.4.2 Transferability

4EA OOOAT OEAOAAEI E O W&ondeme&ElWith en&urig that the ©shliisOET T /
of a qualitative research can be generalesd or transferred to other contexts or settings

(Lincoln & Guba, 1985200008 4 EEO EO OOOAI T U AAEEAOAA AU
as possible so that potential knowledge users would be able to judge the extent to which
situations in other contexts are similar to those inthe contexts of he studied cases
(Shenton, 2004. However, critical realist case studies focus more on those &ittions

that play a significant causal roleto the occurrenceof focal events. This is to ensure that

potential knowledge users would be able to recognise the causally relevant situations in

I OEAO AT 1 OAgOO8 (AT AAh OEA AAAPOAOGEIT 1 &£ C
quality and rigour in the identification of situations that are causally relevant
(Zachariadiset al, 2013). In this research, possiblecausal situationsare systematically:

1) coded by using the causation coding technique; 2) foregrounded by using the ANT

analytical framework; and 3) identified and evaluated by a combination of tests.

4.4.3 Dependability

4EA OAADPAT AAAEI EOUSJ isAdndedeliwith eriabling the @dedradb Bol T A1 |
be repeated and the results to be reproduced though natecessarily to gain the same

results (Shenton, 2004. As well as ensuring repetitionand reproducibility, critical

102



realist studiesare alsoconcerned with enabling future research to refine or even replace
the existing conceptualisation with more plausible ones. This is so that the subjective
understanding of a phenomenon gains closer correspondence tbe objective reality.
Thus, the quality and rigour in the description of the analytical process must show
clearly, how other researchers can systematically generate, evaluate, and adjudicate
among, different possible explanations. This includes providing edails on the
supporting evidences and on how they are used to select the most plausible explanation.
This would allow future research to search for evidences that have yet to be considered
and for new ways in which evidences can be used for improving theubjective

understanding of the phenomenorbeing studied(Zachariadiset al,, 2013).

4.4.4 Confirmability

4EA OAT 1 AfhtériorAcArivdntivdallyds concernedwith the extent to which the

results could be confimed or corroborated by others (Venkateshet al, 2013). However,

critical realist studies are alsoconcerned x EOE OEA OAIT 1T AFEOI AAET EOL
conceptualise the aspects of a phenomenon that cannot be observed or weretn
mentioned by informants. This entails also evaluating the plausibility of the inferences

of their existence, ad providing empirical evidencethat allows others to confirm the

results of the evaluation (Zachariadis et al, 2013). In this research, the detaéd
procedures for testing causal inferences, including possible results and their indications

and implications, areprovided. These provisions allow others to trace and confirm that

the decidons are made based on evidencand following the given procedures.

4.5 Scopeof applying the analytical methods

It isimportant to mention that this research has applied the analyticainethodsto study
interdisciplinary projects that have been completed in the past, ndhose that were still
ongoing during the study. Studying historical cases does not affordne researcter with

the opportunity to either experience orobserve the focal events (i.e.engagements in

epistemic practices and achievements of learning outcomesYhe researcher could not
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interview the informants while the events were occurringeither. Consequently,this
limits the scope of and rigour in, applying the analytical methods to nonobservational

and non-experiential data only.

Nevertheless by adhering to the principles of critical realist data analysisthe research

could apply the analytical methods to analysethe retrospective accounts of the
informants and the relevant archived materials. From a critical realist view, these
retrospective accounts and archived materials areonsidered aspart of the OAT PEOE A A
O O A &t ®die left behind bythose events(Johnston & ®ith, 2010).

To develop a plausible event-description that corresponds as close as possible to the

actual events this researchadheres tothe first principle of critical realist data analysis

s N 2 o~ N

does notadhere to the interpretivist approach, whereby the different interpretations
and meaningsthat other research participants may have about the events aresought,

analysedand consolidated for agreement.

Therefore, the descriptions of the interdisciplinary learning practices and outcomes in

this research wereproduced solely by theresearcher. The process ofOA A OO Cdaes OE T 1 ¢
not include any additional feedback stepfor confirming any interpretation with the
interviewees, or for considering any interpretive differences among a goup of

independent researchers

Similarly, the explanations for the interdisciplinary learning practices and outcomes
were also producedsolely by the researcherwithout including any additional feedback
step for confirming the explanation with the interviewees, or for resolving any

explanatory differences among a group of independentgsearchers

The application of the methods for developing the explanations adhered to the second
and the third principles described inSection 4.2.2: Explication of structure and context
and Section 4.2: Retroduction of mechanisms respectively. The explication of
structure and context uses the ANTheoretical framework, whereby the descriptions of

OEA AOAT OO0 xAOA EOAI AA AAAT OAEIDP.i ABdknOdE A C
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theoretical framing is the ANT-based re-interpretation of event-descriptions by the

researcheralone without including any feedback from the other research participants.

The retroduction of the causalmechanisms uses a retroductive approach, rather than an
interpretive one. Causal nferences were introduced and adjudicated through the
application of the three methods: Comparative method, Congruence method, and
Processtracing method, without involving other research participants. Many of the
alternative inferences were sourced fromthe different theoretical perspectives of
learning rather than from the perspectives of theresearch participants, who might hold

other competing, but nonlearning explanations.

Thus, this research clarifies that the process and the decisions for developing the
theoretical framework were made by the researcher without any additional feedback

step with the interviewees or with a group of independent researchers.

4.6 Summary of the analytical m ethods

This analytical methods chapter has sought to describe how the researcher analyses
case sudies data using a number ofinalytical methods that adhereto the principles of

data analysis.
Seven analytical methods have been assembled:

1 Coding analysis locates and labels useful data segments to form codes and
conceptual categories that help the reearcher produces his initial subjective
conceptualisation of a case.

1 Actor-Network Theory (ANT) analytical framework. This analysisforegrounds
key elements in a case anthe interactions among them thathelp the researcher
redescribes the case while higlighting critical moments and interactions that
influence the engagementin different epistemic practices andthe achievementof
different learning outcomes.

1 the analysis of the redescription of theengagementin different epistemic
practices and the achigement of different learnil ¢ T OOAT 1 AO OOET C ¢«
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an analytical device. This analysis characterises them asfferent patterns of
sequences, or pathways that help the researchedelineate the different
combination of epistemic practices into distthk O OOUPAOGS8h AAAE OPA
more epistemic practices leado a specific learning outcome

T OEA AT AT UGEO 1T £ OEA AEOOETI AO OOUPAOGE OO
AT AT UGEO AT i PAOAO OEA OOUDPAOSENh génerdtes OAOO]
logical inferences of the possible causal relationships between pstemic
practices and learning outcomes.

1 the analysis of the inferences ofhe causal relationships using the congruence
method of analysis. This analysis evaluatethe different causal infereaxces and
their rival inferences, the results of which help the researcheestablishes causal
relationships that are congruent with case evidences

1 the analysis of thecompeting causal inferenceaising the causal process tracing
method of analysis. This analysisadjudicates and resolve among competing
causal inferences the results of which help the researcher establishes causal
relationships that are most plausible and incorporates them in a tentative
theoretical framework for a case.

1 the analysis of the tentative theoretical framework from the first case using
crosscase comparisons. This analysis refines and evolves the tentative
framework, the results of which help the researcher arrives at a contingent
generalisation that is applicableto the chosen sukclass of interdisciplinary

learning in engineering practice.

These analyses would together contribute to the attainment of research quality and
rigour indicated by four validity criteria: credibility, transferability, dependability, and
plausibility/confirmability. The execution d these analysedy the researcher alonehas

producedthe results that are presented in the subsequent chapters.
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Chapter 5 Findings from heuristic case
analysis

5.1 Chapter i ntroduction

This chapter reports the analyses, results, and findings of the first case study, which is a
heuristic case (Eckstein, 200Q Levy, 2008 Stoecker, 199) used for developing the

preliminary theoretical framework.
The chapter is organised into eight sections.

1 The first section introduces the chapter and provides the background of the
interdisciplinary collaboration and of the engineers who were involved in it.

1 The second section reports the coding analysis that results in the identification of
different categaies of epistemic practice and learning outcomes and their
relationships.

1 The third section reports the ANTFanalysis that identifies influential interactions
that might explain the pattern of relationships.

1 The fourth section reports the typology analysisthat results in the initial
typology that embodies those relationships.

1 The fifth section reports the comparative analysis that generates logical causal
inferences and indications of the lefout variables in the initial typology.

1 The sixth section repats the congruence analysis that establishes congruent
causal elationships and refinesthe initial typology.

1 The seventh section reports the causal process tracing analysis that establishes
the most plausible causal relationships and identifies lefout variables and
causal relationships.

1 Finally, section eight incorporates all the results into a preliminary theoretical

framework.
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5.1.1 Case introduction

The case is an instance of interdisciplinary learning by engineers who learned life
science knowledge redted to a set of method and practices of cell culturing known as
roller -bottle cell culturing. Geneticallymodified mammalian cells are manipulated
manually in roller bottles to generate biemedicines. The learning took place in the
context of a project bya leading UK biotechnology company, which in 1988 won a

contract that demanded a sudden increase in its production of a therapeutic hormone.

A team of engineers and a biochemist in a Cambridggased engineering consultancy
company proposed to automate te manual method using robotics. However, the

i AT OA1T AAI 1 AOI OOOA DPOAAOEAAO xahdMOAIAOBA O
OANOEOAZEIOCAHBBE AT A ET OOCEOEiITh AT A OEAOAMAE
amenable to aitomation (Archer & Wood, 1992 Stacey, 2012. Without any background

in cell-culturing the engineers had to learn how to replicate the celtulture method and

practices in the robots. This case study studies how they practised their interdisciplinary
learning during the seven months development period that ended with the successful
installation of the system in January 19882 Two engineers provided their accounts of

the different aspects of their interdisciplinary learning. The next section introduces

them.

5.1.2 Introduction to the engineers

Two engineerswho were the members of sixcore-development team were interviewed
and their background is summarised infable 5.1 and detailed out in the subsequent

subsections.

6 The case is widely known for its worldwide success in transforming cell culture practices, and has since

been studied as an instance of other phenomena, for exata as a transition from consultancy to product

business. Although the case occurred a long time ago, it was a transformative experience for the engineers,

their life science counterparts, the biopharmaceuticaE T AOOOOUh AO x Al 1 bubiess &l O O
direction. This helps the informants to recall their experiences and for the researcher to locate the

relevant archived documents that substantiate the accounts.

108



Table5.1d, %i CET AAOOS6 AAOAEI O

Anonymised nam| Background Prior experiencelevant to the project

Informant A (Aaro| Mechanical Engineer| Developing new robotic technologies for nuclear fuel p
and reprocessing, and related hazardous environment

Informant B (Baro| Mechanical Engineer| Consultancy workvarious automation projects

5.1.2.1 Informant A

Informant A graduated in mechanical engineering in 1973. He startelis career as a
design engineer andbecame a project manager at the Atomic Energy Authorittwo
years later. Therehe oversaw the development oeveral new robotic technologies for
nuclear fuel preparation and reprocesing, and for other hazardous environments. He
was one of the pioneering memberof one of the UK's first technology consulting
companies widely recognised forits role in "The Cambiidge Phenomenord \Working as
the head of the Mechanical Engineering department, he initiated, together with
Informant B and G the celtculturing automation project in 1988. Overall, he had 15
years of engineering work experience at the start of the pro@, but had no previous
experience in life scienceselated engineering project. Thus, he can be classified as an

OA @b AOE ATAMADS hA TACAEAdefdifich bf Ge térin usédinAhis research.

5.1.2.2 Informant B

Informant B graduated from the University of Cambridge in 1973with a degree in
Engineering He also joined Informant A as one of the pioneering members dhe
technology consulting companythat had catalysed the Cambridge Phenomenoile was
part of the team that intiated the project in 1988.He also had 15 years of experience as
an engineer,none of which is related to the life sciences. This classifies hias an
OAZPAOEAT AAA #nie offinke iktdrdedvshe Wad thelkiek Technology Officer

of a life science automation company.
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3. Informant C

Informant C graduated in 1977 with a Bachelor of Arts in Biochemistry from the
University of Oxford. She then went on to complete her an M®Phil in Biochemistry,
Biophysics and Molecular Biologyn the same universty. Shethen becamea consultant
in the technology consulting company and was the only one with a life science
badkground there.

5.2 Coding analysis and findings

The coding analysisand resultsare reported in a sequence of three interrelated coding

analyses as shown in Figure 5.1 below.

Interview Transcripts

- L Conceptual

Interview ||| Coding Analysis # Code Codes _, Loy Categories Céit?gorlrries f

Excerpts ~ Action ASS'Q”me Aggregation -Of action ‘ Ezp?sfgn(;iceso

C di . :
oding Practices)
Coding Analysis #3: -
' Pattern Coding
Coding Analy5|s Code Conceptual
Causation Codin ASS|gnme Codes [ Categories Categ(?ries
Aggregation I of causation (Achievements of

Learningoutcomes,
and Predicaments to
Learning Outcomes)

Figure 5.1: Sequence of three interrelated coding analyses

The coding analysis began withaction coding analysis. e interview excerpts that

contain actions performedon knowledge encountered are extracted from the interview

OOAT OAOEPOO8 4EAOA AGAAODPOO AOA AAI 1T AA OA]
OAci A1 068 EO AOOECI AA xEOE A1 OAAOQEITI A A
different categories of ation; this produces the conceptual categories that correspond to

OEA AEEAEAOAT O OAAOACI OEAO 1T £ APEOOAI EA DPOAAZ
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After that, the causation codingechnique AT | AET A0 AAAE 1T &£ OEA OAA
the description of events that are believed to be eesally related to it. This combination
isdenotedAU OEA OCo6 OEAOATA GRE CODA A plAADOAOQET I

Then, each ofthe causation segmentsis assigned withOAAOOAOQEI 1T #&é AAOS
aggregated to form different categories of causationThis aggregation produces the
conceptual categories that correspond to the two differentcategories of causation
namely: 1) the achievement of the different categories of learning outcomeand 2) the

barriers that requir e further knowledge or action, orin short, the predicaments.

Finally, the pattern coding technique identifies the possible pattern of relationships
between the different categories of epistemic practices and the two different categories

of causation.

5.2.1 Coding to categorise practices

The analysis and results of the action coding analysis are shown in Figure 5.2 below.
There areA OT OAl 10 OAAOQET1T OACi A1 606 DHOT AGAAAS
OACi AT OO UEAIT AAA AL AA @3 IiEN A Aure 6.8 Avhidh iktre tikek C
categorised into three categories numbered as #1, #2, and #3 respectively.

The actions define three categories of epistemic practice:

Consultation al Epistemic Practice (CEP) z set of activities theengineers undertook to

understand life-science knowledge.

Translation al Epistemic Practice (TEP) z set of activitiesof taking life-science

knowledge and making it useful for engineering solutions

Evidential Epistemic Practice (EEP) z sets of activities that test the usefulness of the

knowledge.
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Actionsegments Actioncodes (Categorised) Categories of Epistemic Practice

Category of action #1

List of action codes 1. Consultational
1.Listeningo a knowledge description Epistemic Practice
2.Rece|V|r_1g a quick Iesso_n ona I!fe science topic Definition A set of related
3. Observing knowledge in practice tivities takert .

4. Acknowledging knowledge importance » activities takerto gain

5. Asking about a knowledge description further understanding about
6. Being briefed on what the customers want/need the life science knowledge
7. Ask for knowledge to be provided that theyencounter

8. Getting helped to understand knowledge
9. Making connection with others
10. Getting taught to appreciate what is critical/important to the practjce

. 2. Translational
f #2 . . .
Category of action Epistemic Practice

Listof actiorcades Definitiont A set of related

1. Representinggnowledge in differenforms L
»' 2. Makingsense of observegractice » activities takeron the

contents and forms of the life
science knowledge in order

3. Rationalisingp simplify complexexplanation
4. Elicitingmplicit practical knowledge frorpractitioner

usefulness of the different
contents and forms of
knowledge

6. Analysindgnowledge to show evidence optimisation
7. Verifyinghe workability of the solutions

5. Mediatedto get knowledge about user needs-espressed in to arrive at the knowledge
terms of requirements contents and forms that can
be used to develop solutions
o
List of actiorcodes
1. Creatingartifactsfor testing Epistemic Practice
2. Testingn real operating environment Definition: A set of related
» 3. Demonstratingn the development environment activities taken tayain and
4. Showinghat concerns areddressed » show confirmation on the
- 5. Confirmingdiscrepancies in knowledgeiggestion

Figure 5.2: Analysis and results of action coding analysis

5.2.2 Coding to categorise outcomes

4EA AAOOAOGETT Al AET C AT AT UOGEO AACET O AU Al
by the action coding analysis with the dscription of events believed to have been
AAOOAA AU OET OA AAOEIT 1T Oh OEAOAWReUesuE addih&eT ¢ C
action segments may lead to a learning outcome or, alternativelynay leave the

AT CET AAOO EIT /A Ao GRATA EARA ARG @nQAE®A Hale to undertake a
different set of practices until they have fond a way around the predicament. fe

results of the causation coding arshown in Figure 5.3 below.
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A4EA AOOGECIT T AT O 1T &£ AT ARG O1 OET OMA COMOFAGEITAT
which are categorised into two categodh Od, pq O! AEEAOAIT AT Gand#1 AA
2) O0 OAAEAAIT AT @@ Ped), AL hdvn jn Figure 5.3The two categories of

R

AAOBOAOGET T AT AAOG AOA O! AEEAOAIT AT éntto BearningA OT E1
| OOAT.Il Ado
Causation segments Causation codes (Categorised) Categories of Causation

Category of causation #1

List of causation codes
ACUnderstand the knowledge described
. AC2Have arappreciation o2 (i K S NHaRd c@inkedng &

AC3Gainthe knowledge requested
AC4Understand hovknowledge is related to
prior knowledge and experience
AC5Understand the rationale for theelevance of th&knowledge

to the life science 1. AChigvements of
AC6Understand whats important/critical to thelife science Learning Outcomes

practitioners

ACT7Arriveat the differentcontents and formef knowledge that Definitiont A set of

enables solutions to be developed » achievements gained from

ACBGzin a ﬂiffertrnt, but more helpr:I understanding of knowledge engaging in the different

AC90btainthe relevant parameter values ; ; ;

AC10Ableto test the usefulness oflifferent knowledge epistemic practices
»’ AC11Confirmthat knowledge learnt contributes to the workability of

the

solution

AC12Gainthe agreement to proceed with testing in real environment
AC13Gainacceptance of the developed solution

AC14Able to adoptwhat is essential and avoid what is not
AC15Ableto show how knowledge addition improyeerformance
AC16Confirmthat knowledge has been reused correctly

Category of causation #2

» Lo olealeation corte 2. Predicaments to Learning
PC1Unableto develop understanding dhe knowledge description
PC2Unableto adopt knowledge due to disbelief in tidscription Outcomes

PC3Difficultiesin clarifyingambiguity in thedifferent knowledge claims Definitiort A set of difficulties

PC4Difficultiesin avoiding contradictory knowledgriggestions » and challenges encountered

PC5Knowledgedescription is insufficient for developirgplutions during the engagements in
PC6Unableto arrive at the knowledge contents and forms that enables . ) .
task toproceed the dlfferenF epistemic
PC?7Unableto decipher the correct meaning intendéa the knowledge practices
description

Figure 5.3: Analysis and results of causation coding analysis
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Each of the 16 Achievements Code@AC1 to AC16) is linked to itscorresponding

category of epistemic practice. The interpretive formation of the causal linkages enables

the researcher to represent the causation event, as shown in Figure 5.4 below.

Categories of Epistemic Practices

1. Consultational
Epistemic Practice

Definitior: A set of related
activities takerto gain
further understanding about
the life science knowledge
that theyencounter

Epistemic Practice
Definitiort A set of related
activities takeron the
contents and forms of the if
science knowledge in order
to arrive at the knowledge
contents and forms that can
be used to develop solution

Epistemic Practice
Definition: A set of related
activities taken tagain and
show confirmation on the
usefulness of the different

contents and forms of

knowledge

Achievement codes

ACZAbleto gain understanding of knowledge.

AC2Ableti 2 3+ AY | LILINBOAL
of view and concerns

AC3Ableto gain the knowledge requested
AC4Ableto understanding how knowledge is
related to prior knowledge and experience
AC5ADbleto appreciate the relevance of the
knowledge to the life science

ACBAbleto appreciate what is
important/critical to the others from different
disciplines

ACTAbleto arrive at the different forms of
knowledge that are useful for developing
solutions

ACB8Ableto developthe different
understandings of knowledge that is useful fi
developing solutions

AC9ADbleto obtainthe relevant parameter
values

A2y 2F 2GKSN

| ACTt00ACY

=

AC10Ableto subject different knowledge
content and form to test

AC1%Ableto confirm that knowledge learnt
contributes to the workability of solution
AC12Ableto gain the agreement to proceed

AC1to AC6

— 4
AC11, A12, AC14,
AC13and AC16

>
AC10, AC11, AC12
andAC13.

AC10, AC11, AC1

with testing in real environment
AC13Ableto gain acceptance of the
developed solution

AC14Ableto reusewhat is essential and avoi
what is not

AC15Ableto provide evidence that adding
knowledge optimises performance

AC13, and AC15

AC7 to AC9
4

AC13, AC14 N

Categories of Learning Outcome

1. Knowledgeéidoption

Able to understand, appreciate,
and reuse the relevant
knowledge while retaining its
original contents and meanings

2. Knowledge Translation

Able to develop and use
knowledge whose terms and
forms usefully differ from, but
corresponds to, those used in
or provided by, the other
discipline

3. Knowledge Avoidance

Able to avoid pursuing the

learning and using of
knowledge contents and forms
2, that do not contribute to the
successful development of the
solution

4. Knowledge Addition

Able to add knowledge that is
new to the collaborators from
the other discipline and

AC16Ableto confirm that knowledgdas

been reused correctly

evidently useful for improving
their practices

Figure 5.4: Achievementsof learning outcomes

Then, the achievements codes are used to conceptualise and define the four different

categories of learning outcomes as shown by Figure 5.4.

Knowledge Adoption z Understand and use knowledge without altering its original

meaning.
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Knowledge Translation z Convert and wse knowledge whose forms and terms are

embedded in a different discipline.

Knowledge Avoidance z avoid pursuing knowledge because itis not believed to

contribute to final solution

Knowledge Addition z add knowledge thatis useful to the collaborators.

5.2.3 Coding to identify sequences of practices

The next analysis link OEA OAOAT OPOAAEAAI AltddtheAtirek A O 6
categories of epistemic practices tht appear to have caused themln addition, the
causation £gments that correspond to the severpredicament codes are analysed to find

the linkage between them and the actions that the engineers take to deal with the
corresponding predicaments. ThiSOOAOAO 1 £ p x dirdrehitated fiom hd AA OB
other subset d 5 codes (i.e. codes numbered 1, 4, 7, 9, and 10) in the 4aght part of

Figure 5.5. It can be seen in Figure 5.5 that:

q five of the 10 OAA QO E T 1(i.e. Adddsindbered 1, 4, 7, 9, and 1@hat are
related to the CEP are followup actions in responseo the predicaments that are
encountered during the CEP.

9 Ai1 1T £ OEA AEOA 1 £ OEA OAAOHdationsfohd 06 O
predicaments that are related to the CEP. This indicates that TEP occurred after
problematic engagements in theCEP.

1 all of the seven action codes related to the EEP are follayp actions to the
predicaments that encountered in the CEP and in the TEP. This indicates that
some of the engagements in EEP occurred after problematic engagements in the

CEP, while others ocurred after problematic engagements in the TEP.
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Categories of Epistemic Practices

1. Consultational
Epistemic Practice

Definitiont A set of related
activities takerto gain
further understanding about
the life science knowledge
that theyencounter

Predicament codes

PCtUnable to develop understanding of
knowledge description.

PC2Unableto adopt knowledge due to
disbelief in thedescription

PC3Unableto clarify the ambiguity in the
knowledgeclaim

PC4Unableto avoid knowledge suggestions
that contradicts owrbelief

PC5Unableto complement theperceived

Subset of the action codes

Category of action #1

List of action codes

4
2.Receiving a quick lesson on a life science topic

3. Observing knowledge in practice

5. Asking about a knowledge description
6. Being briefed on what the customers want/need

8. Getting helped to understand knowledge

insufficiencyin knowledgedescription
Disciplines
PC6Unableto decipher the correct meaning

intended byothers W Category of action #2

2. Translational v List of actiorcodes
Epistemic Practice || 1. Representingnowledge in differenforms

Definitiont A set of related 2. Makingsense of observegractice
activities takeron the 3. Rationalisingp simplify complexexplanation
contents and forms of the lift »| 4. Elicitingmplicit practical knowledge fromractitioner
science knowledge in order 5. Mediatedto get knowledge about user needs-ezpressed in
to arrive at the knowledge terms of requirements
contents and forms that can
be used to develop solution

Epistemic Practice
Definition: A set of related
activities taken tayain and
show confirmation on the |
usefulness of the different

contents and forms of
knowledge

PC7: Unableo arrive at the knowledge
contents and forms that enablébe solutions |
to be developed

List of actiorcodes
1. Creatingartifactsfor testing knowledge claims
2. Testingn real operating environment
+ 3. Demonstratingn the development environment
| 4. Showinghat concerns ar@ddressed
5. Confirmingdiscrepancies in knowledgriggestion
6. Analysingnowledge to show evidence oftimisation
7. Verifyinghe workability of the solutions

No predicament found

Figure 5.5: Predicaments to learning outcomes

4EA AAT OA EET AET CO ET AEAAOA OEAO OEA Al CE]
learning outcome or are unsuccessful, in which case they have to find an alternative
approach. By linking the actions and the way they dealt with barriers, it is possible to

determine sequences of practice leading to satisfactory outcomes.

5.2.4 Pattern coding analysis and findi ngs

The third coding analysis uses pattern coding to determine the sequence of activities
categorised as epistemic practices and the events thateacaused by those engagements,

asshown in Figure 5.6 below.
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Learning
outcome #1a:
Consultative

Epistemic Practice
#1 Achievements
CEP

Adoption
outcome #1h:
Evidential
Adoption

Learning
outcome #2a:
Mediated

Epistemic Practice
Predicaments #2 Achievements

TEP

Translation
outcome #2b:
Evidential
Translation

Predicaments Learning

outcome #8a:
Mediated

Avoidance
outcome #3:
Evidential
Avoidance

Epistemic Practice
#3
EEP

Learning
outcome#4:
Evidential
Addition

Figure 5.6: Sequential pattern of the interdisciplinary learning process

The pattern coding analysis finds that the learning sequence begins with engagements in
the CEP. It then uses the results of the causation coding to represent how engagements
in CEP result in achievement of a learning outcome or a predicament. The learning

A s oAz oas

outcome achieved is termed as th® AT T OO1 OA OEdtBomAd ATl DOEIT 1 6

&O0T i OEA OPOAAEAAI Al OOGpattdrh dotlirgiued A dlevaaii  OE,
findings from the causaton coding to show the emergence of the other two categories of

epistemic practice, the TEP and the EEP.

Using the same approac}pattern coding shows thatsuccessful engagement in TEP leads

to learning outcomes of OT AAEAOAA OAIAA O ibkdkied AT EAAT AAS
Unsuccessful actions lead to engagement in EEP.

30AAAOCOEDOT AT CACAI AT OO ET OEA %%Oevidekidl A OfT
AAT DOETT16h OAOEAAT OEAI OOAM@DAOCEAREBOEAROEAA

The results of thepattern coding analysis revealthe complexity of the phenomenon,

whereby a specific category of learning outcomes seems to have been achieved through
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different sequences, each with a different sequential combination of different epistemic
practices. Alsgengagements in the same combination of epistemic practices lead to the

achievement of different learning outcomes.

At this stage,the explanation of the case seems superficial because the results only
explain that the learning outcomes are due to the sgessful engagements in certain
epistemic practices, and that the emergence of the TEP and EEP are due to the
predicaments encountered in the preceding epistemic practices. The findings could not
explain why the engineers were able to undertake those epist@c practices and were
successful in overcoming the predicaments, instead of abandoning their learning

prematurely.

Since the conceptual framework of this research focuses on the interactions between the
socio-material elements of the interdisciplinary colaboration, the influential socio-
material interactions that sustain the learning process are analgsl next. Therefore, he

case is framedand analysedusing the ANTFanalytical framework.

5.3 Actor -Network -Theory (ANT) analysis and findings

In ANT-analysis, the ANT-analytical framework offered by Latour (1996) and Law
(2000) EO APDPi EAA O EOAi A OEA AAOA ET O ofEl 6O
OOAT Ol TAeeEarel f@uiBmoments: Problematisationd @teressement @nrolmentd

and Gobilisation

5314 EA 1T T1TATO 1 & OpOi ATl Al AOGEOAOET 1 6

I . 4 @@ment of Qroblematisatil T 6 OAZAOO O1 OEA DPAOO 1 &
AEEEAOAT O OAAOI 008 ET xEEAE Oendabletbd@eldy DO OI
framing the nature of the problem at hand according to what they know. In the case

science counterparts problematising the same cell culture method and practices in
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different terms according to their own disciplinary knowledge. feeEvidence Statement

1in Appendix 1]

As shown by the codinganalysis, in some instanced £ ODOI Al AehghéEOA OE |
were able to understand, appreciate, and reuse the relevant life sciemknowledge while
retaining similar knowledge contents, meanings, and forms£ven though they did not
know about the knowledge itself,they were taking perspective ofthe background and

expertise of othas and ofwhat others might know.

(T xAOAOh ET 1T OEAO ET OOAT AAOh OEAU OEAx OERZ
because the knowledge descriptiongend to be in thequalitative form. Hence, they also
view the knowledge from engineering perspective andrecognise the need fora

guantitative form of knowledge useful for engineering solution.

Viewing the same knowledge frommultiple perspectives is considered as &node of
epistemic engagemend(Nerland & Jensen, 201pwith the knowledge described during

the interdisciplinary interaction. This mode is conceptualisedby this research as the
®AOOPAAGEOGAT 11 AA T £, f&BEng 0t0 donsderatiod theQikrathéd AT 08
on perspective structure in communication, where it has been established that in social
interaction people are likely to engage in perspectiwaking of the background and
knowledge of others in formulating messagegGraumann & Sommer, 1988Krauss &
Fussell, 199). It appears to influence how the engineers learnt through the different

epistemic practices in at least two ways.

&EOOOh AU OAEET ¢ OEA 1 EZA OAEAT AA -a@ADOG6 D
elements with which they could consult, and interactfurther. Therefore, futile intial
consultation with the life science usersleads to selective consltations with their life

science colleague whom they perceived denowledgeable in the subjet matter. This
enablesOEAT OiF OOOOAET 1 AAOTET C ET Aonduitative O1 OAC
A AT b Odottomé despite the initial predicament of not understanding the knowledge

description.

Secondly, the perspectival mode of engagement seems émable the engineers to

overcome futile engagement in the CEP with their life science counterparts by eaging
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in the TEP, instead ofabandoning their learning. By taking the perspective of the life
science counterparts who claim to be expert practitiones, the engineers wee able to
recognise them assources of knowledgethat they could translate into the different
content and forms that are more useful for developing solutions. Thus, the perspival
mode appears toinform the correct judgement of the net action, that is the TEP, rather

than to succumb to the predicaments, or to remain in consultational practice alone.

= z o~ A~

5324EA T T1TATO T &£/ OEI OAOAOOAI AT 06

1.480 Oi11 A1 O 18& CGAANMBAGIObEOVERR different actors in
which one or more ators try to attract the interest of others through various means. As
well as being mediated by their team members, such as Informant C, who played the role
I £/ ADOAOOETI ¢ OEA AOI OAOEA OOAOOG 1T AAAO
interactions with their life science counterparts were also mediated by various
representational artefacts such as drawings, simulation models, and prototypes. These
mediators appear to help sustain the interests andales of others in developing anore
precise trandation of qualitative and practical knowledge into the corresponding
parameters and their values. The ability to represent their learning of cell culturing
practice in the form of sketches, drawings and prototypes appears very influential for
clarifying and confirming that they have arrived at the knowledge that enabledthe
solution to work satisfactorily, and thereby sustained the interest of the decision makers

to allow them to proceed[seeEvidence Statements 2 & 81 Appendix 1]

Through such mediatedinteractions, the engineers were able to arrive at the exact
acceptable quantitative knowledge. However, their life science counterparts were also
providing the engineers with the life science knowledge that underpins their
agreement/disagreements that then led to other predicaments to learning. As coding
analysis shows not all the predicaments encountered in CEP were completely resolved
through TEP. In some cases, there are uncertainties arising from disagreements. This
invokes the need for this researchio explain why the engineers were able to pursue

learning despite the continuing predicaments. ANfnalysis proceeds with the
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QAT OT 11 AT 66 111 AT O 61 OAAOAE A O OEA Agbi A

learning process.
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O
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53.34EA 1T T1TATO 1 &

1. 480 O 11 ARD OB A& Gelrd&iadion (& which one or more actors try to
secure the agreement of others despite various disagreements beten them. The ANT
analysis highlights that the engineers sought to gain agreement of their life sciea
counterparts that the solution being developed could better replicate the manual cell

culturing. This entailed their engagement in the evidential epistemic practice.

Two modes of interaction appear to be influential in the engagement in evidential
epistemic practice. One mode is conceptualised as tihestificational mode of epistemic
engagenent, where the engineers appeato tolerate ambiguity in knowledge claims and
saw it as opportunities to interrogate the different justification to knowledge claimsand
the relevant practices. They sought to rationalise what evidence could be useful for
interrogating and testing different justifications in order to reach agreement.[see

Evidence Statement 4n Appendix 1]

Another mode is conceptualised as theompleme ntal mode of epistemic engagement,
where the engineers envisioned the improvement that could be gained from adding new
knowledge to the cell culture method and practices, and thereby influencing the

agreement of others. For exampldsee Evidence Statemen® in Appendix 1].

Although these modes and epistemic practices, appear to secure the agreement of the
customer representatives, the engineers hado test it in the real operating environment

xEOE OEA OAAl AAI 1 08 30AE ERG®OBAR ODOOGE @ ALD
actualAAT 1 6q OI OACOAAS xEOE OEA O11 OOEIT S8
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5344EA 11T ATO 1 £ Oi 1 AEI EOADOEIT 1 6

1. 480 O1I 11 AITGEINTA |addliaaiad AdDvhich one or more actors try

to mobilise the agreement of other stakeholders to support tHe O GIASA®N IOOE 3§ 8 |
AT A1 UOEO EECEI ECEOO OEAO OEA AT CET ARAOO AOQO,.
AAAADPO OEA DOI bl OAA OT1 OOEI T8 &EOOOI Uh OE/
responses, the detailed knowledge of which was unknownna appeared esoteric to

acquire. Secondly, they had to deakith the social reality of human preferences and

concerns about their proposed solution.

Without seeking to learn scientifically about the details of the complex realities of the
behaviourandreO BT 1 OAO T £ OEA 1T OEAO OAAOI OO8 j E8As8
AT A ACOAATI AT O OEAU OAAE O1I Oi1TAEI EOAGh OEA
Ol OEIiPIi U OAOEOEU OEA OAAOI 0068 4dtddbwasDD A Al
to ensure all the controls that the system provided would make the cells more stable and
productive in real operations, and that the life science users arsatisfied to see the

workability of the solution. [SeeEvidence Statement 6n Appendix 1]

5.3.5 Outcome of ANT Analysis

In summary, the ANTFanalysis has been valuable in turning the descriptive resultsf the
coding analysis intomore explanatory results that provide possible explanations of the
learning process. It adds to the previous results in that in ol to sustain
interdisciplinary learni ng, it is not sufficient toengageonly in epistemic practices but
also capitalising on the sociematerial elements and skills such as representing

knowledge in artefacts.
It has identified three modes of epistemic Bgagement:

Perspectival Mode z where the problem is viewed through two or more different

perspectives.

Justificational Mode z where engineers seek justification for ambiguous knowledge.
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Complemental Mode z where engineers seek new knowledge to add to their

understanding.

5.4 Typological analysis and findings

The typology analysis initiates the gradual development of a typology by incorporating

the two focal eventg the engagement in epistemic practices andhe achievement of
learning outcomes. This produces an initial typology, which is gradually refined by the
subsequent analyses to also incorporate the possible influential interactions highlighted

by the ANT-analysis. The following subsections provide theralyses and findings that

EAAT OEAZU OEA OEAT OAOEAAI OAOEAAI AGOh ODPAAE
I AAOT ET ch OAlI AOA AEEZEAOAT O OOUBPAOGE OI ODPAA

and tabulate the different values of the variables.

5.4.1 Theoretical Variables

The typology analysis first identifies the independent and dependent variables of the

initial typology.
The independent variables

The independent variables correspond to the three categories of epistemic practices
CEP, TEP, and EERhey can either be present or absent in a particular learning

sequence.
The dependent variables

The dependent variable corresponds to the learning outcome, whose values/states can
be either one of the four categories of learning outcomes: 1) Knowledge @ution; 2)

Knowledge translation; 3) Knowledge avoidance; or 4) Knowledge addition.
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542$EAEAOAT O O4UPAOGSE T &£ 1 AAOTET C

The results of pattern coding (see 2.4) are used to specifyfour types of learning
according to the different combination of epistemic practices (the independent

variables).

Type #1: Learning that involves engagements in the CEP only.

Type #2: Learning that involves engagements in the CEP followed by the EEP
Type #3: Learning that involves engagements in the CEP followed by the TEP

Type #4: Learning that involves engagements in the CEP, followed by the TEP, and then
the EEP.

4EAOA &£ 00 OOUPAOGSE T &£ 1 AAOTET ¢ AAT OAOGOI O |
4EA OAlI AGET T OEEPO AAOxAAT OEA AEZEEAMAT O

outcomes can be specified in terms of pathways to learning outcomes.

5.4.3 Pathways to learning outcomes

There are seven distinct pthways that were identified in 58 ¢ 8t | ET EET ¢ OEA
and the learning outcomes as shown inhe left part of Table5.2 below. These pathways

are also represented as a typology tabléthe last two columns of Table 5.2)that
registers the values of all the variables. Such tabulation facilitates the comparative

AT Al UGEO AAOGxAAT OEA AE ££A @igenbratdlsetdifiogiéal AT A

causal inferences
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Table5.2: Pathway diagrams and typology table

Pathways

Pathway diagrams

Categories of

epistemic practic

Learning
Outcomes

index and their presenq (0=Adoption;
in the pathways | 1=Translatior
(C=Condtational;| 2=Avoidance
T=Translational; | 3=Addition)
E=Evidential);
(O=Absent;
1=Present)
C T E
#1 Consulational Enowledge 1 0 O 0
Epistemic Practice Adoption
#2 Consultational Evidential Knowledge 1 0 1 0
Epistemic Practice Epistemic Practice Adoption
#3 Consultational Trandational Knowledge l l O 1
Epistemic Practice Epistamic Practice Trandation
#4 Consultastional Translationa Evidential Enowledge 1 1 1 1
Epistemic Practice Epistemic Practice Epistemic Practice Translation
#5 Conaultational Translaiona 1 1 0 2
Epistemic Practice Epistemic Practice Avoidance
#6 . I 1 1 1 2
Consultational _ Translational Evidential
Epistemic Practice Epistemic Practice Epistemic Practice
#H7 Consultational Evidential Knowledge 1 0 1 3
Epistemic Practice Epistemic Practice Addition

5.5 Comparative analysis and findings

The comparative analysis compare® E A Al Oobleadhiddidertif@d in section 5.4.2

to produce two different kinds of outputs: 1) generation of logical causal inferences

about the causal role of the individual emtemic practices, and 2) indication of some

variables left out from the initial typology.
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The generation of the causal inferencess provided by the following selection of three

different comparisons:

1. #1 1 DAOEOIT 1

2. #1 1 DPAOEOIT 1

3. #1 1 DPAOEOI

ABBKkERAOOD

—_—)

AARAOxAAT OOE
U

PA
ABBOKBRRAAOOOBBAOOL

I E¢comOUDPAOBS

06

The indications of leftout variables, is provided by three comparisons:

1. #1 1 DPAOEOIT 1

2. #1 1 PAOEOIT 1

3. #1 Il PAOEOIT 1

5.5.1 Generation of causal inferences

AABKkERROODUDAOGS

ABBKBAAOOOBBADOOS

A B@x OAID ADGE ixlE OE AE £A£FAOAT O

- ~

xEOE

xEOE AE&ZAZEAOAI

xEOE OEI EI AO

1A,

xEOE OEI EI AO

xEOE AEAAAOAI

Table 5.3 shows the relevant comparative analyses, the relevant pair of pathways being

compared, the logic of the comparison, and the generation of the causal inferences.

Table5.3: Comparative analyses andausal inferences

Comparative Pathways| Logics of the comparison Causal inferences generated.
analyses compareq (Labels used:

0=Knowledge Adoption outcome

1=Knowledge Translation outcom¢

2=Knowledge Avoidance outcome

3=Knowledge Addition outcome)
0Si mil ar |#1vs#l | CEP is the common practice for | Causal inferenté: CEP is causal to
similar learning achieving the common learning Knowledge Adoption in pathway #1
outcomes outcome = 006

6 Mss tmi | a
with different
learning outcomes

#1 vs #3

They differ in the presence of TER
pathway #3, where the learning
out c oimestoeladd o f

Causal inference #2: TEP is causal
Knavledge Translation in pathway #
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#2 vs #4 | They differ in the presence of TEF Causal inference #3: TEP is causal
#4, wher e tinstead of | Knowledge Translation in pathway
#avs#7 |6006 or 0636

#1 vs #5 | They differ in theesence of TEP in| Causal inference #4: TEP is causal
#5, wher e tnstead ad | Knowledge Avoidance in pathway 4
606

#2 vs #6 | They differ in the presence of TER Causal inference #5: TE=¢ausal to
#6, wher e tinstead of | Knowledge Avoidance in pathway #
#6vs#7 |6000 or 0636

#4 vs #5 | They differ in the presence of EEF Causal inference #6: EEP is causa|
#4, wher e tinstead of | Knowledge Translation in pathway
626

#3 vs #6 | They differ the presence of EEP in Causal inference #7: EEP is causal
#6, wher e tinstead of | Knowledge Avoidance in pathway #
61606

#1 vs #7 | They differ in the presence of EER Causal inference #8: EEfausal to
#7, wher e tinstead of | Krowledge Additiorpathway #7.

006
0 L esaisni | a No Not Applicable Not Applicable
with similar learnir| pathways
outcomes

As well as generating the eight causal inferences, the results also indicate the absence of
logical causalinference about the possible causal role of some epistemic practices in
certain pathways. For example, there is an absence of the causal inference about
DOAAOEAAO ET DBAOExAU nN¢8 ' 0O OEAOA EO A OE
comparative anaysis, it is premature to delete the pathway. Since the initial typology

itself is still incomplete, this research considers the possibility that there are lefbut

variables that can possibly cause the necesgito engage in those practices.

5.5.2 Indication of left-out variables

There are three types of leffout variables that are indicated by the results of the

comparative analysis

1. Left-out variables that cause learning outcomes to differ despite engaging in a

similar set of epistemic practice(s)
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2. Left-out variables that possibly cause the necessity of engaging in an additional

epistemic practice for achieving the same outcome

3. Left-out variables that causealivergence to a different practice that leads to the

difference in learning outcomes

5.5.2.1 Left-out variables c ausing different Learning Outcomes.

#1 1 DAOAOEOA AT AT UOGEO AAOxAAT OOEI EI A0 OUDBAC
5.4 indicates possible leftout variables.

Table5.4: Comparative analysis betwee® OET E1 AO OUDPAOS xEOE AE
outcomes

Pathways Logics of the comparison Indication of leiftit
compared | (Labels used: 0=Knowledge Adoption outcome;1=Knowledge Trans| variables
outcome; 2=Knowledgoidance outcome; 3=Knowledge Addition out]

#2 vs #7 They have different outcomes (| Indicatethe possible
presence of CEP and EEP in common. presence of
0 mu | tiithere is ¢
Consultational Evidential Knowledge one or more other
Epistemic Practice Epistemic Practice Adoption \/ariab|e(s) that caus¢
the outcomes to diffe
verss
Consultational Evidential
Epistemic Practice Epistemic Practice Addition
#3 vs #5 They have different outcomes (

presence of CEP and TEP in common.

Consulational Trandational Fnowledge
Epistemic Practice Epistemic Practice Trandation

versus
Consultational Translationa Knowledge
Epistemic Practice Epistemic Practice
#4 vs #6 They have different outcomes (

presence of CEP, TEP and EEP in common
Consulational | Translationa Evidential Enowledge
Epistemic Practice Epistemic Practice Epistemic Practice Trandation

versus
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Consultational

Epistemic Practice

Translational
Epistemic Practice

Evidential
Epistemic Practice

5.5.2.2 Left-out variables possibly causing the necessity of engaging in an
additional epistemic practice for achieving the same outcome

#1 1 DAOAOEOA AlnbitOBEDBI AAOCOBABAROD

Table 5.5indicates possible leftout variables.

Table55:#1 1 PAOAOEOA Al A1-OBE

outcomes

xEOE

Bl AABORBARODI Kk BOE

Pathways
compared

Logics of the comparison

(Labels used: 0=KnogteAdoption outcome; 1=Knowledge Translatio
outcome; 2=Knowledge Avoidance outcome; 3=Knowledge Additio

Indication of lefit
variables

#1 vs #2

They both have similar outcomes (=0) everhthodiffet in the presence

EEP in #2.

Consultational

Epistemic Practice

Consultational

versus

Epistemic Practice

Evidential
Epistemic Practice

Enowledge
Adoption

Knowledge
Adoption

Indicate two competing
possibilities:

1-EEP is unnecessary f(
Knowledge Adoption, bt
beware of 6
or

2-The presence of

0 e q u i-knbwiedde i
adoption outcome can b
achievedia two different]
way$ there is one or mg
factor/variable(s) that
cause the necessity for
EEP

#3 vs #4

They both have similar outcomes (=1) even though they differ in the

EEP in #4.

Consultational

Epistemic Practice

Trandational
Epistemic Practice

versus

Consultastional
Epistemic Practice

Translationa
Epistemic Practice

Epistemic Practice

Evidential

Enowledge
Trandation

Enowledge
Trandation

Indicate two competing
possibilities:

1-EEP is unnecessary f(
Knowledge Translation,
beware of 6
or

2-The presence of

6 e q u i- Kriowlexddei
Translation outcome ca
be achieved in two diffe
ways$ there is one or mg
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factor/variable(s) that
cause the necessity for
EEP

#5 vs #6

They both have similar outcomes (=2) even though they differ in the
EEP in #6.

Consultational
Epistemic Practice

Translationa
Epistemic Practice

Enowledge
Avoidance

versus

) Translational Evidential
Epistemic Practice Epistemic Practice

Consultational
Epistemic Practice

Indicate two competing
possibilities:

1-EEP is unnecesy for
Knowledge Avoidance;
howeveh e wa r e
negativebod,

2-The presenad

6 e q u i- Kriowlexddei
Avoidance outcome car
achieved in two differen
way$ there is one or mo
factor/variable(s) that
cause the necessity for
EEP

5.5.2.3 Left-out variables causing divergence to a different practice that leads to
the difference in learning outcomes

#1711 DAOAOGEOA AlaitOBEBDI AA OQ BB Ak @dning GuddesirE £/£A O A

Table 5.6indicates possible leftout variables.

s 2z AL s

Table5.6: Comparative analysis betwee®1 AGGEICET A O

outcomes

OUDA

Ou
m\

o

Pathways
compared

Logics of the comparison
(Labels used: 0=Knowledge Adoption outcome; 1=Knowledge Trans
outcome; 2nkwledge Avoidance outcome; 3=Knowledge Addition o

Indication of keftit
variables

#1 vs #4

They only have CEP in common. Pathway #1 has only CEP, whered
#4 has CEP, TEP and EEP. Despitg barimon CEP, their outcomes

(606 vs 610)
Enowledge
Adoption

Consultational
Epistemic Practice

Versus

Evidential
Epistemic Practice

Translationa
Epistemic Practice

Consultational
Epistemic Practice

Enowledge
Trandation

Indicate two competing
possibilities:

1-CEP does not play a
causal role to the
divergence in paths an
the difference in
outcomes; there may b
one or more other
variable(s) that actually
causeshe divergence,

2-The TEP and EEP
jointly cause the
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#1 vs #6

They only have CEP in common. Pathway #1 has only CEP, whereg
has CEP, TEP and EEP. Despite having commoh @EPy o ut c

vs 06260)
Enowledge
Adoption

Consultational
Epistemic Practice

versus

) Translational Evidential
Epistemic Practice Epistemic Practice

Consultational

Epistemic Practice

divergence and the
difference; however,
beware of
positives®o

#2 vs #3

They only have CEP in common. Pathway #2 has CEP and EEP, w
#3 has CEP and TEP. Despite ha

616)
Knowledge
Adoption

Evidential
Epistemic Practice

Consultational
Epistemic Practice

versus

Consultational
Epistemic Practice

Trandational
Epistemic Practice

Enowledge
Translation

Indicate two competing
possibilities:

1-CEP does not play a
causal role to the
divergence in paths an
the difference in
outcomes, there may b
one or nre other
variable(s) that caitse
or

2-EEP may be the caus
of the divergence to
adoption outcome, and
TEP may be the cao$e|
the divergente the
translation outcome;
howeveh e wa r e
positivesé®o

#2 VS #5

They only have CEP in common. Pathway #2 has CEP and EEP, w
#5 has CEP and TEP. Despite ha

6206)
Consultational Evidential Knowledge
Epistemic Practice Epistemic Practice Adoption
versus

Consultational
Epistemic Practice

Translationa
Epistemic Practice

Enowledge
Avoidance

Indicate two competing
possibilities:

1-CEP does not play a
causal role to the
divergence in paths an
the difference in
outcomes, there may b
one or more other
variable(s) that causes
or

2-EEP may be the caus
of the adoption outcom
and TEP may tee
cause of the divergen
to the avoidance
outcome; however,
beware of
positives®é

#3 vs #7

They only have CEP in common. Pathway #3 has CEP and TEP, wi

#7 has CEP and EEP. Despite ha

Indicate two competing
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630)

Consultational
Epistemic Practice

Trandational
Epistemic Practice

Enowledge
Trandation

possibilities:

1-CEP does not play a
causal role to the

divergence in paths an

Versus the difference in
outcomes, there may b
Consultational Evidential one or more other

Knowledge
Epistemic Practice Epistemic Practice Addition

variable(s) that causes
0

=

#5 vs #7 | They only have CEP in common. Pathway #5 has CEP and TEP, wi
#7 has CEP and EEP. Despite having dorenfon  t hei r owu

630)

2-TEP may be the caus
of the divergence to
translatin outcomer

avoidanceand EEP may
be the cause of the
divergete to the additig

Consultational
Epistemic Practice

Translationa
Epistemic Practice

Enowledge
Avoidance

versus outcome; however,
beware of
Consultational Evidential posi ti vesao

Epistemic Practice Epistemic Practice

Knowledge
Addition

Since the comparative analyses can only indicate the possible presence, but cannot
locate the possible locations, of lefout variables, it is premature to give their definitive
positions in the initial typology. Therefore, only the indicative positions are provided in
Figure 5.7 below.

Eplster::f Practice // \ Knowledge
; [

CEP Adoption

Epistemic Practice
#2
TEP

Knowledge
Translation

Knowledge
Avoidance

|
Epistemic Practice Y )
#3 ‘. i

EEP

Knowledge
Addition

Figure 5.7: Indicative positions of the leftout variables
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5.5.3 Summary of comparative analysis

To summarise, thecomparative analysis produces eight logical inferences about the
causal relationships between individual categories of epistemic practice and specific
outcomes. However, these eight causal inferences do not exhaustively encompass all the
interpreted causal sequences that have been represented as thaitial typology in
Section 5.4 The comparative analysis also indicates that these causal sequences may be
contingent upon the presence of other variables that have been left out in the initial
typology. The AN-analysis has highlighted some of the possible variables such as the
different modes of epistemic engagement. Therefore, it is timely to analyse whether the
inclusion of these possible variables is congruent with the case data or whether other

competing variables are more congruent.

5.6 Congruence analysis and findings

The congruence analysis is employed to assess the eight causal inferences against other
competing inferences. The assessment is carried out in three stages. In the first stage,
the causal inErences are subjected to spuriousness evaluation that checks whether the
outcomes could have been caused by other variables. Then, in the second stage, the
causal inferences are subjected to causal priority evaluation that checks whether any of
the inferred variables could have been preceded by some other variables. Finally, in the
third stage, the causal inferences are $jected to causal depth evaluatiorthat examines
whether any of the inferred variables can be replaced by a different variable. All the
three stages require the identification of competig variables from the literature, which

precedes each evaluation.
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5.6.1 Spuriousness evaluation

5.6.1.1 Identification of competing variables

Various literature provides a number of variables that could have caused the

achievement of the different learning outcomes

The literature on knowledge sourcirg (Gray & Meister, 2006 Wang et al, 2014), which

is concernedwith how employees learn from each other, offers three learning variables

known collectively as knowledge sourcing method¢Gray & Meister, 2004. The first one

EO AAI 1T AA OEA OPOAI EOEAA ETT x1I AACA O1 OOAET ¢
that involves searching ad accessing knowledge that habeen expressed inanguage

and separated from its originator, such as in published dmment (Gray & Meister,

2006). This competing variablecompetes with the CEP in explaining how the engineers

achieve the knowledge adoption outcome; the engineers might have sourced the
adopted knowledge from process and procedures documén It is a norm for the
organisations studied to publish such documents internally for references as well as

externally for regulatory approval (Sweeting, 2003.

4EA OAATTA T1TA EO AAIT 1T AA OAUAAEA folohex] AAC
conversation between a learner and the knowledge omer (Gray & Meister, 200§. This

method is similar to the CEP.

The third one istermed 00 OATOHAOD +1 1 x1 AACA 31 ODOAET Cdh xE
attending and engaging in public knowledge arena such as in a conferen@Gray &

Meister, 2006). It competes with the CEP in explaining how the engineers achieve the
knowledge adoption outcome; the ongoing companywide practice of sending
engineers to relevant life science conferences could indicate that the pubbgoup

knowledge sourcing might be a useful practice for knowledge adoption.
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Thus, two variables from the knowledge sourcit | EOAOAOOOAN DOAI E
Ol OOAET ¢c6 -QOIAODPOOEIAIEIAAACA O1 OOAET ¢C8 AOA E
evaluation.

yl AAAEOEI T h OEA OEOOAOAA 1 AAOTET C OEAI OU

OAOEPEAOAT O0AOOEAEDAOUh padtitipatidyEir & coferaunity & A OT E 1
practitioners by performing authentic tasks under the guidance of more experienced
practitioners (Lave & Wenger, 19912002; Schatzki, 2017. Since the engineers were

participating in the cell culture community by observing, and interacting with, the cell

DAOEDPEAOAI bDAOOEAE D A G kexplanatiortdtheQaudaliriferedcds. AT A
On the other hand, the organisational knowledge and learning literature promotes the

use ofthe OET 1T x1 AACA ORMIGIAMOT @I G AGUABOBRADAD
who are knowledgeable in two or morecommunities (Brown & Duguid, 2001 Hargadon

& Sutton, 1997 Longet al, 2013). Informant C could have played such a role during the

project. She might have translated life science knowledge for the engineers, instead of

the latter having to engage in the TEP.

Alternatively, knowledge could have been gained from the existing translated
knowledge, already embeddedn existing artefacts. Iknowledge existed in the form that
is familiar to the engineers,then it could have beenlearnt and reused by them. In the
project studied, existing translated knowledge was embedded in the chosen robotic
platform, the Staubli RX 60 sikaxis robots, in theform of a predefined sequence of

movements that were considered suitable for delicate dndling of cells(see Vogt, 2002.

Additionally, some of the learning otcomes could have ben achieved by receiving
advice and opinions from parties outside the development team. Third parties, such as
external consultants who have experiencen similar projects could have provided the

necessary knowledge to the engineers.

The last variable considered for the spuriousness evaluation is sourced from the

I OCAT EOAOQET T Al I AAOTETC 1 EOAOAOOOA8 4EA 1
AOT EAOOGS hs oEdedplé vRoAcfedté links between two or more groups and
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transfer knowledge between them (Hargadon, 2002 Hargadon & Sutton, 1997
Holzmann, 2013. The possibility of having a knowledge transfer agent in the UK
business environment is very high consideng the existence of agencies such as the

Knowledge Transfer Office.

Thus, there are seven competing variables considered in the spuusness evaluation.

Table 5.7lists and maps them to the relevant causal inferences.
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Table5.7: Mapping of competing variables to relevant causal inferences

Causal Inferences

Competing Variableg #1: CEPis | #2: TEPis | #3: TEPis | #4: TEPis | #5:TEP is #6 EEP is #7: EEP is #8 EEP is caus3g
causal to causal to causal to causal to causal to causal to causal to to Knowledge
Knowledge | Knowledge | Knowledge | Knowledge | Knowledge | Knowledge Knovwddge Addition in
Adoption in | Translation ir] Translation irj Avoidance in| Avoidance in| Translation in | Avoidance in | pathway #7.
pathway #1. | pathway3. | pathway #4. | pathway #5 | pathway #6. | pathway #4. | pathway #6
1-Using published a NA NA NA NA NA NA NA
knowledge sources
2-Learning from a a NA NA NA NA NA NA NA
professional commur
3-Learning from publ a NA NA NA NA NA NA NA
eventxonference
4L earning from NA a a a a redundant redundant NA
knowledge translator
5Learning from NA a a a a redundant redundant | Same as variab
embedded translateq 7-knowledge
knowledge broker
6-Learning from third| Same as CE a a a a a a Same as variab
party advice 7
consultant
7-Learning from Same as CE| Same as Same as NA NA Same as NA a
knowledge brokers knowledge | knowledge knowledge
translator translator translator
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Table 5.7shows that

ii)

Vi)

vii)

4EA ODPOAI EOEAA Eaiiabld ok @petési afuidét bhé CHP

in Causal Inference #1. It is not applicable asn alternative to the other two
ADEOOAI EA POAAOEAAOh 4% 0 AT A %%0h OETA
to achieve the knowledgetranslation, knowledge avoidance and knowledge
addition outcomes constitutes an engagement in the TEP and EEP
respectively. Thus, the first competing variable is only applicable to causal
inference #1

4EA OI AAOT ET ¢ A£0T 1T DOAAOEtMEE peligheraAl I 1 O
participation only applies to the knowledge adoption outcome since the
concept is used in the literature to describe and explain how knowledge and

skills are gained

4EA AOCOi ATO OEAO OEA AbPbPI EAAAE]I EOU

confAOAT AAG TT1U AT i1 DBAOAO ACAET OO0 OEA # %
(i) above.
AEA O1 AAOT ET ¢ &£O01T1T ETTxI AACA OOAT O1 AODI

This corresponds to pathways #3, #4,#5 and #6. It is not applicable for the

CEP in causaihference #1 since the latter involves adopting knowledge in its

original untranslated form and content. For the EEP in causal inference #6

and #7, which correspond to pathways #4 and #6 respectively, the

AT 1T OEAAOAOQGETT 1T &£ O1I AAOT EOGHE MR 1 A ERT ki
variable would be redundant since it is already considered as competing
variable against the TEP, which is the practice that precede the EEP in those
pathways. Additionally, if the knowledge translator adds knowledge, s/he is

then considd OAA AO A OET T x1I AACA AOI EAOG S8

4EA OI AAOTET ¢ mEOI T Ai AAAAAA OOAT7T O1 AO
against the TEP

4EA O1I AAOTET ¢ &£0iIi A OEEOA DPAOOUBO AAC
except for #1 because it would constitute the CEP

4EA OI AAOTET C &£O01Ti ETTxI AACA AOI EAOOS

#7 since forthe other inferences it is either not applicable or redundant.

Based on the above, the spuriousness evaluation is conductaad reported in groups.
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5.6.1.2 Group 1 - Causd relationship between CEP and Knowledge A doption in
pathway #1

The spuriousness evaluation considers the potential causal role tiie three variables
that represent alternative learning practices that appear to compete with the CEP
(column 2 in Table 5.7)

Table5.8: Competing variables for causal inference #1 and the congruence analysis

Competing variables Congruence analysis Resuk
(da=con
X=incongruen

1-Published Knowledge | The enginegmight have sourced the adopted knowledge | X
Sourcing documented process and procedures for cell culturing. T
published internally for references as well as externalfytdiof
approvalHowever, the inspection of the relevant documesds
that the written descriptions contain many specialised tern
Otrypsinisationd, as wel|l :
cel |l culturing, such as 05
meanings of those terms were repgédiedigl through consultati

[seeEvidence Statements 7irRAppendix 1]

2-Legitimate Peripheral | The engineers participated by observing, and interacting w| X
Participation culture practitioners. However, such participation did n
performing the practice. Nor did it result in them gaining th
culture cells independently. Rather tefection was intendeq
translate only the physical movements performed by the p
into sequence of instructions for robotics programming.

[seeEvidence Statemeiirt @ppendix 1]

3-PubligGroup Knowledg| There is no evidence tlied engineers attended any rel{ X
Sourcing conference during the project. Howevergtlingooompamyide
practice of sending engineers to relevant life science cq
could indicate that the pgbtiap knowledge sourcing might
useful practice farowledge adoption. However, Informant B
the nature of their wethaveastha
we tal k to peopThisimpliesdhe snpoatand
the consultative part of such attendance rather than the att
the presentation rooms.

The spuriousness evaluation indicates that the knowledge adoption outcome does not
appear to be spuriously caused by the thmee competing variables.Therefore, causal

inference #1 is congruent.
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5.6.1.3 Group 2 - Causal relationship between TEP and Knowledge T ranslation in
pathways #3 and #4

The spuriousness evaluation considers the potential causal role tiie three variables

that appear to compete with the TEP (column 3 and h Table 5.7).

Table5.9: Competing variables for causal inference #2 and #3 and the congruence

analysis
Competing variables Congruence analysis Results
( & = auenty
X=incongruen
1-Knowldge Knowledge translators provided the engineers with the kn( X
Translator/Boundary the usersd needs that t hey
Spanner [see Evidence Statements 1QEHndAppendix 1]

Howeverthe knowledge translation outcome encompasses

the translated understanding of the user needs. For ex
translating the practical knowledge of the practitioners that
engineers had to interact directly with the prattitedicgrifsee
Evidence Statemeniri2ppendix 1]

Since the knowledge provided by the knowledge traf
inadequate for gaining sufficient translated knowledge
pathway #4 also requires evidence), this learning from the
transitor is subsumed under the translational epistemic
concept.

2- Learning from embedq Existing knowledge was embedded in the chosen robotic p| X
translated knowledge Staubli RX 60 sixis robots, in the form of a predefined sexfy
movements that were considered suitable for datiagedfiaell
However, engineers did not directly use those predefiroed
As documented Yggt (2002the engineers and their supplier
t aefirfed the sequence and speed of the robots mibvegnt

3Thirdpart yods There was no evidence of sourcing or receiving advices ff X
advice/opinion external to the project. Such advicesirspkrasible because
automation of cell culturing with robotics waslenf@éand th
existing robosequence was not used.

The above results indicte that the knowledge translation outcomes in pathways #3 and
#4 do not appear to be spuriogly caused by the three competing variables considered.

Therefore, causal inferences #2 and #3 are both congruent.
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5.6.1.4 Group 3 - Causal relationship between TEP and Knowledge A voidance in
pathways #5 and #6

The spuriousness evaluation considers the potentialausal role of the three variables

that appear to compete with the TEP (column 5 and & Table 5.7).

Table5.10: Competing variables for causal inferences #4 and #5 and the congruence

analysis
Competingariables Congruence evaluation Resuk
(ad=con
X=incongruen
1-Knowledge The engineers might have managed to avoid certain K X
Translator/Boundary suggested by the life science with the help of the knowledgg
Spanner However, thengineers were in the better position to recog

knowledge that would not contribute to the successful devg
the solution, and avoid learning the knowledge. Hence,
avoiding the knowledge they did not need while translafsee
Evidence Statemeniri3ppendix 1]

2- Learning from embedq Existing knowledge was embedded in the chosen robotic p| X
translated knowledge Staubli RX 60 sixis robots, in the form of predefined sequ
movements that weomsidered suitable for delicate handling
(see Vogt, 2002). However, since the predefined sequence
used by the engineers, they could not have caused the ay
other knowledge.

3Thirdpar t yods There was no eviderof sourcing or receiving advices from| X
advice/opinion external to the project. Such advices seem implausible be
automation of cell culturing with robotics was unprecedente(

The above results indicate that the knowledge avoidance outcors@ pathways #5 and
#6 do not appear tobe spuriously caused by the threeompeting variables considered.

Therefore, causal inferences #4 and #5 are both congruent.

5.6.1.5 Group 4 - Causd relationship between EEP and Knowledge Translation
and Knowledge Avoidance in pathway #4 and #6

As shown in Table 5.7, only oneariable, @arning from a third partyd§ EO AT Al UOAA
the analysis of the other two competing variables would be redundant (see Table 5.7
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column 7 and 8) and their causal roles have beeanled out in sub-section 5.6.1.3 and

5.6.1.4respectively.

Table5.11: Competing variable for causal inferences #6 and #7 and the congruence
analysis

Competing variables Congruence evaluation Resuk
(d=con
X=incongruen

Thirdpar t y 6 s a| There was no evidence of sourcing or receiving advices fii X
external to the project. Such advices seem implausible be
automation of cell culturing with robotioapsmasedented and

existing robotics sequence was not used. Without any pre
engineers?®d intention to t

suggestion required them to prove that the automation sg
requirements despite using trashglabeviedge and avoiding sor
the knowledge. They were required to show evidence that it

[See Evidence Statements 44indAbpendix 1]

The results above indicate that the knowledge translation and the knowledge avoidance
outcome in pathway#4 and #6 respectively do not appear to be spuriously caused by
the competing variables considered. Thenoch AAOT ET ¢ AAAOT O 1T £ 060G
replace the need to show evidence that the translation and avoidance of knowledge
produces a solutionthat satisfies the needs of the cells and the concerns of the users.

Therefore, causal inferences #6 and #7 are both congruent.

5.6.1.6 Group 5 - Causal relationship between EEP and Knowledge Addition in
pathway #7

N A N

/ITTU TTA OAOEAAI Adppeérst cormehddwinghk evidediiaEefistetnit

practice.

Table5.12: Competing variablefor causal inference #8and the congruence analysis

Potential spurio| Congruence evaluation Resuk
variables (ad=con
Xdncongruent
Knowledge The knowledge added to the existing life science knowledge does 1 X
Broker be brokered by any individual other than the engineers themselv|
detected the opportunity, envisioned the knowledge addition }tzauckipe
solution worked with the added kno(@eitigzce Statemelin Bppendix 1
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The above results indicate that the knowledge addition outcome in pathway #7 does not
appear to be spuriously caused by the competing variable considered. Siraeeptance
and trial runs were needed, it is not plaudle to suggest that the trust provided bytheir

life science users would be sufficient eitherTherefore, causal inference #8 is congruent.

In conclusion, the spuriousness evaluation of the eight causeelationships does not

indicate any spuriousness in the relationships.

5.6.2 Causal priority evaluation

Causal priority evaluation begins by identifying possible antecedent variables whose
causal role mighthave higher cauwsal priority than those of the fourepistemic practices

before testing for congruence

5.6.2.1 Possible antecedents for the Consultational Epistemic Practice in pathway
#1

In identifying variables that could have higher causal priority than the CEPthe
literature on knowledge adoption proposes EA  OT 1 A 1T AEODOEAI® EBEAADA
defined asthe combination of prior perception of the relevance and usefulness of

adopting the knowledge(Feldman & Lynch, 1988Sussman & Siegal, 2003

Alternatively, the ANTanalysis in subsection 5.3.1 proposes the role of the
®AOOPAAGEOGAT 11T AA 1T £ Awkb® D icéhdiderdidnA @d i AT O
literature on perspective structure in communication, where it has been established that

in social interaction people are likely to engage in perspectivaking of the background

and knowledge of others in formulating message@Graumann & Sommer, 1988Krauss

& Fussell, 199). The orientation into the perspectival mode of epistemic engagement

might have enabledthe engineers to recognisethe expertise of others, and thereby

causing theirengagement inCERP
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Table5.13: Possible antecedents for CEP in pathway #1 and the congruence analysis

Potential antecedents | Congruence evaluation Resuk
(ada=con

X=incongruen

1-Prior intention for Thee are indications of perception of relevance and ug X
adoption However, such a perception appeared to have occurred du
than prior to, consultation. Typically, the engineers found i
understand the knowledge they encounter fat ttimefir Fo
example, see Evidence Statement 15 in Appendix 1.

Therefore, it is not plausible that consultation and the a
knowledge are both caused by the intention to adopt the
prior to consultation.

2-Perspectival mode of | Engineers appear to have taken different perspectives in tl &
epistemiengagement of O6probl emat i |rmlysis.oNitdout anslersta
the content of the knowledge encountered for the first
engineers relied mostly on their pencepthe people who des
the knowledge to them, such as their credibility and exp
choose to consult them. Informant C reported on how the
had taken her perspective that cell culture and automatio
related:see Evidence t8tement 16n Appendix 1. In addit
Informant B recalled his perception on the expertise of In
see Evidence Statement 10 in Appendix 1.

The above results indicate that the perspectival mode of epistemic engagement appear
to have a causapriority over the other competing variables including the CEP. It enables
them to consult people with the right expertise who then help them to achieve
knowledge adoption. Hence, the CEP is an intervening cause through which the

perspectival mode of epistenic engagement leads to knowledge adoption.

5.6.2.2 Possible antecedents for the Translational Epistemic Practice in Pathways
#3, #4, #5 and #6

All the four relevant causal inferences (#2, #3, #, and #5) are related to the same
sequence up to and including the engagement in the TEP. Therefore, the causal priority

of the TEP can be jointly evaluated.

In identifying variables that could have higher causal priority than the TEP, it is seen
that the TEP is always preceded by the CEP. Therefore, it is possible that the CEP causes
the TEP.
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Alternatively, the literature that advocates the use of knowledge translation practice

suggests that the existence of barriers in communicating disciplinary conceptsné

assumptions often causs engagements in translational

practices. Therefore, a

situational perceptual variable calleda communication barrier could have a higher

causal priority than the TEP in causing the knowledge translation outcome.

Table5.14: Possible variables for TEP and the congruence analysis

Potential antecedents

Congruence evaluation

Resuk
(d=cong
X=incongruent

1- Consultational Epistemic
Practice

The engagement in TEP appears to bed caysprio
engagement in the CEP, where the predicaments wer
to have occurred. However the engagement in CEP i
not have been the determining cause because

engagement had led also to divergences to other pat
knowledgadoption, and to EEP), rather than only to TH
four pathways.

X

2-Situational Perceptual varia
Communication Barrier

It appears that during CEP with the practitioners, the |
encountered is typically perceived as a commbaicatipg
form of predicament in getting the knowledge that
think they need for configuring the robots.: [see
Statement 16 in Appendix 1]

Communication barrier appears to be the situational |
whose presence would largely taisagineers to undert
followup actions that constitute the. T&#e Evidence
Statement 12]

Engagement in TEP also involves avoiding some k|
provided to them: [ see Evidence Statement 13]

The above results indicate that the presence of thperception of a communication

barrier appears to have causal priority over the CEP. The Knowledge Translation and

Avoidance outcomes in pathways #3, #4, #5and#6 appear to have been largely caused

by the perception of a communication barrier with the TP as an intervening variable

through which the outcomes were achieved.
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5.6.2.3 Possible antecedents for the Evidential Epistemic Practice in Pathways #4
and #6

In identifying variables that could have higher causal priority than the EEP, it is seen
that the EEPIis preceded by the TEP. Therefore, it is possible that the TEP causes the
EEP.

However, it is also possible that the uncertaity in the usefulness of the translated form
of knowledge had caused engagement in the EEP. Therefore, the perception of the

uncertain usefulness of translated knowledge could be the antecedent of the EEP.

Alternatively, the literature on engineering work and professional practice has
OAOOAAT EOEAA OEAO AT CET ARXXEN CATxA O£OIBO TAE | A

"""" i A
D OA A OE A A OsBpowsed Ealiesaddgnacted practicediffer ($ AT 1 8! 1 AA Q " A
2015). Therefore, it is possible that the engineers perceived contradictory practices of
OEAEO |1 EZEA OAEAT AA AT OAARAA OADU ODA AOE AQo Of E
for evidences Thus,a situational perceptual variable calleda contradictory barrier could

have a higher causal priority ttan the EEP.

Table5.15: Competing variabledor EEP in pathway #4 and #6, and the congruence

analysis
Potential prior variables Congruence evaluation Resuk
(d=cong
X=incongruent
1- Translational Epistemic EEP appears to be caused by prior engagement i X
Practice pathway #4 and #6. However, it could not have f

determining cause because engagement in TEP also
achievements of knowledge translation or knowledge
outcome without havirgnigage in the EEP.

2-Perception of uncertain It appears that in instances where the perception of | &
usefulness of the translated | of the translated is uncertain, the engineers proceeq
knowledge evidential epistemic practice ta@sdés use. The uncerta

arise because the results of using translated knowl
avoidance of some have yet to be known in a real ope
thereby postponing their acceptance until evidence
[see Evidence Statement 3 in Appendix 1]

The situation was perceived as uncertain for bosimperti
developing the solution, the engineers had transl
qualitative description of the process into different
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knowledge (sketchparametergnd quantitative values)
confjure the robots. They had also avoided the exact
movement practised by the practitioners, but had tg
impact of the fast movement to the cells. [see I
Statement 20 in Appendix 1]

3-Perception of knowledge It is also possible that perceiving the knowledge | X
encountered aentradictory contradiction can also lead to knowledge avoidance.
barrier
This is related to the knowledge about the effect of sh
and the need to repli dlel
knowledge was perceived as discordant by the ¢
because the actual practices appear contradictory
knowledge suggestion.[see Evidence Statement 18 in
1]

However, the interview data suggests that the perce
contradictonparrier directly leads to EEP,[see EV|
Statement 4 in Appendix 1], without engaging in the
pathway #4 and #6. This seems to be a different pathw
as represented earlier in pathway #2.

The results above indicate that the presence £ OEA OPAOAAPOEI 106l £ O
variable appears to havecausal priority over the other competing variables. Knowledge
Translation and Knowledge Avoidance outcomes in pathways #4 and #6 are
respectively caused by the prior perception of uncertm knowledge usefulness with the
engagement in EEP as the intervening practice through which the outcomes were

achieved.

Additionally, the test found the causal priority role of the perception of a contradictory

barrier during CEP, which leads to EEP @&arlier conceptualised as pathway #2. This is

related to the knowledge about the effect of shear stress and the importance of having
OCOAAT EET CAOO8 xEAOA OEAOA AOA AEAEEAOAT AAC

5.6.2.4 Possible antecedents for the Evidential Epistemic Practice in path way #7

In identifying variables that could have higher causal priority than the EER pathway
#7, it is seen hat the EEP is preceded by theEP. Theefore, it is possible that the EP

causes the EEPAlternatively, it is also possible that the engagemenin the EEP is
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preceded by a barrier to contributing engineering knowledge to the life science

s o~z N Z A N £ A~ A

discipine.4 EA AAOOA1 DOET OEOU 1 £ OEEO OAI 1 OOEAOGO

Table5.16: Competingvariables for EEP in pathway #7, and the congruence analysis

Potential prior variables | Congruence evaluation Resuk
(d=con

X=incongruen

1- Consultational Epistenq EEP appears to be s&di by prior engagement in CEP, caus| X
Practice engageent in the EEP in pathway Hdwever, it is not
determining factor because the engagement in CEP le
divergence in other pathways.

2-Contributory Barrier Contributory barrier appears to be the situation that wholly | &
follow up actions that constitute EEP. The difficulty in c
knowledge to the life science domain without providing th
evidence causes the subsequent engagemdt® ito Ehoy
evidence of performance optimidatetvidence Statemeninf
Appendix 1]

The above results indicate that the perception of a contributory barrier appears to have

causal priority over the other competing variable

5.6.2.5 Conclusion of causal priority evaluation

The resultsshow that all the epistemic practices in the pathways are largely caused by

the corresponding prior variables:

I. Engagement in CEP is caused Ipyior orientation in the perspectival
mode of epistemic engagement

il. Engagement n TEP is caused bgrior perception of a communication
barrier

iii. Engagement in EEPollowing TEP is caused byrior perception of
uncertain usefulness in the translated knowledge

2 Engagement in EEPollowing a CEP is caused kyyrior perception of a
contributory barrier

V. Additionally, the prior cause of EEP in pathway #2 was found (i.e. the

contradictory barrier), thereby supporting the applicability pathway #2
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and the contingent role of engagement in EEP for achieving knowledge

adoption.

5.6.3 Causal depth evaluation

Causal depth evaluation assesses whether or not the different categories of epistemic
practice are necessary intervening variables through which the corresponding learning
outcomes could be achievedlhe researcher considered that all the sevewariables that
were involved in the spuriousness evaluation should besvaluated for their ability to

substitute for the roles of the epistemic practices

5.6.3.1 Causal relationship between CEP and Knowledge Adoption in pathway #1

There are three variables that contend with the intervening causal role dche CPEIn

pathway #1.

Table5.17: Competing variables for CEP in pathway #1, and the congruence analysis

Potential alternative Causal depth evaluation Resuk
varidbles (d=subs
X=not

substitutable)

1-Published Knowledge | It has been noted in the spuriousness evaluation that th X

Sourcing published knowledge sources contain many specialised t
asOtrypsinisationd, as wel |l
in cel/l culturing, such asg

sourcing without consulting the more knowledgeable oth
increase the risk of misunderstanding on hase thaeu Thu
this method of knowledge sourcing does not appear to be
equivalent substitute to engagement in consultative
practice. This is especially the case when the engineers 1
through the perspectival mode of epatgadgement, that their
science counterparts have the expertise and credibility.

2-Legitimate Peripheral | It has been noted in the spuriousness evaluation that the| X
Participation participated in, but avoided performing or adoptingithere
practice. Such practice requires long specialist training 1
skills in manipulating cells, yet there is no guarantee of cor
manual handling, which was why the company opted for &
Therefore, it is unlikely that thinkegitperipheral participation
be a better or equivalent substitute to consultational
practice.
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3-PubligGroup Knowledgf As cl ari fied in the spurio|X
Sourcing in group knowledge arena, such asnferences, is actu
consultative in nature. This seems to indicate that their pre
conference targeted for life science audience may not sub
learning through consultation. These kind of conferences
science speakergegenting their knowledge using disci
jargons. As the literature on knowledge sourcing has g
| ear ni ng i discoyragd lepeated interactions ba
source and recipient garticipdnts are intolerant -afepih
discussian iwchikesfiup time and attedt{@ray & Meistg
2006;p.147 Therefore, it is not a better or equivalent sub
engagement in the CEP.

The aboveresults indicate that engagement in CEP is necessary for achieving knowledge
adoption through pathway #1 since the three competing variables do not appear to be

equivalent or better substitutes for CEP.

5.6.3.2 Causal relationship between TEP and Knowledge Trans| ation in pathways
#3 and #4

There are three variables that contend with the intervening causal role of TEP in
pathways #3 and #4.( T x AOAOh OEA bi OAT OEAI OOAOOEOOOE

been ruled out.

Table5.18: Competing variables for TEP in pathway #3 and #4, and the congruence

analysis
Potential alternative Congruence evaluation Resul
variables (d=cong
X=incongruent)
1- Knowledge A knowledge translak@s helpful in overcoming the percep X
Translator/Boundary | communication barrier when it comes to dealing with knowl
Spanner userb6s needs. However, as

the knowledge translation outcome requires more than
knowledggetans | at or sd wunder stand
requires engineers to interact with the practitioners for
knowledge. This is evident by theiog practice of taking engir

to meeting with the customers. Evidence Statement 13

2-Existing knowledge | Existing knowledge embedded in the chosen robotic plg X
Staubli RX 60 sixis robots, in the form of predefined sequ
movements that was considered suitable for delicate handl
was not helpful in situatiahis perceived as communication k
Engi ne er sdefined thel seguentecandfspeed of the
movemendgV/ogt, 2002;p p®Protocols and pess parametettsat
drive the robotic arm walso derived from practice rather
reusing the embedded programmes. Hence, existing knowl
a substitute to engagement in translational epistemic practiq
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The above results indicate that theengagement in TEP is necessary for achieving the
knowledge translation outcome in pathway #3 and #4 sincethe two competing

variables do not appear to be eqwialent or better substitutes for TEP.
5.6.3.3 Causal relationship between TEP and Knowledge Avoidance in p athways

#5 and #6

There are two variables that contend with the intervening causal role of translational

epistemic practice through pathways #5 and #6.

Table5.19: Competing variables for TEP in pathway #&nd #6, and the congruence

analysis
Potential alternative Congruence evaluation Resuk
variables (ad=con
X=incongruen
1-Knowledge With their knowledge of usegX
Translator/Boundary options, knowledge stators can play an important role to avo
Spanner knowledge description that is not relevant.

However, as shown in the spuriousness evaluation, this doe
substitute the need for the engineers to involve in the intera
because typically the engineersiiaecknowledge about what
not relevant or practical to be included in the solutions that t
proposed.

2-Existing knowledge Even though the robotic platform has an embedded knowleq X
sequence of movements that are considered suitéloldtioirog|
and thereby informing what is relevant and practical for the
these knowledge were themselves configured by, rather tha
the developent, as reportediygt (2002Engineers would still
need to interact with their life science counterparts to gain th
parameters and values to configure the robot. Therefore, th¢
which existing solution can help avoid knowledge is limited
substitute the role of engineers in engaging in translational ¢
practice.

The above results indicate that engagement in TEP is necessary for the knowledge
avoidance outome in pathway #5 and #6 sincethe two competing variables do not

appear to be equvalent or better substitutes for TEP.
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5.6.3.4 Causal relationship between EEP and Knowledge Translation and
Knowledge Avoidance in pathway #4 and #6 respectively

Both knowledge translation and avoidance outcomes can be achieved without engaging
in EEP, as represented by pathway #3 and #5 respectively. Therefore, it raises the
guestion of was it necessary to engage in EEPlfowing the engagement in TEPThere
are two variables that couldpossibly substitute for evidential epistemic practice when

the usefulness of the translated knowledge or knoledge avoidance isuncertain.

Table5.20: Competing variables for EEP in ghway #4 and #6, and the congruence

analysis
Potential alternative variabl{ Congruence evaluation Resuk
(d=cong
X=incongruen
1- Knowledge Knowledge translator plays an inadequate causal ro| X

Translator/Boundary Spann achievement of heit knowledge translation or know
avoidance outcome. o, fahen perceivadcertainty arises, |
interaction with knowledge translator did not remove the
to provide evidence of the workability of the solution
acceptance testhweal cells.

2Thirgpar t y 6 s a ¢ Opinion from an outsider was hard to get because the g X
unprecedented. Even if there were one, it would not su
the need to show evidence as tests are manda
conformance to regaty requirements.

The above results indicate that engagement in EEP is necessary for the knowledge
translation and knowledge avoidance outcome in pathways #4 and #6 (when
ambiguity and uncertanty arise) respectively sincethe two competing variables do not

appear to remove the necessity to engage in the EEP.

5.6.3.5 Causal relationship between EEP and Knowledge Addition in pathway #7

One variable contends with the evidential epigmic practice.lt is analysed in Table 5.21.
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