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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 of the 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 providing the empirical evidence for a 

number of learning outcomes, and by identifying the associated learning practices found 

in three cases of interdisciplinary collaborations between engineers and life science 

practitioners. It also enhances the understanding of interdisciplinary learning in 

engineering practice by providing a detailed explanation 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 learning practices into one theoretical framework that embodies 

both the description and the explanation of interdisciplinary learning in engineering 

practice for a particular subclass ɀ engineering for the life sciences. The framework 

describes interdisciplinary learning in terms of four epistemic practices and four 

learning outcomes. Additionally, it includ es a contingent causal explanation for those 

practices and outcomes by validating the underlying causal relationships. 

The findings of this research could inform 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 domain suggests practices that can 

help university students in their intellectual development.  



 

ii  
 

Acknowledgement  

 

First and foremost, I would like to praise Allah (the Most Gracious) for His grace in allowing me 

to tap into a small but valuable part of His knowledge. I am humbled by the learning experience 

that He continues to bestow upon me. 

I wish to express my deepest gratitude to Tom Ridgman for his continuous support throughout 

my studies. I am greatly indebted to his enduring encouragement throughout this research. I 

would be forever inspired by his empowering supervision and insightful suggestions. 

I would like to extend my gratitude to Tim Minshall for his helpful advices for strengthening this 

thesis. I am also very grateful to my research teammates, Judith Shawcross and Manjusha 

Thorpe, for sharing valuable research and writing experiences. In addition, a very special 

gratitude goes to Richard Archer for his assistance in pursuing this research area. I am very 

lucky indeed to have such strong and supportive team within which a very conducive learning, 

researching and networking environment could thrive locally at IfM, regionally in Cambridge as 

well as nationally in the UK. I am also very appreciative of the intellectual and financial supports 

from 3ÔȢ %ÄÍÕÎÄȭÓ college during my studies here. A very special appreciation also goes to 

research and teaching staffs and students of IfM, Engineering Department and our English 

Language teachers who have helped sharpened my research, writing and presentation skills.  

Additionally, I am very thankful to the Malaysian Government for supporting me financially 

throughout my PhD, especially my employer, Universiti Sains Malaysia, for giving me this 

opportunity to continue learning. 

This thesis could not have started let alone completed without the endless sacrifice by my family 

members. I am most greatly indebted to my wife, Noor Hafizah and our lovely children, 

Darwiesh and Delisha, for always standing beside me through thick and thin. I would like to 

dedicate this PhD thesis to them. I am also deeply indebted to all my brothers and sisters, who 

had sacrificed their valuable time in taking care of our late parents while I was thousands of 

miles away.  

Last but not the least, I would like to thank all my colleagues and students at the School of 

Electrical and Electronic Engineering, Universiti Sains Malaysia Engineering Campus for 

supporting my practical endeavour in this research area. 

 



 

iii  
 

    

Preface  

Except for commonly understood or accepted ideas, or where specific reference is made, 

the work reported in this thesis is my own and does not include the outcome of any 

work done in collaboration. No part of this thesis has been previously submitted to any 

university for any degree, diploma, or other qualification. 

This thesis complies with the Department of Engineering Degree Committee word limit 

requirement (64771 of a maximum of 65000 words) and the limit on the number of 

figures (19 figures and 33 tables of a maximum of 150 figures). 

Mohd Nazri Mahmud 

May 2018 

  



 

iv 
 

Table of contents 

 

Abstract  ................................................................................................................................................. i  

Acknowledgement  ........................................................................................................................... ii  

Preface ................................................................................................................................................ iii  

List of Figures  .................................................................................................................................... vi  

List of Tables .................................................................................................................................... vii  

List of Acronyms  .............................................................................................................................. ix  

Chapter 1 Introduction  ............................................................................................................. 1 

1.1 Motivation for the research ..................................................................................................... 1 

1.2 Focus and objectives of the research ................................................................................... 7 

1.3 Organisation of the thesis ......................................................................................................... 8 

Chapter 2 Literature Review ................................................................................................... 9 

2.1 Introduction  ................................................................................................................................... 9 

2.2 $ÅÆÉÎÉÔÉÏÎ ÏÆ Ȭ)ÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ,ÅÁÒÎÉÎÇȭ ......................................................................... 11 

2.3 Review of interdisciplinary learning in engineering education .............................. 15 

2.4 Theoretical perspectives on learning................................................................................. 23 

2.5 Organisational knowledge and learning ........................................................................... 34 

2.6 Engineering practice ................................................................................................................. 44 

2.7 Integrating reviews and identifying gaps ......................................................................... 48 

2.8 Summarising and concluding the review ......................................................................... 53 

Chapter 3 Research Design ................................................................................................... 56 

3.1 Introduction  ................................................................................................................................. 56 

3.2 Formulation of the research questions ............................................................................. 57 

3.3 Determination of a philosophical position....................................................................... 58 

3.4 Development of a conceptual framework ........................................................................ 61 

3.5 Selection of the research strategy ....................................................................................... 63 

3.6 Configuration of a qualitative research method ............................................................ 63 

3.7 Summary of the research design ......................................................................................... 68 

Chapter 4 Analytical Methods  ............................................................................................. 70 

4.1 Introduction  ................................................................................................................................. 70 

4.2 Methodological principles for data analysis .................................................................... 70 

4.3 Analytical methods, process and procedures ................................................................. 73 



 

v 
 

4.4 Attaining research quality and rigour ............................................................................ 101 

4.5 Scope of applying the analytical methods ..................................................................... 103 

4.6 Summary of the analytical methods ................................................................................ 105 

Chapter 5 Findings from heuristic case analysis  ........................................................ 107  

5.1 Chapter introduction ............................................................................................................. 107 

5.2 Coding analysis and findings .............................................................................................. 110 

5.3 Actor-Network-Theory (ANT) analysis and findings ................................................ 118 

5.4 Typological analysis and findings..................................................................................... 123 

5.5 Comparative analysis and findings .................................................................................. 125 

5.6 Congruence analysis and findings .................................................................................... 133 

5.7 Causal process tracing analysis and findings ............................................................... 155 

5.8 Conclusion: A preliminary theoretical framework .................................................... 169 

Chapter 6 Findings from cross -case analysis ............................................................... 171  

6.1 Chapter introduction ............................................................................................................. 171 

6.2 Justification for case selection ........................................................................................... 175 

6.3 Proposition testing and results ......................................................................................... 188 

6.4 Conclusion: The contingent generalisation of the theoretical framework ....... 204 

Chapter 7 Discussion  ............................................................................................................ 208  

7.1 Introduction  .............................................................................................................................. 208 

7.2 Theoretical discussion .......................................................................................................... 208 

7.3 Methodological discussion .................................................................................................. 225 

7.4 Summary of the key insights of the discussion ........................................................... 230 

Chapter 8 Conclusion  ............................................................................................................ 232  

8.1 Contributions to theory ........................................................................................................ 232 

8.2 Implications for educational practices ........................................................................... 241 

8.3 Outputs of the research ........................................................................................................ 245 

8.4 Limitations of the research ................................................................................................. 247 

8.5 Recommendations for future research .......................................................................... 248 

Bibliography  .................................................................................................................................. 252  

Appendices  .................................................................................................................................... 264  

Appendix 1 Evidence Statements  ........................................................................................... 264  

 

 



 

vi 
 

 

 

List  of Figures  

Figure 1.1: Growth of interdisciplinary programs for nine large interdisciplinary fields in 

the US from 1975 to 2000 (Redrawn based on Brint et al. (2009)) ............................................ 2 

Figure 2.1: Literature review process for this study....................................................................... 10 

Figure 2.2: Unifying Model of Engineering Practice (Trevelyan, 2009) .................................. 45 

Figure 2.3: Actor-network model of engineering practice (B. Williams & Figueiredo, 

2013) ................................................................................................................................................................. 47 

Figure 3.1: Conceptual framework of interdisciplinary learning in engineering practice

 .............................................................................................................................................................................. 62 

Figure 4.1 Analytical process, procedures, and methods .............................................................. 74 

Figure 4.2: Causal inference and rival inferences ............................................................................ 89 

Figure 4.3: Congruence Method Tree (derived from George and Bennett, 2005) .............. 91 

Figure 4.4: Building-block approach to theory development ................................................... 100 

Figure 5.1: Sequence of three interrelated coding analyses ..................................................... 110 

Figure 5.2: Analysis and results of action coding analysis ......................................................... 112 

Figure 5.3: Analysis and results of causation coding analysis .................................................. 113 

Figure 5.4: Achievements of learning outcomes ............................................................................ 114 

Figure 5.5: Predicaments to learning outcomes ............................................................................ 116 

Figure 5.6: Sequential pattern of the interdisciplinary learning process ............................ 117 

Figure 5.7: Indicative positions of the left-out variables ............................................................ 132 

Figure 5.8: Possible locations of the left-out variables in the refined typology ................ 155 

Figure 5.9: Preliminary theoretical framework ............................................................................. 170 

Figure 6.1: Generalised theoretical framework ............................................................................. 205 

 

 

  



 

vii  
 

List of Tables 

Table 2.1: Four strands of literature reviewed by this research .................................................. 9 

Table 3.1: Philosophical positions .......................................................................................................... 59 

Table 3.2: Variation in level of experience of practising engineers .......................................... 65 

Table 3.3: List of projects and informants .......................................................................................... 67 

Table 4.1: Pathway diagrams and typology table ............................................................................ 78 

Table 4.2: Three comparative analysis, possible results, indications, and implications for 

further analysis .............................................................................................................................................. 82 

4ÁÂÌÅ υȢρȡ %ÎÇÉÎÅÅÒÓȭ ÄÅÔÁÉÌÓ .................................................................................................................. 109 

Table 5.2: Pathway diagrams and typology table ......................................................................... 125 

Table 5.3: Comparative analyses and causal inferences ............................................................. 126 

4ÁÂÌÅ υȢτȡ #ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ 

outcomes ....................................................................................................................................................... 128 

4ÁÂÌÅ υȢυȡ #ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÓÉÍÉÌÁÒ ÌÅÁÒÎÉÎÇ 

outcomes ....................................................................................................................................................... 129 

4ÁÂÌÅ υȢφȡ #ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ 

outcomes ....................................................................................................................................................... 130 

Table 5.7: Mapping of competing variables to relevant causal inferences .......................... 137 

Table 5.8: Competing variables for causal inference #1 and the congruence analysis .. 139 

Table 5.9: Competing variables for causal inference #2 and #3 and the congruence 

analysis .......................................................................................................................................................... 140 

Table 5.10: Competing variables for causal inferences #4 and #5 and the congruence 

analysis .......................................................................................................................................................... 141 

Table 5.11: Competing variable for causal inferences #6 and #7 and the congruence 

analysis .......................................................................................................................................................... 142 

Table 5.12: Competing variable for causal inference #8 and the congruence analysis . 142 

Table 5.13: Possible antecedents for CEP in pathway #1 and the congruence analysis 144 

Table 5.14: Possible variables for TEP and the congruence analysis .................................... 145 

Table 5.15: Competing variables for EEP in pathway #4 and #6, and the congruence 

analysis .......................................................................................................................................................... 146 

Table 5.16: Competing variables for EEP in pathway #7, and the congruence analysis 148 

Table 5.17: Competing variables for CEP in pathway #1, and the congruence analysis 149 



 

viii  
 

Table 5.18: Competing variables for TEP in pathway #3 and #4, and the congruence 

analysis .......................................................................................................................................................... 150 

Table 5.19: Competing variables for TEP in pathway #5 and #6, and the congruence 

analysis .......................................................................................................................................................... 151 

Table 5.20: Competing variables for EEP in pathway #4 and #6, and the congruence 

analysis .......................................................................................................................................................... 152 

Table 5.21: Competing variables for EEP in pathway #7, and the congruence analysis 153 

Table 5.22: Assessment of all the congruent causal relationships. ........................................ 153 

TablÅ φȢρȡ %ÎÇÉÎÅÅÒÓȭ ÄÅÔÁÉÌÓ .................................................................................................................. 172 

4ÁÂÌÅ φȢςȡ %ÎÇÉÎÅÅÒÓȭ ÄÅÔÁÉÌÓ .................................................................................................................. 175 

Table 6.3: Coverage of the proposition testing .............................................................................. 187 

Table 6.4: Variation in level of experiences of practising engineers ..................................... 187 

Table 8.1: The four learning outcomes and the corresponding abilities ............................. 244 

  



 

ix 
 

List of Acronyms  

 

ABET  Accreditation Board for Engineering and Technology 

AC  Achievement Code 

AMBR  Automated Micro Bio-Reactor 

ANT  Actor-Network Theory 

BNA  Boundary Negotiation Artifact 

CEP  Consultational Epistemic Practice 

CPEP  Comparative Epistemic Practice 

CPT  Causal Process Tracing 

EEP  Evidential Epistemic Practice 

EERN  UK & Ireland Engineering Education Research Network 

ID  Interdisciplinary  

IEA  International Engineering Alliance 

NAE  National Academy of Engineering 

OECD  Organisation for Economic Co-operation and Development 

PC  Predicament Code 

RAEng  Royal Academy of Engineering 

REES  Research on Engineering Education Symposium 

SEFI  European Society for Engineering Education 

SMWT  Self-Managing Work Team 

TEP  Translational Epistemic Practice 

WEEF  World Engineering Education Forum 



 
 

 1 
 

Chapter 1  Introduction  

 

1.1 Motivation for the research  

The 21st-century society is facing many critical challenges that require an 

interdisciplinary approach for responding to them. Such an approach 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 different 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 infrastructures; while such a 

complex socio-technical 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 and 

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 well-being and longevity, but also contribute to the rising population, 

aging society, cost of healthcare, and consumption of scarce resources. The scale and 

scope of these complex challenges are making the 21st century 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 of interdisciplinary teaching and academic restructuring in universities. It 

ÄÅÆÉÎÅÄ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ ÁÓ ÁÎ ȰÁÄÊÅÃÔÉÖÅ ÔÈÁÔ ÄÅÓÃÒÉÂÅÓ ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ 

ÍÕÌÔÉÐÌÅ ÄÉÓÃÉÐÌÉÎÅÓȱ (Apostel et al., 1972;p.25-6). The interaction encompasses simple 
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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, over the 

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

ÆÒÏÍ φχτ ÉÎ ρωχυȾρωχφ ÔÏ ρφφσ ÉÎ ςπππȾςππρȢ 4ÈÅÙ ÃÁÔÅÇÏÒÉÓÅÄ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ 

ÐÒÏÇÒÁÍÓȭ ÁÓ ÔÈÏÓÅ ÔÈÁÔ ÄÒÁ× ÆÁÃÕÌÔÙ ÆÒÏÍ ÍÏÒÅ ÔÈÁÎ ÏÎÅ academic department. Figure 

1.1 shows the growth of interdisciplinary degree programs for nine large 

interdisciplinary fields according to their survey.  

 

Figure 1.1: Growth of interdisciplinary programs for nine large interdisciplinary fields in 
the US from 1975 to 2000 (Redrawn based on Brint 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 Studies and Brain, 

and Biomedical Science, other fields of engineering, physical and natural sciences did not 

feature prominently in the survey. In recent years, however, the number of 

interdisciplinary activities as well as of graduate and undergraduate degree programs 

has been on the rise in engineering, natural sciences and medicine fields (Newell & 

Gagnon, 2013), and Knight et al. (2013)  suggest that this marks a shift towards an 

interdisciplinary approach in higher education.  
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Interdisciplinary approaches in higher education differ substantially from that of mono-

disciplinary approaches. In an interdisciplinary approach, the interdisciplinary learners 

draw on two or more disciplines in order to advance their understanding 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 delivered widespread benefits for learning. It has been shown to result 

in better student engagement; improved higher-order cognitive skills such as knowledge 

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

sensitivity to ethical issues; reducing disciplinary, political, or religious bias; and more 

creativity and humility  (Holley, 2017; Lattuca et al., 2004; Newell et al., 2001). Many 

associations were formed, such as the Association for Interdisciplinary Studies (AIS), 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 of this 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 1.1, the 

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

that were actively offering interdisciplinary degrees. Policy-makers were increasingly 

concerned about the highly disciplinary structure of undergraduate education in these 

fields.  

-ÏÓÔ ÎÏÔÁÂÌÙȟ ÉÎ ÅÎÇÉÎÅÅÒÉÎÇȟ ÓÕÃÈ Á ÃÏÎÃÅÒÎ ÈÁÄ ÌÅÄ ÔÏ ÔÈÅ 53ȭÓ .ÁÔÉÏÎÁÌ !ÃÁÄÅÍÙ ÏÆ 

Engineering (NAE)ȭÓ bold recommendation in 2005 for all engineering schools in the US 

ÔÏ ȰÉÎÔÒÏÄÕÃÅ ÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ learning in the undergraduate environmÅÎÔȱ, stating that 

ȰÓÔÕÄÅÎÔÓ ×ÏÕÌÄ ÂÅÎÅÆÉÔ ÆÒÏÍ ÁÔ ÌÅÁÓÔ ÃÕÒÓÏÒÙ ÌÅÁÒÎÉÎÇ ÁÂÏÕÔ ÔÈÅ ÉÎÔÅÒÐÌÁÙ ÂÅÔ×ÅÅÎ 

disciplines embodied in real-×ÏÒÌÄ ÐÒÏÂÌÅÍÓȱ(NAE, 2005;p.55). Similar 

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

Academy of Engineering (RAEng) in 2007. Their report on Educating Engineers for the 
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21st Century identified  the kÅÙ ÆÕÔÕÒÅ ÒÏÌÅ ÏÆ ÅÎÇÉÎÅÅÒÓ ÁÓ ȰÉÎÔÅÇÒÁÔÏÒÓȢȱ Such a role 

ȰÒÅÑÕÉÒÅÓ ÇÒÁÄÕÁÔÅÓ ÔÏ ÈÁÖÅ Á×ÁÒÅÎÅÓÓ ÁÎÄ ÂÁÓÉÃ ÓËÉÌÌÓ ÂÅÙÏÎÄ ÔÈÅÉÒ ÔÒÁÄÉÔÉÏÎÁl 

ÄÉÓÃÉÐÌÉÎÅ ÂÏÕÎÄÁÒÉÅÓȢȱ (King, 2007;p.13). The report advocated the need to embed a 

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 accreditation criteria for interdisciplinary engineering. ABET criteria 

σɉÄɊ ÓÐÅÃÉÆÉÅÓ ȰÁÂÉÌÉÔÙ ÔÏ ÆÕÎÃÔÉÏÎ ÏÎ ÍÕÌÔÉÄÉÓÃÉÐÌÉÎÁÒÙ ÔÅÁÍÓȱ (ABET, 2011, 2017) and 

ÔÈÅ )%! ÓÐÅÃÉÆÉÅÓ ȰÆÕÎÃÔÉÏÎ ÅÆÆÅÃÔÉÖÅÌÙ ÁÓ ÁÎ ÉÎÄÉÖÉÄÕÁÌȟ ÁÎÄ ÁÓ Á ÍÅÍÂÅÒ ÏÒ ÌÅÁÄÅÒ ÉÎ 

diverse teams and in multi-disciplinary settingsȱ (IEA, 2015;p.15)Ȣȱ 4ÈÅ ÉÍÐÌÅÍÅÎÔÁÔÉÏÎ 

of interdisciplinary approaches in engineering education continues to spread across the 

globe as all accredited engineering 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 years (Lattuca et al., 2017; Nersessian & 

Newstetter, 2014; Spelt et al., 2016; Sutherland Olsen, 2009). 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 synthesis from 

addressing a problem, question or issue (Klein, 1990; Lattuca et al., 2004; Newell, 1994). 

In interdisciplinary studies, Klein (1990) and subsequently Newell et al. (2001) 

delineated five key elements 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 process-oriented framework. 

However,  Newstetter (2011) opined that a general process model without more detail 
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information on the associated learning practices has not been sufficient for informing 

how to make engineering classrooms more interdisciplinary. According to her, a model 

of interdisciplinary learnin g in engineering education should be developed to help us 

understand how the learning and problem-solving practices from different disciplines 

interact in addressing real world problems. The deployment of various pedagogical 

approaches, such as problem-based learning, project-based learning and active learning, 

in interdisciplinary engineering curricula, has resulted in some successes as reported by 

Lattuca et al. (2011), but resulted in some problems as reported by Richter and Paretti 

(2009). These mixed results could be indicative 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 informing 

interdisciplinary education has been going on for a long time. Lattuca et al. (2004) 

reiterated the challenge posed twenty years ago by two prominent scholars of 

interdisciplinary studies, Julie Thompson Klein and William Newell, for researchers to 

ȰÐÒÏÂÅ ÔÈÅ ÐÒÅÃÉÓÅ ÍÅÃÈÁÎÉÓÍÓ ÔÈrough which interdisciplinary study has such 

×ÉÄÅÓÐÒÅÁÄ ÅÆÆÅÃÔÓȱ (Klein & Newell, 1997;p.411). Lattuca et al. (2004) hypothesised the 

underlying mechanisms for interdisciplinary knowledge acquisition based on the 

ÌÉÔÅÒÁÔÕÒÅ ÏÎ ÃÏÇÎÉÔÉÏÎȟ ÂÕÔ ÔÈÅÉÒ ÅÎÃÏÕÒÁÇÅÍÅÎÔ ÆÏÒ ÒÅÓÅÁÒÃÈÅÒÓ ÔÏ ȰÓÔÕÄÙ ÉÔ 

ÓÙÓÔÅÍÁÔÉÃÁÌÌÙȱ ÈÁÓ ÙÅÔ ÔÏ ÂÅ ÒÅÓÐÏÎÄÅÄ (p.44).  

There are also derivations of the outcomes of interdisciplinary engineering education 

based on the literature on interdisciplinary studies such as those derived by Borrego 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 

ÌÉÔÅÒÁÔÕÒÅ ÒÅÖÉÅ× ÉÓ ȬÓÐÅÃÕÌÁÔÉÖÅȭ (Lattuca et al., 2012;p.12). There is a strong reason to 

be cautious in speculating learning outcomes. As stated by Newell and Gagnon (2013), in 

interdisciplinary studies, the outcomes of interdisciplinary activity has so far been 

ÃÈÁÒÁÃÔÅÒÉÓÅÄ ÁÓ ȭÃÏÍÐÒÅÈÅÎÓÉÖÅÎÅÓÓȭ ÉÎ ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÔÈÅ ÉÓÓÕÅÓȟ ÔÏÐÉÃÓ, or problems at 

hand (p.24). However, they urged researchers to revisit such characterisation since they 

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 natural sciences and medicine.  
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Interdisciplinary practitioners increasingly include non-academics and professionals 

who are also interested in creating and implementing solutions rather than only in 

achieving comprehensiveness in understanding. Newell and Gagnon (2013) thus 

ÐÒÏÍÐÔÅÄ ÔÈÅ ȰÎÅÅÄ ÔÏ ÌÅÁÒÎ ÆÒÏÍ ÔÈÅÓÅ ÐÒÏÆÅÓÓÉÏÎÁÌÓȱȢ )ÎÄÅÅÄȟ ÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ 

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 in a 

biomedical workplace. Proponents of this approach argue that workplace settings 

provide more realistic requirements and challenges for interdisciplinary learning than 

educational settings (Nersessian, 2009; Nersessian & Newstetter, 2014; Newstetter et 

al., 2010). Nersessian and Newstetter (2014), MacLeod and Nersessian (2016) and 

Newstetter (2011) have studied interdisciplinary practices in a biomedical engineering 

research lab in a university. They revealed that the major challenge 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 different from the notion of 

comprehensive understanding found in interdisciplinary studies literature. However, 

ÔÈÅÙ ÓÕÇÇÅÓÔ ȰÐÒÉÏÒ ËÎÏ×ÌÅÄÇÅ ÏÆÔÅÎ ×ÉÌÌ ÎÏÔ ÈÅÌÐȱ ÔÈÅ ÅÎÇÉÎÅÅÒÓ ÉÎ ÁÃÈÉÅÖÉÎÇ ÓÅÌÅÃÔÉÖÅȟ 

integrated understanding (MacLeod & Nersessian, 2016;p.7). This suggestion seems to 

challenge the hypothetical explanation that 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, I 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 implications 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 
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interdisciplinary studies in the humanities, such as studies by  Newell et al. (2001), 

Mansilla and Duraising (2007) and  Repko (2008), to speculate the learning outcomes 

and to develop hypothetical explanation. Although studies related to interdisciplinary 

practices in educational setting has been growing (Lattuca 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 know 

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 researchable 

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 sub-section 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 evidence-based understanding of the phenomenon of interdisciplinary 

learning in engineering practice settings. This focus on engineering practice settings 

would complement the on-going research within the engineering education and 

industrial laboratory settings.  

 Within this focus, the objectives of this research are twofold. The first objective is 

to identify the learning practices that engineers engage in and the corresponding 

learning outcomes they achieve. The second research objective is to explain why they 

engage in those practices and how they achieve those outcomes. 
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1.3 Organisation of the t hesis 

 

 This thesis is organised into eight chapters.  

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

objectives, and describes the organisation of the thesis. 

 The second chapter reviews the literature and 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 addressed by the reviewed 

literature . These knowledge gaps become the requirements for knowledge.   

 The third chapter describes how the research is designed to satisfy the 

knowledge requirements identified in Chapter 2. It provides the configuration of the 

different aspects of the design by formulating the research questions, determining the 

philosophical position, developing a conceptual framework, and configuring the 

research methods.  

The fourth chapter then describes 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 analyses, results, and findings of the first case study 

that develops a preliminary theoretical framework.  

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

case studies that refine and generalise the preliminary theoretical framework.  

 Then, the seventh chapter discusses the overall findings from the theoretical and 

methodological perspectives, and positions the findings within the current bodies of 

knowledge. 

 Finally, the eighth chapter assesses the significance of the findings in terms of 

their contributions to theory and implications for educational practices.  
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Chapter 2  Literature Review  

 

2.1 Introduction  

This chapter reviews four strands of literature 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. 

Table 2.1: Four strands of literature reviewed by this research 

Strands of literature Rationale for their review 

Interdisciplinary learning 
in engineering 
education 

The literature would inform the critical issues related to interdisciplinary 
learning of engineering students. This helps identify the knowledge required 
for addressing those issues. 

Theoretical 
perspectives of learning 

This literature is fundamental to the understanding of interdisciplinary 
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 
knowledge and learning 

This literature is important since it views organisations as institutions that 
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 
literature 

This literature is necessary to be reviewed since interdisciplinary learning in 
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 ï 
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.  
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The review elaborates issues in interdisciplinary 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 it seeks to address those gaps. This review 

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

 

Figure 2.1: Literature review process for this study 

 

This chapter is organised into eight sections. The first, this section, introduces the 

purpose, contents, and intended outcomes of the review chapter. The second section 

clarifies the meaning of the term ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ÌÅÁÒÎÉÎÇȭ used in this thesis. Then, the 

third  section reviews studies of interdisciplinary engineering education in 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 of 

learning, and assesses the extent of their relevance in understanding different aspects of 

interdisciplinary learning.  

The fifth section reviews the organisational knowledge and learning literature . In doing 

so, it clarifies the meaning of ȬËÎÏ×ÌÅÄÇÅȭ ÕÓÅÄ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓȟ ÁÎÄ ÅÌÁÂÏÒÁÔÅÓ ÏÎ ÔÈÅ 
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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 could be useful for engaging in interdisciplinary 

learning. Towards the end of the chapter, section seven integrates all the bodies of 

knowledge that have been reviewed and assesses to what extent such integration could 

bear on the critical issues. It also identifies remaining gaps in knowledge, elaborates on 

their implications for this research, and proposes how this research should seek to 

address those gaps. 

Finally, section eight summarises and concludes the findings of the literature review 

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

 

2.2 $ÅÆÉÎÉÔÉÏÎ ÏÆ Ȭ)ÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ,ÅÁÒÎÉÎÇȭ 

 

The use of the term ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ÌÅÁÒÎÉÎÇȭ in this thesis requires clarification. This is 

due to at least three reasons. The first reason is due to the different understandings of 

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

reason is that the meaning of the word ȬÄÉÓÃÉÐÌÉÎÅȭ embodied in the adjective 

ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ ÎÅÅÄÓ ÔÏ ÂÅ ÐÒÏÐÅÒÌÙ ÕÎÄÅÒÓÔÏÏÄ ÉÎ ÒÅÌÁÔÉÏÎ to the way in which the 

disciplines are being defined nowadays. The third reason is due to need to different iate 

between the adjective ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ and the other adjectives that are often used 

interchangeably, ÓÕÃÈ ÁÓ ȬÍÕÌÔÉÄÉÓÃÉÐÌÉÎÁÒÙȭ ÁÎÄ ȬÔÒÁÎÓÄÉÓÃÉÐÌÉÎÁÒÙȭ. 

2.2.1 #ÌÁÒÉÆÙÉÎÇ ÔÈÅ ÍÅÁÎÉÎÇ ÏÆ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ÌÅÁÒÎÉÎÇȭ 

 

There is a potential difference in the understanding of the term ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ 

ÌÅÁÒÎÉÎÇȭ when it is used in two different contexts. The first context of usage, which 

applies to this study, refers to the act of Ȭlearning knowledge of one or more disciplines 

ÏÔÈÅÒ ÔÈÁÎ ÏÎÅȭÓ Ï×Îȭ, as used by organisational learning scholars who debate about the 
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extent to which specialists from different disciplines have to learn from each other (R. 

Grant, 1996b; Majchrzak et al., 2012; Schmickl & Kieser, 2008). On the other hand, the 

second context of usage, as used in interdisciplinary studies literature , refers to an 

approach to ÓÔÕÄÅÎÔÓȭ learning and development, which puts students in 

interdisciplinary settings for developing their readiness for interdisciplinary practice 

(Borrego & Newswander, 2008; Ivanitskaya et al., 2002; Lattuca & Knight, 2010; Newell 

& Klein, 1998; Richter & Paretti, 2009). To avoid confusion, this thesis refers to this 

interdisciplinary approach to learning and development as interdisciplinary education, 

whereas the term interdisciplinary learning specifically means learning the knowledge of 

ÏÎÅ ÏÒ ÍÏÒÅ ÄÉÓÃÉÐÌÉÎÅÓ ÏÔÈÅÒ ÔÈÁÎ ÏÎÅȭÓ Ï×ÎȢ   

2.2.2 #ÌÁÒÉÆÙÉÎÇ ÔÈÅ ÄÅÆÉÎÉÔÉÏÎ ÏÆ ȬÄÉÓÃÉÐÌÉÎÅȭ 

 

The ÎÅÅÄ ÔÏ ÃÌÁÒÉÆÙ ÔÈÅ ÍÅÁÎÉÎÇ ÏÆ ÔÈÅ ×ÏÒÄ ȬÄÉÓÃÉÐÌÉÎÅȭ ÁÒÉÓÅÓ ÄÕÅ ÔÏ ÔÈÅ ÓÉÇÎÉÆÉÃÁÎÔ 

difference between the common understanding of it  and the understanding that arises 

from the way in which the disciplines are defined nowadays.  

It is increasingly common, especially among university students, to understand the 

ȬÄÉÓÃÉÐÌÉÎÅÓȭ as the combinations of courses taken in order to satisfy some requirements, 

such as the requirements for graduation or professional qualifications (Gardner, 2000). 

Even scholars of interdisciplinary studies contend ÔÈÁÔ ÔÈÅ ÔÅÒÍ ȬÄÉÓÃÉÐÌÉÎÅȭ ÓÉÇÎÉÆÉÅÓ ȰÔÈÅ 

tools, methods, procedures, eØÅÍÐÌÁȟ ÃÏÎÃÅÐÔÓȟ ÁÎÄ ÔÈÅÏÒÉÅÓȱ (Klein, 1990; p.104), which 

are the different types of knowledge contents found in course textbooks and training 

manuals.  

However, understanding a particular discipline as a combination of required courses 

and knowledge contents could be troublesome. Different degrees and training 

programmes that associate with the same discipline tend to differ, however, in their 

combinations of required courses and knowledge contents. It is not clear how these 

differences in courses and knowledge contents could still be affiliated to the same 

discipline if we define the disciplines in those terms.  
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Moreover, interdisciplinary scholars, such as Julie Thompson Klein, have rightly 

observed that the tools, methods, procedures, exempla, concepts, and theories keep on 

changing (Klein, 1990). Nowadays, with a widening involvement of different 

stakeholders - such as government, employers, and accrediting bodies - in determining 

what practitioners of some disciplines should do, the change in the required courses and 

contents are becoming even more frequent and dynamic. Therefore, it seems useful to 

move away from defining the disciplines in terms of courses and knowledge contents 

only. 

With the increasing interests of many stakeholders on the disciplines, the process of 

defining the disciplines is becoming more consultative. Through consultation with the 

stakeholders, the definitive aspects of a given discipline usually emerge from the joint  

sense making of those involved in the process. Often, this sense making culminates in an 

agreed set of capabilities that should be possessed by the practitioners of the discipline. 

Thus, this consultative way 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 of capabilities that define their disciplines (Dowling & Hadgraft, 2012). 

An example of such a consultative process is illustrated by the Define Your Discipline 

(DYD) process developed by Dowling and Hadgraft (2012). The process has been widely 

used for defining engineering and non-engineering disciplines in Australia. One of the 

applications involves defining the Environmental Engineering discipline for the purpose 

of curriculum development and renewal. The authors show how the interests of the 

Australian government, employers and accrediting bodies - on determining what 

engineering graduates should be able to do - are eventually translated into a definition 

of the Environmental Engineering discipline in terms of the capabilities that graduates of 

the disciplines should have (Dowling & Hadgraft, 2012).  

Other relevant aspects of the disciplines are usually subsumed by the capability-based 

definition. In the same example, the capability-based definition of the Environmental 

Engineering discipline has been 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 how the 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 

research ÃÌÁÒÉÆÉÅÓ ÔÈÁÔ ÔÈÅ ×ÏÒÄ ȬÄÉÓÃÉÐÌÉÎÅȭ ÅÍÂÏÄÉÅÄ ÉÎ ÔÈÅ ÁÄÊÅÃÔÉÖÅ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ 

refers to, first and foremost, the capabilities possessed by the practitioners. It therefore 

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

have even though they might share some courses and knowledge contents in common.  

 

2.2.3 #ÌÁÒÉÆÙÉÎÇ ÔÈÅ ÁÄÊÅÃÔÉÖÅ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ 

 

Another potential confusion in the meaning of Ȭinterdisciplinary learningȭ could come 

from the ÁÄÊÅÃÔÉÖÅ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭȢ Ȭ)ÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ has been used interchangeably 

×ÉÔÈ ȬÍÕÌÔÉÄÉÓÃÉÐÌÉÎÁÒÙȭ and, ÔÏ Á ÌÅÓÓÅÒ ÅØÔÅÎÔȟ ×ÉÔÈ ȬÃÒÏÓÓ-ÄÉÓÃÉÐÌÉÎÁÒÙȭ ÁÎÄ ȬÔÒÁÎÓ-

ÄÉÓÃÉÐÌÉÎÁÒÙȭ (Klein, 1990; Lattuca & Knight, 2010). However, scholars are promoting 

clear distinctions between the adjectives ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙȭ ÁÎÄ ȬÍÕÌÔÉÄÉÓÃÉÐÌÉÎÁÒÙȭ by 

clarifying the definitions of their corresponÄÉÎÇ ÎÏÕÎÓȟ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭ ÁÎÄ 

ȬÍÕÌÔÉÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭȢ  

For the noun ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭ, different definitions are converging towards the 

process-centric definition  (Borrego & Newswander, 2010; Lattuca & Knight, 2010) , 

which was proposed as follows: 

Interdisciplinarity is a process of answering 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 profeÓÓÉÏÎȣ [It ] draws upon disciplinary perspectives and 

integrates their insights through construction of a more comprehensive 

ÐÅÒÓÐÅÃÔÉÖÅȱ (Newell & Klein, 1998;p.393-4). 
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This definition ÏÆ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭ has been clearly contrasted from the noun 

ȬÍÕltÉÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭȟ ×ÈÅÒÅ ËÎÏ×Ìedge integration is not required (Lattuca & Knight, 

2010). It should also be worth mentioning  ÔÈÁÔ ÔÈÅ ÔÅÒÍ ȬÃÒÏÓÓ-ÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭ 

encompasses ÂÏÔÈ ȬÉÎÔÅÒȭ- ÁÎÄ ȬÍÕÌÔÉ-disciÐÌÉÎÁÒÉÔÙȭ (Borrego & Newswander, 2008), 

whereas ȬÔÒÁÎÓÄÉÓÃÉÐÌÉÎÁÒÙȭ involves merging two or more disciplines to become a 

hybrid discipline (Nersessian & Newstetter, 2014), such as Mechatronic engineering, 

which is a hybrid between the Mechanical and Electronic Engineering disciplines.  

Based on the process-ÃÅÎÔÒÉÃ ÄÅÆÉÎÉÔÉÏÎ ÏÆ ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÉÔÙȭ ÓÔÁÔÅÄ ÁÂÏÖÅȟ 

ȬÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ÌÅÁÒÎÉÎÇȭ is also a process, which starts with interactions between 

practitioners or experts who possess different set of capabilities. Since their interactions 

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 been a subject of 

ongoing research within  the engineering education research community. The next 

section provides a review of research in this subject area. 

2.3 Review of interdisciplinary learning in engineering 
education  

 

The purpose of this review is to identify critical issues related to the interdisciplinary 

learning of engineering students. The following subsections review five 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 to the workplace requirements for interdisciplinary 

practice. However, current formulation of outcomes remains ȰÓÐÅÃÕÌÁÔÉÖÅȱ (Lattuca et 

al., 2012;p.12) since it  relies entirely on reviewing literature from interdisciplinar y 
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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 of speculative learning outcomes borrowed 

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

and Mansilla and Duraising (2007). The first set proposes that ȰÁÂÉÌÉÔÉÅÓ ÔÏ ÓÙÎÔÈÅÓÉÚÅ 

ÁÎÄ ÔÏ ÅÖÁÌÕÁÔÅ ÔÈÅ ÔÅÓÔÉÍÏÎÙ ÏÆ ÅØÐÅÒÔÓȱ ÁÒÅ ÁÍÏÎÇ ÔÈÅ ÎÅÃÅÓÓÁÒÙ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ 

(Lattuca et al., 2004). The authors argue that students need to develop the ability to 

ȰÅÖÁÌÕÁÔÅ ÁÎd select from among differing perspectives that bear on a problemȱ ÁÎÄ Ȱto 

resolve conflicting ideas and opinions, and to evaluate evidence supporting or refuting 

ÔÈÅÍ ȣ ÂÕÔ ÁÌÓÏ ÃÏÍÍÉÔ ÔÏ Á ÐÅÒÓÏÎÁÌ ÐÅÒÓÐÅÃÔÉÖÅȱ ɉÐȢσ1-5).  

Since engineering students are provided with foundational knowledge that crosses 

many disciplines, rather than trained with specialised knowledge and skills of many 

different disciplines throughout their studies, the abilities mentioned above indicate a 

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

gain the ability to evaluate and select knowledge of other disciplines without learning 

specialised knowledge of other disciplines. Therefore, Lattuca et al. (2004) proposes 

ÔÈÁÔ ȰÈÙÐÏÔÈÅÓÉÓÅÄ ÒÏÕÔÅÓ ÔÏ ÌÅÁÒÎÉÎÇ ÒÅÑÕÉÒÅ ÓÙÓÔÅÍÁÔÉÃ ÓÔÕÄÙȱ ɉÐȢ 44). 

Secondly, Borrego et al. (2007) derive eight possible learning outcomes based on the 

Cognitive Flexibility Theory (Spiro et al., 1988), which theorises about the use of flexible 

cognitive strategies to acquire advanced-stage disciplinary knowledge. The outcomes 

stipulate that engineering students should be able to (Borrego et al., 2007;p.2): 

¶ define key terms from another discipline that are relevant to an engineering 

project; 

¶ develop a common vocabulary with collaborators from another discipline; 

¶ describe strategies for learning new content in an unfamiliar discipline; 

¶ compare and contrast research approaches and values from one discipline with 

those in another; 

¶ enumerate theories or categorizations for describing interdisciplinary 

interactions; 
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¶ select an appropriate approach for organizing an interdisciplinary team project; 

¶ summarise current debates in the value and evaluation of interdisciplinary work; 

¶ coordinate multiple disciplinary viewpoints to help their teams successfully 

complete a multidisciplinary team project. 

Clearly, this set of outcomes covers more than just the ability to learn from different 

disciplines as it also includes how to organise projects. Parts of those outcomes that 

relate to interdisciplinary learning include defining terms, and comparing and selecting 

the approaches of different disciplines. They speculate that Ȱinterdisciplinary thinking ȱȟ 

which is the ȰÃÏÇÎÉÔÉÖÅ ÆÌÅØÉÂÉÌÉÔÙ ÔÏ ÍÅÄÉÁÔÅ ÂÅÔ×ÅÅÎ ÄÉÓÃÉÐÌÉÎÁÒÙ ÖÉÅ×ÐÏÉÎÔȱ ÃÁÎ ÂÅ 

developed for learning advanced-stage knowledge if students are exposed to ill-

structured problems (Borrego et al., 2007;p.2). However, they did not identify the 

mechanism by which exposure 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: 

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

¶ value the contributions of multiple fields; 

¶ identify the information needs and constraints of experts in other disciplines to 

ensure effective collaboration; 

¶ integrate approaches from multiple fields in a synthetic way; 

¶ learn from both the methods and content of other disciplines to contribute to the 

project and inform future work. 

The three different sets of learning outcomes differ  mainly in the different expectation of 

the ability to evaluate knowledge contributions by experts. This expectation is in the 

first set but is not shared by the other two sets. It would be useful to address the 

variations in outcomes by complementing the literature-based formulation with an 

approach that relies on empirical evidence. Empirical evidence from engineering 

practice in the workplace may also identify 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. Lattuca et al. (2004) draw on those theories to explain hypothetically that by 

organising disciplinary knowledge into mental models known ÁÓ ȬÓÃÈÅÍÁÓȭ, it could then 

be used to learn knowledge from different  disciplines. They hypothesise three 

mechanisms by which disciplinary knowledge could possibly be used for 

interdisciplinary learning  based on the work of Rumelhart and Norman (1976). 

The first mechanism is ÃÁÌÌÅÄ ȬÁÃÃÒÅÔÉÏÎȭȟ ×ÈÉÃÈ ÔÈÅÙ ÕÎÄÅÒÓÔÏÏÄȟ ÉÎ ÔÈÅ ÃÏÎÔÅØÔ ÏÆ 

interdisciplinary learning, as the accumulating and encoding of conceptual knowledge 

and information from other disciplines into knowledge sÔÒÕÃÔÕÒÅÓ ÃÁÌÌÅÄ ȬÓÃÈÅÍÁÓȭ. The 

second one is called ȬÔÕÎÉÎÇȭȟ which refers to the modification of existing schemas for 

accommodating more knowledge of different disciplines, rather than simply the addition 

of more knowledge into the structure. The third one is called ȬÒÅÓÔÒÕÃÔÕÒÉÎÇȭȟ ×ÈÉÃÈ 

refers to the construction of new schemas to incorporate more knowledge of different 

disciplines (Lattuca et al., 2004).  

These hypothesised mechanisms are useful for examining how engineering knowledge 

and skills could be used for interdisciplinary learning. However, there is a lack of 

evidence from actual cases of 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, Ȱhypothesised routes to learning 

require systematic studyȱ (p. 44). Consequently, there have been a few attempts 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. Recently, engineering education researchers 

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

First, McNair et al. (2009) introduces the concept of Self-managing Work Teams (SMWT) 

from studies of industry teams, and examines its usefulness as a pedagogical approach 

for an interdisciplinary project . In SMWTs, teams are given autonomy 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 are not known. 

Secondly, Beddoes et al. (2011) borrow th e concept of Boundary Negotiation Artefacts 

(BNA) (Lee, 2005) from the organisational knowledge and learning literature. BNAs are 

objects used to facilitate negotiation across functional and disciplinary boundaries. They 

apply the BNA concept to one interdisciplinary graduate research team and find that the 

concept is useful for facilitating interdisciplinary collaboration . However, it is not clear 

how it relates to interdisciplinary learning. 

This work is valuable because it espouses the socio-material view of learning that has 

recently been promoted in researching workplace learning (Fenwick et al., 2012, 2014; 

McMurtry, 2013; McMurtry et al., 2016; Reich et al., 2015), and more recently in 

studying higher education  learning (Acton, 2017; Decuypere & Simons, 2016; Fenwick 

et al., 2011; Hopwood et al., 2016; Kontopodis & Perret-Clermont, 2016; Zukas & 

Malcolm, 2017). The socio-material perspective emphasises the importance of both 

social actors and material artefacts such as drawings, models, and prototypes. 
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An emerging approach to interdisciplinary curricular design, known as the translational 

approach, argues that workplace settings provides more realistic requirements and 

challenges for interdisciplinary learning than educational settings do (Nersessian, 2009; 

Nersessian & Newstetter, 2014; Newstetter et al., 2010). MacLeod and Nersessian 

(2016); Nersessian and Newstetter (2014) have all studied interdisciplinary 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 that are relevant to their 

goals and problems. 4ÈÅÙ ÁÓÓÏÃÉÁÔÅÄ ÔÈÉÓ ÃÈÁÌÌÅÎÇÅ ÔÏ ÔÈÅÉÒ ÁÓÓÕÍÐÔÉÏÎ ÔÈÁÔ ȰÐÒÉÏÒ 

ËÎÏ×ÌÅÄÇÅ ÏÆÔÅÎ ×ÉÌÌ ÎÏÔ ÈÅÌÐȱ ÔÈÅ ÅÎÇÉÎÅÅÒÓ (MacLeod & Nersessian, 2016;p.7).  

However, these studies do not identify the learning practices that arise from this 

challenge.  

A similar study by Sutherland Olsen (2009) explores interdisciplinary learning in a 

technology development projectȢ 4ÈÅÙ ÅÍÐÈÁÓÉÓÅ ËÎÏ×ÉÎÇ ȬÈÏ× ÔÏ ÌÅÁÒÎȭ ÆÒÏÍ ÄÉÆÆÅÒÅÎÔ 

disciplines. However, the research encompasses only the early stage of technology 

development. Hence, it did not specify practices that could lead to the achievements of 

learning outcomes at the end of the project. 

Consequently, gaps remain in our understanding of the necessary learning practices, and 

of how these could help students overcome barriers and achieve learning outcomes.  

 

2.3.4 Identifying barriers to interdisciplinary learning  

 

Many educators believe that through repeated participation  in problem-based learning 

and interdisciplinary teamwork students would be able to benefit from their learning 

(Stentoft, 2017). However, Richter and Paretti (2009) assert that many engineering 

students face barriers to learning.  

Through a case study of an interdisciplinary course, they discovered that the main 

barrier to making interdisciplinary connections ÃÁÎ ÂÅ ÃÏÎÃÅÐÔÕÁÌÉÓÅÄ ÁÓ ȬÄÉÓÃÉÐÌÉÎÁÒÙ 
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ÅÇÏÃÅÎÔÒÉÓÍȭȢ 4ÈÅ ÃÏÎÃÅÐÔ ÒÅÆÅÒÓ ÔÏ Á ÆÏÒÍ ÏÆ ÃÏÇÎÉÔÉÖÅ ÂÁÒÒÉÅÒȟ ×ÈÉÃÈ ÅÎÃÁÐÓÕÌÁÔÅÓ Ô×Ï 

tÈÅÍÅÓȡ ȬÒÅÌÁÔÅÄÎÅÓÓȭ ÁÎÄ ȬÐÅÒÓÐÅÃÔÉÖÅȭȢ  

4ÈÅ ȬrÅÌÁÔÅÄÎÅÓÓȭ theme refers to the failure to make a connection between an 

engineering discipline and an interdisciplinary topicȟ ×ÈÉÌÅ ÔÈÅ ȰpÅÒÓÐÅÃÔÉÖÅȱ ÔÈÅÍÅ 

refers to the failure to make connection between an engineering discipline and other 

disciplines. They exemplify that sustainable engineering design is an interdisciplinary 

topic, the complexity of which requires many other non-engineering disciplines such as 

business and economics, industrial design and sociology. 

However, they are concerned primarily with the outcome of developing understanding, 

rather than concerned with other outcomes, such as evaluation. As a result, there is lack 

of knowledge about barriers to these other outcomes. Scholars are generally aware of 

the relevance of cognitive barriers confronting interdisciplinary practices, but have Ȱ 

struggled to articulate them in any precise or detailed wayȱ (MacLeod, 2016;p.20). 

Nevertheless, the general recognition of these barrier s has led to subsequent research 

on pedagogical practices as intervention strategies for developing understanding. 

2.3.5 Developing intervention strategies for interdisciplinary learning  

 

Interdisciplinary learning in engineering education is challenging due to the difficulties  

in making connections between disparate disciplines. Thus, intervention through 

pedagogical practices is necessary. Richter and Paretti (2009) propose some teaching 

interventions, such as lecturing about the perspectives of different disciplines, and about 

the use of ȬÁÎÁÌÏÇÙȭ ÁÎÄ ȬÍÅÔÁÐÈÏÒȭ ÆÏÒ ÄÅÖÅÌÏÐÉÎÇ ÕÎÄÅÒÓÔÁÎÄÉÎÇȢ 4Èis proposal derives 

from a literature review rather than from their own research, so they do not illustrate 

ÈÏ× ȬÁÎÁÌÏÇÙȭ ÁÎÄ ȬÍÅÔÁÐÈÏÒȭ are actually used. 

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 case studies: 
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¶ ÐÒÏÖÉÄÅ ȬÕÎÉÖÅÒÓÁÌȭ ÌÁÎÇuage, particularly Mathematics, and common learning 

experiences, which can be used across disciplines so that better connections 

between different disciplines can be facilitated. 

¶ provide introductory engineering or design courses or linking courses 

thematically to help students see the connections among disciplines. 

¶ 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 identified. Therefore, 

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 appear to demand further attention because 

the review reveals that: 

1. Formulation of learning outcomes continues to be ȰÓÐÅÃÕÌÁÔÉÖÅȱ ÁÓ it relies 

mainly on literature review; 

2. A number of ways of learning 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 evaluation, have yet to be 

identified;  
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5. Intervention strategies are required to show students how they can 

successfully engage in interdisciplinary learning and achieve the learning 

outcomes. 

This research selects a number of literature sources that can be brought to bear on the 

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 as acquisition 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 outcomes, such as knowledge 

evaluation. 

Secondly, the organisational knowledge and learning literature is relevant as in this 

literature organisations are viewed as institutions that integrate the specialised 

knowledge of their members (R. Grant, 1996b). Therefore, learning practices for 

integrating knowledge from different disciplines in organisations could be highly 

valuable in informing interdisc iplinary engineering education. 

Third ly, the engineering practice literature is also important because learning in the 

workplace occurs in the context of practice rather than in classrooms or training rooms. 

More importantly, researchers would like to know how engineering knowledge and 

experiences gained through workplace practice could be used 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 of ×ÈÁÔ ȬÌÅÁÒÎÉÎÇȭ ÍÅÁÎÓ (Ertmer & Newby, 1993), and 

these different views emphasise different aspects of learning (Greeno, 1997; Merriam, 
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2008; Van Merriënboer & De Bruin, 2014). By extension, educatorsȭ views of 

interdisciplinary learning would influence what practices and outcomes they emphasise.  

The review will explore: 1) which aspects of interdisciplinary learning would be obvious 

if a particular perspective were used; 2) which aspects of interdisciplinary learning 

would be obscured if a perspective were used alone; and 3) what are the potential risks 

of applying one perspective only or applying it in conjunction with other perspectives.  

To explore the above, it is helpful to categorise theoretical perspectives on learning into 

five categories:  1) Behaviourist, 2) Cognitivist, 3) Constructivist, 4) Socio-cultural, and 

5) Socio-material.   

2.4.1 The Behaviourist perspective on learning  

 

The behaviourist perspective on learning originates from behaviourism, an approach to 

psychology that focuses on observable physical actions, rather than on mental actions. 

Such skill-related learning involves practising to respond correctly to a given stimulus. 

This requires specifying 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 could not be observed and used for characterising the learning (Ertmer 

& Newby, 1993; Greeno, 1997; Jarvis & Watts, 2012).  

Based on the above description, the behaviourist perspective is useful for recognising 

aspects of interdisciplinary learning in which a set of physical actions is acquired from 

one or more disciplines1. However, using the behaviourist perspective alone would not 

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

                                                        
1 Another application of the behaviourist perspective to interdisciplinary learning , but is not part of this 
research, would be to characterise the process of becoming a more 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 learning is acquired through repeated practices.  
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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 with knowledge of other disciplines would be accompanied by 

an intention to acquire it, and that the absence of acquisition might be mistakenly 

considered as a failure. This mistake is risky because some of the proposed learning 

outcomes of interdisciplinary learning extend beyond knowledge acquisition to include 

evaluation and selective integration. 

Therefore, the relevance of this perspective is rather limited  and its use needs to be 

complemented with other perspectives. 

2.4.2 The Cognitivist perspective on learning  

 

The cogniti vist perspective views learning as the acquisition of knowledge through 

ÍÅÎÔÁÌ ÐÒÏÃÅÓÓÅÓȟ ÓÕÃÈ ÁÓ ȬÔÈÉÎËÉÎÇȭ ÁÎÄ ȬÕÎÄÅÒÓÔÁÎÄÉÎÇȭ (Jarvis & Watts, 2012). 

Knowledge is acquired by using one or more cognitive structuresȟ ËÎÏ×Î ÁÓ ȬÓÃÈÅÍÁȭ, or 

ȬÓÃÈÅÍÁÔÁȭ. Schema, and its plural form schemata, is a cognitive psychological concept 

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

brain (Bourgeois, 2011).  

Learning from this perspective involves applying an existing schema to new knowledge 

so that the knowledge can be organised according to that schema before it is acquired. 

This suggests that existing knowledge could play a significant role in acquiring new 

knowledge (Bourgeois, 2011). 4ÈÅ ×ÏÒÄ ȬÁÃÑÕÉÒÅȭ signifies that knowledge is transferred 

and acquired together with its meaning as intended by the knowledge source. This 

requires that the knowledge and its intended meaning are specified explicitly and 

objectively.  

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

recognising the aspects of interdisciplinary learning that involve: 
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1) MÅÎÔÁÌ ÐÒÏÃÅÓÓÅÓ ÓÕÃÈ ÁÓ ȬÔÈÉÎËÉÎÇȟ ȬÕÎÄÅÒÓÔÁÎÄingȭ ÁÎÄ ȬÒÅÆÌÅÃÔÉÎÇȭȢ 

2) Acquisition and transference process, rather than other processes, such as 

evaluation. 

3) Factual knowledge that can be specified explicitly . 

4) UÓÅ ÏÆ ÏÎÅȭÓ ÄÉÓÃÉÐÌÉÎÁÒÙ ËÎÏ×ÌÅÄÇÅ ÆÏÒ ÁÃÑÕÉÒÉÎÇ ËÎÏ×ÌÅÄÇÅ ÏÆ ÏÔÈÅÒ ÄÉÓÃÉÐÌÉnes 

using schema. 

5) Acquisition of basic as well as advanced-level conceptual knowledge from 

different disciplines. 

However, using the cognitivist perspective alone would not be enough because it would 

obscure the potential recognition of other aspects of interdisciplinary learning which 

involve: 

1) Acquisition of tacit knowledge, which cannot be specified explicitly for schema-

based organisation. 

2) Dealing with ambiguity and the subjectivity of knowledge. 

3) Alternative pathways to learning for achieving knowledge acquisition, other than 

those hypothesised by the perspective. 

4) Alternative outcomes, other than acquisition, for example, evaluation. 

5) The necessity to re-interpret, translate, adapt, and contextualise the acquired 

knowledge. 

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

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

perceive that: 

1) All engagements with knowledge (basic or advanced-level) are accompanied by 

an intention  to acquire it. 

2) Any engagement with knowledge (basic or advanced-level) that does not 

(intentionally or unintentionally) result in acquisition can be considered a failure 

to learn.  

3) All knowledge elements to be acquired are already available at the identified 

knowledge sources without the possibility that the identified sources are not 

aware of it, or think that it is not their responsibility to know it. For example, an 
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engineer who would like to learn from a medical practitioner about how the 

practitioner would diagnose a disease through a computerised robotic interface, 

whereas the same diagnosis has always been conducted manually. 

Based on the above considerations, the cognitive perspective is very useful, but has its 

limitations. However, the cognitive way of linking disciplinary knowledge to 

interdisciplinary learning is of concern to engineering education researchers. Therefore, 

this perspective needs to be used and complemented with other perspectives. 

2.4.3 The Constructivist perspective on learning  

 

The constructivist perspective differs fundamentally from the cognitivist perspective 

that focuses on learning objective and context-free knowledge2. The constructivist 

perspective treats knowledge as subjective and context-dependent, thus emphasises the 

learning processes that involve construction and contextualisation of knowledge 

interp retation (Cooperstein & Kocevar-Weidinger, 2004; Ertmer & Newby, 1993).  

Essentially, the perspective emphasises making sense of knowledge, rather than making 

a mental model of it. This is because the concern is with applying knowledge in one or 

more contexts, but not with storing knowledge in the mind or in documents. For 

example, knowledge that has been described in a qualitative form using specific 

terminologies in one context can be described differently  in another context using 

quantitative or visual forms with  different terminologies, symbols, or parameter values. 

Such a change in description is even encouraged because knowledge needs to be 

contextualised according to the context in which it will be applied, rather than organised 

according to schema where it will be kept (Ertmer & Newby, 1993). The outcome of this 

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 context-free. In this 
study, this perspective is considered as part of the constructivist perspective. 
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Based on the above description, the constructivist perspective would be useful for 

recognising aspects of interdisciplinary learning that involve: 

1) Knowledge that is subjective and context-dependent. 

2) Sense-making and interpre ting for building understanding to compensate for 

differences in disciplinary and professional background and experiences. 

3) The use of existing knowledge and experience to interpret and contextualise 

knowledge. 

4) Contextualisation, adaptation, and translation of knowledge for the purpose of 

application, such as converting words description into visual representation. 

5) Reflection and adjustment based on experience of applying the knowledge. 

However, using the constructivist perspective alone would not be enough because it 

would obscure the potential recognition of other aspects of interdisciplinary learning 

which involve: 

1) Knowledge elements that are objective and context-free.  

2) Acquisition and transference of knowledge without re-interpretation, 

contextualisation or representation. 

3) Alternative processes, other than knowledge interpretation , for example, 

knowledge assessment.  

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

knowledge is 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 observer might 

mistakenly perceive that: 

1) All attempts to make ÓÅÎÓÅ ÏÆ ÎÅ× ËÎÏ×ÌÅÄÇÅ ÁÒÅ ÁÃÃÏÍÐÁÎÉÅÄ ÂÙ ÔÈÅ ÌÅÁÒÎÅÒȭÓ 

intention to  reinterpret, contextualise, and apply it in different form . Sometimes, 

the eventual intention could be to ascertain the exact meaning intended by the 

source by narrati ng 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 in the construction of an 

individual interpretation, contextualisation, adaptation, and application could be 

considered as a failure to learn. 

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

specified at the source. 

Based on these considerations, the constructivist perspective is very useful. It can be 

used to investigate how engineering knowledge is used to contextualise knowledge from 

other disciplines. However, it needs to be carefully applied and be complemented by 

other perspectives due to its risks and limitations. 

2.4.4 The Socio-cultural Perspective on  Learning  

 

The socio-cultural perspective focuses on learning that involves participation in one or 

more communities of people, or so-ÃÁÌÌÅÄ ȬÃÏÍÍÕÎÉÔÙ ÏÆ ÐÒÁÃÔÉÔÉÏÎÅÒÓȭ. The purpose of 

such participation is either to develop the competence to become a competent 

practitioner (Lave & Wenger, 1991), or to gain knowledge about the practice of others 

(Wenger-Trayner & Wenger-Trayner, 2015). The socio-cultural perspective recognises 

that not all knowledge in a community-of-practice can be specified for immediate 

acquisition. Instead, to acquire competence or the knowledge of a community, a learner 

must socialise with practitioners in that community.  

Although the socio-cultural perspective explicitly focuses on the social aspects of 

learning, it implicitly subsumes some of the behaviourist, cognitivist, and constructivist 

views of learning  (Illeris, 2012). However, unlike in the other three perspectives, 

explicit guidance is either not always available or sometimes not enough for learning 

according to the socio-cultural perspective.  

However, participative learning for acquiring the competence in another discipline 

might not be relevant. This is because the primary intention for collaborating with 

different experts is to integrate knowledge and expertise that are necessarily different. If 

a specialist seeks to replicate the competence of different disciplines, then his newly 

acquired competencies would be redundant. As Wenger and Wenger rightly put it Ȱ×Å 
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cannot be competent in all the practices ȣ, but we can still be knowledgeable about 

ÔÈÅÍȟ ÔÈÅÉÒ ÒÅÌÅÖÁÎÃÅ ÔÏ ÏÕÒ ÐÒÁÃÔÉÃÅȣȱ (Wenger-Trayner & Wenger-Trayner, 

2015;p.19).  

Based on the above consideration, using the socio-cultural perspective would be useful 

for recognising aspects of interdisciplinary  learning that involve: 

1) Authentic participation in a community of practitioners of different disciplines in 

order to know about, and understand the relevance of, their knowledge and 

practices. 

2) Observing practitioners of different disciplines in action. 

3) Knowledge elements that are not explicitly specified in a form that can be easily 

acquired and applied, but rather are implicitly a nd tacitly embodied in practice 

and hidden assumptions. 

4) Knowledge elements that are articulated during informal social interactions 

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 socio-cultural perspective. This is because by paying attention to 

learning that occurs during social interactions, an observer may neglect aspects of 

interdisciplinary that invo lve: 

1) Processes that cannot easily be observed in social interactions, such as the 

cognitive learning mechanisms suggested by the cognitivistȭÓ perspective. 

2) Interaction with the material, rather than the social entities, for example, a 

solitary interaction of an engineer with lab-ware and specimens used by 

scientists. 

3) Intentions beyond the need to know about, and understand the relevance of, the 

knowledge and practices of other disciplines, for example to evaluate, to rectify 

etc. 

Therefore, the socio-cultural perspective needs to be complemented by other 

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

 

In contrast to the socio-cultural perspective, which views social entities as key to 

learning, the socio-material perspective insists that both the social (i.e. human) and 

material (i.e. non-human) 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 socio-material perspective maintains that a learner can also learn through his/her 

solitary interaction with non-human entities, such as protein (Knorr-Cetina, 2008). 

Some scholars have also considered knowledge artefacts/objects such as visual 

representations, physical and computer models, as a form of materials that act as 

intermediaries between entities (e.g. a learner learns about a material through computer 

models of the material, rather than through a direct solitary interaction with the 

material itself) (Nerland & Jensen, 2012).  

Unlike the socio-cultural perspective, which emphasises learning within a community, 

the socio-material perspective considers learning can extend beyond the 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 different 

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

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

ÔÏÄÁÙȭÓ ÓÏÃÉÅÔy, knowledge is not only generated by, and embodied in, practitioners 

within communities, but knowledge is also generated by, and embedded in material 

things, such as plants, animals, artefacts as well as their representations (i.e. drawings, 

models etc.). Furthermore, knowledge in its various forms and representatives is also 

becoming widely circulated around the world and across professional boundaries 

(Nerland & Jensen, 2012).  
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The result of such a wide circulation of knowledge is the increase in availability and 

accessibility of knowledge. However, possible differences in the veracity of knowledge 

claimed by different sources can also result in ambiguity. Therefore, to learn from 

encounters with different knowledge from different sources, a learner has to perform 

some learning actions, known collectively aÓ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ ÆÏÒ processing the 

knowledge that s/he needs. The socio-material perspective focuses on identifying those 

epistemic practices, and proposes the relevance of learning through epistemic practices 

(Fenwick et al., 2012, 2014; Karseth & Nerland, 2007; Nerland & Jensen, 2012, 2014a). 

Based on the above considerations, using the socio-material perspective would be useful 

for recognising aspects of interdisciplinary 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 learner, such as visual representations. 

5) Ambiguity and contradictions in the relevance of knowledge. 

Many of these considerations appear to be taken for granted 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 the learning outcomes of 

ȬÅÖÁÌÕÁÔÉÏÎȭȢ Therefore, the use of the socio-material perspective to characterise 

interdisciplinary learning would be advantageous. However, the use of other 

perspectives in conjunction is also advantageous when an understanding of the 

underlying mechanisms of epistemic practices is required. This is because, the socio-

material perspective does not mention explicitly the use of existing knowledge for 

interdisciplinary learning.   
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2.4.6 Summarising and committing to a perspective  

 

The review of theoretical perspectives on learning shows the need to emphasise various 

possible aspects of interdisciplinary learning. In combination, different perspectives are 

not contradictory; each focuses on different aspects of learning. While some 

perspectives provide more breadth in coverage of learning aspects than others, they lack 

depth in other aspects.  

So, to gain both breadth and depth in coverage for understanding interdisciplinary 

learning, the different perspectives are best deployed in conjunction. However, the 

socio-material perspective deals with aspects that appear to be overlooked, obscured or 

implicitly assumed by the other four perspectives. As well as emphasising the solitary 

and participatory learning through interaction with material entitie s, it considers the 

issues of ambiguity and contradiction in relevancy of knowledge. These two important 

aspects are of concern to interdisciplinary learning as evidenced by the efficacy of the 

boundary negotiating artefact concept mentioned in Section 2.3.3. Therefore, for this 

research, the socio-material perspective will be used as the main perspective, and other 

perspectives will be used to gain a deeper understanding of particular aspects as and 

when required. 

Referring back to issues #1 to #5 in Section 2.3.6, by committing to the socio-material 

perspective of learning, this review lends support to the idea of learning outcomes that 

span from knowledge acquisition to knowledge evaluation.  

Ambiguity and contradiction in knowledge relevance could be one of the potential 

barrier s in integrating knowledge across disciplines in organisational settings. However, 

the theoretical perspectives on learning do not address barriers between disciplines. In 

this respect, literature that deals with knowledge processes and barriers in 

organisational settings could be useful. Thus, this 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 knowledge and learning literature is concerned with how organisations 

use knowledge in production activities. Central to this concern is the elaboration of what 

constitutes knowledge, and how organisations keep up with learning to gain and sustain 

competitive advantage. The following review begins with the definition and 

classification of knowledge. Then, it proceeds to discuss how learning occurs in 

organisational settings through knowledge processes and interactions. After that, it 

discusses barriers to those processes and interactions.  

2.5.1 Knowledge definition and classification  

 

4ÈÅÒÅ ÁÒÅ ÍÁÎÙ ÄÅÆÉÎÉÔÉÏÎÓ ÔÈÁÔ ÅÑÕÁÔÅ ËÎÏ×ÌÅÄÇÅ ÔÏ ȰÔÈÁÔ ×ÈÉÃÈ ÉÓ ËÎÏ×Îȱ ÂÙ ÐÅÏÐÌÅ 

through life experiences (Machlup, 1980;p.28). Nonaka uses a definition of knowledge 

that relates to personal belief, judgment, and commitment. He defines ÉÔ ÁÓ ȰÊÕÓÔÉÆÉÅÄ ÔÒÕÅ 

ÂÅÌÉÅÆȱ (Nonaka, 1994;p.15). Many of these definitions draw on the argument made by 

Polanyi (1958) that all knowing is personal. Machlup (1980;p.xiii) considers a broad 

ÄÅÆÉÎÉÔÉÏÎ ÏÆ ËÎÏ×ÌÅÄÇÅ ÁÓ ȰÁnything that people think theÙ ËÎÏ×ȟȱ ÂÕÔ ÁÌÓÏ ÃÏÎÓÉÄÅÒÓ 

instances when people communicate what they know to others. In this situation, 

ȬËÎÏ×ÌÅÄÇÅ ÃÕÒÒÅÎÔÌÙ ÃÏÎÖÅÙÅÄȭ ÉÓ termed as explicit knowledge, which is part of 

personal knowledge.  

Further, when explicit knowledge is communicated, it can then be codified into written 

forms such as in books and documents. This is classified as codified knowledge3. It is 

considered as an impersonal form of ËÎÏ×ÌÅÄÇÅȟ ÂÅÃÁÕÓÅ ÉÔ ÃÁÎ ÂÅ ȬÓÅÐÁÒÁÔÅÄȭ 

geographically and temporally from the person who knows it , for example by storing it 

in a knowledge repository, and remains available even after its contributor had passed 

away. Thus, there are two different classes of knowledge for productive activities. In this 

research, the different classes are classified as personal knowledge and impersonal 

knowledge. This distinction is helpful for this research because it wishes to 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 knowledge that is 

embedded in material. This ensures consistency with the socio-material perspective. 

For the personal class of knowledge, scholars have divided it into three different types of 

knowledge: explicit, implicit,  and tacit knowledge. Most literature equates implicit to 

tacit knowledge (see for example, Nonaka (1994), R. Grant (1996a) 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, 1996a; Nonaka, 1994). On the other hand, 

the implicit type of knowledge cannot be readily articulated. According to Bennet and 

Bennet (2008;p.407), the implicit type  ÃÏÎÓÉÓÔÓ ÏÆ ȰËÎÏ×ÌÅÄÇÅ ÓÔÏÒÅÄ ÉÎ ÍÅÍÏÒÙ ÏÆ 

which the individual is not immediately aware, but may be pulled up when triggeredȢȱ 

The tacit type of knowledge cannot be expressed in words, ÓÕÃÈ ÁÓ Ȱa knowing of what 

decision to make or how to do something that cannot be clearly voiced in a manner such 

that another person can extract and re-create that knowledge (understanding, meaning, 

etc.)ȱ.  

For the impersonal class of knowledge, it can exist in either codified or embedded forms. 

The codified form of knowledge is the explicit type of personal knowledge that has been 

written and kept in documents such as books. On the other hand, the embedded form of 

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 description defines and classifies knowledge, it also elaborates on the 

replication of the explicit part of personal knowledge into its corresponding impersonal 

types. However, it does not elaborate on what could happen to the tacit and implicit part 

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 sub-section. 
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2.5.2 Knowledge conversion  

 

Knowledge conversion literature discusses the conversion of knowledge through social 

interactions. Nonaka (1994) elaborates on four types of social interactions that involve 

knowledge conversion. Massey and Montoya-Weiss (2006) extend .ÏÎÁËÁȭÓ ×ÏÒË to 

include interaction between individuals and knowledge repositories as intermediaries 

between people.  

The first type of social interacÔÉÏÎ ÉÓ ÃÁÌÌÅÄ ȬÓÏÃÉÁÌÉÓÁÔÉÏÎȭȢ )Ô involves the transfer of tacit 

knowledge by one or more individuals, and the acquisition of it by others. Three ways of 

learning are ÐÒÏÐÏÓÅÄȡ ȬÏÂÓÅÒÖÁÔÉÏÎȭȟ ȬÉÍÉÔÁÔÉÏÎȭ ÁÎÄ ȬÐÒÁÃÔÉÃÅȭȟ ÁÌÌ ÏÆ ×ÈÉÃÈ ÒÅÑÕÉÒÅ 

ȬÓÈÁÒÅÄ ÅØÐÅÒÉÅÎÃÅȭ among organisational members (Nonaka, 1994;p.19).  

The second type of social inteÒÁÃÔÉÏÎ ÉÓ ÃÁÌÌÅÄ ȬÅØÔÅÒÎÁÌÉÓÁÔÉÏÎȭȟ ×ÈÉÃÈ ÉÎÖÏÌÖÅÓ ÔÈÅ 

transfer of tacit knowledge of one or more individuals, and the conversion of it into 

explicit knowledge through collaboration with others. It is a tacit-to-explicit form of 

knowledge conversion. Three approaches to learning are identified: using ȬÍÅÔÁÐÈÏÒȭ, 

ȬÁÎÁÌÏÇÙȭ ÁÎÄ ȬÐÒÏÔÏÔÙÐÅȭȟ ÁÌÌ ÏÆ ×ÈÉÃÈ ÒÅÑÕÉÒÅ ȰÓÕÃÃÅÓÓÉÖÅ ÒÏÕÎÄÓ ÏÆ meaningful 

ÄÉÁÌÏÇÕÅȱ (Nonaka, 1994;p.20). In such a dialogue, different perspectives are 

communicated. There are tacit assumptions behind those perspectives, which are called 

ȰÍÅÎÔÁÌ ÍÏÄÅÌÓȱȟ ȰÓÃÈÅÍÁÔÁȱȟ ȰÐÁÒÁÄÉÇÍÓȱȟ ȰÂÅÌÉÅÆÓȟ ÁÎÄ ȰÖÉÅ×ÐÏÉÎÔÓȱ (Nonaka, 

1994;p.16). Metaphors, analogies and prototypes are used during the successive rounds 

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

ȰÐÒÏÔÏÔÙÐÅȭÓ ÓÐÅÃÉÆÉÃÁÔÉÏÎÓȱ, which is the explicit knowledge (Nonaka, 1994;p.21).  

The third type ÏÆ ÓÏÃÉÁÌ ÉÎÔÅÒÁÃÔÉÏÎ ÉÓ ÃÁÌÌÅÄ ȬÃÏÍÂÉÎÁÔÉÏÎȭȟ ×ÈÉÃÈ ÉÎÖÏÌÖÅÓ ÔÈÅ ÔÒÁÎÓÆÅÒ ÏÆ 

explicit knowledge between two or more individuals who then combine their  

knowledge. The learning method is through Ȭknowledge exchangeȭ during meetings and 

telephone conversations. Learning actions include sorting, adding, re-categorising, and 

re-contextualising of explicit knowledge. 

The fourth type of social interaction is ÃÁÌÌÅÄ ȬÉÎÔÅÒÎÁÌÉÓÁÔÉÏÎȭȢ )Ô involves the transfer of 

the explicit knowledge of one or more individual, and the adoption of it by one or more 
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other individual s who apply the knowledge until it is tacitly embodied in them. It is an 

explicit-to-tacit form of knowledge conversion. The methods oÆ ȬÔÒÉÁÌ-and-ÅÒÒÏÒȭȟ ÏÒ 

ȬÅØÐÅÒÉÍÅÎÔÁÔÉÏÎȭȟ ÏÒ Ȭlearning-by-ÄÏÉÎÇȭ are proposed. 

The identification and elaboration of these four types of social interactions provide 

useful suggestions of learning methods that could be applicable to interdisciplinary 

learning. However, it assumes unproblematic achievements of outcomes; such an 

assumption prevents the identification of possible barriers to learning. It does not 

consider the possible ambiguity in knowledge relevance to problems either. Moreover, 

there is litt le concern about integrating different kinds of knowledge. Since 

interdisciplinary collaboration also requires knowledge integration, the relevant 

literature on knowledge integration is reviewed in the next section. 

 

2.5.3 Knowledge integration  

 

Knowledge integration is considered as the most important role for organisations ɀ as 

argued by the knowledge-based view of the firm (Demsetz, 1991; R. Grant, 1996a, 

1996b). However, the understanding of knowledge integration tends to differ among 

scholars (Berggren, 2011). The difference lies in the different approaches they espouse 

for knowledge integration. In this review, two different concepts of, and approaches to, 

knowledge integration are examined. Each has different implication s for 

interdisciplinary learning.   

2.5.3.1 The knowledge transfer approach to knowledge integration  

 

The knowledge transfer approach to knowledge integration is espoused by the 

mainstream view of knowledge integration (Berggren, 2011). This view understands 

knowledge integration as the movement of knowledge from dispersed locations to 

where it is required inside organisations (Berggren, 2011; Carlile, 2002; Carlile & 

Rebentisch, 2003). The approach offers a three-stage model of 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 is Ȭstoredȭ in 

organisational memory in the form of embodied knowledge of organisational members, 

but it can also be embedded in repositories. Subsequently, the Ȭstoredȭ knowledge is then 

retrieved from organisational memory for integration.   

This view does not elaborate on individual learning in detail because it focuses on 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 the knowledge transfer 

view is challenged when changes in circumstances result in the inadequacy of some, if 

not all, of the Ȭstoredȭ knowledge. Thus, Carlile and Rebentisch (2003) further elaborate 

on the retrieval part, and add a transformation 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 transformation of knowledge. As an approach to knowledge 

integration, it consists of three stages: storage, retrieval, and transformation. Knowledge 

integration begins with the storage process, whereby knowledge is accumulated through 

learning and experiencing (i.e. applying knowledge). Accumulated knowledge is thus 

ȬÓÔÏÒÅÄȭ (i.e. embodied) in the experience of individuals, but it can also be embedded in 

storage medias, and artefacts, 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 and assessing relevancy of knowledge (Carlile & Rebentisch, 2003). Since 

this view assumes that some of the stored knowledge is obsolete due to changes in 

circumstances, the retrieval process requires searching for new knowledge sources, and 

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

assess knowledge. It also lends support to ÔÈÅ ÉÍÐÏÒÔÁÎÃÅ ÏÆ ȬÅÖÁÌÕÁÔÉÏÎȭ ÁÓ a learning 

outcome. However, the argument of the obsolescence of stored knowledge seems to 

imply that existing knowledge is no longer useful for acquiring and assessing 

knowledge; whereas how existing knowledge is used for that purpose is of concern to 

educators.  

The assessment of relevancy of knowledge is especially challenging not only due to the 

newness of knowledge sources but also due to the specialised nature of knowledge 

(Carlile & Rebentisch, 2003). For this reason, specialists who bring in new specialised 

knowledge are supposed ÔÏ ȬÒÅÐÒÅÓÅÎÔȭ ×ÈÁÔ ÔÈÅÙ ËÎÏ× ÓÏ ÔÈÁÔ ÓÐÅÃÉÁÌÉÓÔÓ ÆÒÏÍ ÄÉÆÆÅÒÅÎÔ 

disciplines can understand and assess its relevance.  

At the knowledge transformation stage, knowledge representations are transformed 

into shared representations, which are then used to assess knowledge. Using shared 

representations, ÔÈÅ ȰÒÅÌÁÔÉÖÅ ÍÅÒÉÔÓ ÁÎÄ ÃÏÓÔÓ ÏÆ ÄÉÆÆÅÒÅÎÔ ÓÏÌÕÔÉÏÎÓ ÃÏÕÌÄ ÂÅ ÃÏÍÐÁÒÅÄȟ 

trade-offs could be made and agreemÅÎÔÓ ÒÅÁÃÈÅÄȱ (Carlile & Rebentisch, 2003;p.1186). 

As a result, relevant knowledge can be integrated.  

The knowledge transformation view seems to suggest that the 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) challenge researchers to 

ÕÎÄÅÒÓÔÁÎÄ ȰÔÈÅ ÕÎÄÅÒÌÙÉÎÇ ÍÅÃÈÁÎÉÓÍÓ ÆÏÒ ËÎÏ×ÌÅÄÇÅ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ ÉÎ ÃÏÍÐÌÅØ 

ÓÏÃÉÁÌ ÁÎÄ ÔÅÃÈÎÉÃÁÌ ÓÅÔÔÉÎÇÓȱ ɉÐȢρρωσɊȢ 

From an interdisciplinary learning perspective, this knowledge transformation view of 

knowledge integration suggests that interdisciplinary learning does not only involve the 

transference and acquisition of knowledge between different disciplines through its 

codified form or through the four knowledge conversions (i.e. socialisation, 

externalisation, combination, and internalisation). Rather, interdisciplinary learning also 

involves understanding and assessing knowledge through its representatives (i.e. 

drawings, models, and boundary objects).  
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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 

ÒÅÓÅÁÒÃÈÅÒÓȟ ÂÕÔ ÏÎÌÙ ȰÄÉÓÃÉÐÌÉÎÁÒÙ ÅÇÏÃÅÎÔÒÉÓÍȱ ɉÉÎÁÂÉÌÉÔÙ ÔÏ ÍÁËÅ ÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ 

connections) has been discovered so far. A review of barriers 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) classifies these 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 organisation. When 

specialists from different disciplines or functions collaborate, each specialist tends to 

use their  specialised terms to describe his/her knowledge to others from different 

disciplines. Others perceive specialised terms as disciplinary jargons, and 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 be solved by simply 

defining the terminologies to others. These are explicit forms of knowledge; their exact 

meaning can be understood due to the specificity of their definition s. This seems to 

suggest that when dealing with terminologies and jargon, the pathway to 

interdiscipl inary learning is to codify their definitions.  
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2.5.4.2 Semantic Barrier  

 

Semantic barriers correspond to different interpretations of a similar problem by people 

from different disciplines or functions. Differences in interpretation can arise due to, at 

least, two reasons.  

The first reason corresponds to the familiarity people have with the meanings of certain 

common words, which have completely different meanings to others from different 

disciplines. The meanings can be implicitly associated with particular methods in a 

ÄÉÓÃÉÐÌÉÎÅȢ &ÏÒ ÅØÁÍÐÌÅȟ Á ÃÏÍÍÏÎ ×ÏÒÄ ÌÉËÅ ȬÓÔÅÒÉÌÉÔÙȭ ÃÁÎ ÂÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ 

interpretation because different disciplines may have different  ways of sterilising. When 

similar words are used in common, but their  meanings and the corresponding implicit 

assumptions are not, confusion and misunderstanding result in semantic barriers. In this 

case, the implicit meanings need to be made explicit. This suggests that when dealing 

with ambiguity in meaning, the pathway to interdisciplinary learning is to engage in 

learning actions that can decipher the exact meaning of common words used by other 

specialists. 

The second reason corresponds to the implicit assumptions and mental models that 

specialists from different disciplines use 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 of problems and solutions are actually underpinned by 

implicit assumptions. Differences in impl icit assumptions and mental models could lead 

to semantic barriers.  

According to Carlile (2002), semantic barriers are harder to handle than syntactic 

barrier s. This is because different interpretation s are tied to the assumptions that are 

implicitly held rather than explicitly discussed. It is due to this reason that Boland and 

Tenkasi (1995) and Carlile and Rebentisch (2003) argue for the deployment of 

representation methods, shared methodologies and boundary 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 exchanging representations, each 
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specialist can take the perspectives of others into considerations, for example, the use of 

a cognitive map to represent implicit assumptions about cause and effects relationships 

(Boland & Tenkasi, 1995). 

This argument seems to reinforce the applicability of the interdisciplinary learning 

method of representing knowledge of other disciplines, then using the representation to 

collaboratively understand and evaluate knowledge. However, the mechanisms by 

which this method work has yet to be explained (Carlile & Rebentisch, 2003), thereby 

reinforcing the need for developing a mechanism-based explanation for 

interdisciplinary learning  (Lattuca et al., 2004). 

2.5.4.3 Pragmatic barrier  

 

The third type of barrier, called the pragmatic barrier, corresponds to the differences in 

practices where individual specialists have invested many resources to develop and 

ÍÁÓÔÅÒ ÔÈÅÍȢ 4ÈÅÙ ÈÁÖÅ ÓÅÅÎ ȰÓÕÃÃÅÓÓÅÓ ÔÈÁÔ ÄÅÍÏÎÓÔÒÁÔÅ ÔÈÅ ÖÁÌÕe of the knowledge 

ÄÅÖÅÌÏÐÅÄȱ (Carlile, 2002;p.446). If different specialists suggest different approaches to 

practitioners who have been benefitting from their existing approaches, then the latter 

would not readily agree with such suggestions. Additionally, different specialists may 

differ in their goals and target achievements. According to Carlile (2002), the pragmatic 

barrier could also be overcome through representation because it can be used to 

negotiate and make trade-offs. However, from an interdisciplinary learning perspective, 

the mechanisms by which knowledge representations could lead to the outcome of 

replacing existing knowledge and practices of other different disciplines are not known. 

This further entrenches the need for a mechanism-based explanation. 

The review of literature on barriers indicates that in organisational settings, scholars 

recognise that barrier s are not necessarily related to the inherent ability, or the lack of it, 

of different specialists to understand knowledge and perspectives of other disciplines. 

Cognitive learning that emphasises conceptual knowledge is not enough to develop 

understanding and other learning outcomes. The review indicates that ways of learning 

could depend on the types of barrier encountered, thus providing the need to explain 

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

 

The review of the organisational knowledge and learning literature covers a number of 

topics that are relevant for informing interdisciplinary learning in engineering 

education. Firstly, it informs about knowledge and the 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 knowledge. In 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 socio-material 

interactions are prevalent in learning in organisational settings. It elaborates on the 

knowledge conversion and knowledge integration processes by which interactions with 

social and material entities provide various learning situations. By reinforcing the socio-

material view of learning, the review also clarifies that outcomes of interdisciplinary 

learning in engineering education should span the wider range of outcomes from 

acquisition to evaluation, and even to contributing knowledge that could replace the 

existing knowledge of different disciplines.  

In terms of addressing the need to 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 pathways (i.e. successive 

combination of learning methods) to achieving learning outcomes, and that those 

pathways are likely to be contingent upon situations in the learning environment, such 

as the different barriers in organisational settings. Therefore, it informs engineering 

education that it is useful for students to diagnose the interdisciplinary situation they 

face, and then make appropriate judgements of 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 suggests that 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 covers general 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 of the work practices of 

engineers so that the socio-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 education-to-practice alignment, engineering 

education researchers have been engaging with practising engineers in their workplace 

to develop models of engineering practice. In this section, two most notable models of 

engineering practice are reviewed: the Unifying Model by Trevelyan (2009) and the 

Actor-Network Model by B. Williams and Figueiredo (2013). These two models are 

chosen as they have been developed mainly through engagement 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 solving. The models are developed 

based on the perception of activities carried out by the engineers who participated in 

the studies. Therefore, they both capture a wide range of practices, allowing this 

research to investigate which aspects of engineering practice are 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 been developed by Trevelyan (2009) 

based on a study of the work practices of engineers in Australia. The model represents 

engineering practice as an enterprise that provides reliable services to its clients. Figure 

2.2 depicts the representation of the Unifying Model. The top-most block represents the 

service that the engineering enterprise provides, and the other blocks represent 

different aspects of engineering practice. There are also important aspects of 

engineering practice that are not represented by blocks, but are represented instead by 

Á ȬÓÃÁÆÆÏÌÄȭ ÔÈÁÔ ÓÕÐÐÏÒÔ those blocks. 4ÈÅ ȬÓÃÁÆÆÏÌÄȭ ÒÅÐÒÅÓÅÎÔÓ ÆÏÒÍÁÌ ÁÎÄ ÉÎÆÏÒÍÁÌ 

social interactions performed by the engineers in order to ensure other practices could 

be performed reliably and efficiently. These social interactions constitute 60% of the 

ÅÎÇÉÎÅÅÒÓȭ ×ÏÒËÉÎÇ Ôime.  

 

Figure 2.2: Unifying Model of Engineering Practice (Trevelyan, 2009) 



 
 

 46 
 

 

These social interactions are collectively termed ȬTechnical Coordinationȭ, defined as 

ȰÉÎÆÏÒÍÁÌÌÙ ÓÅÃÕÒÉÎÇ ×ÉÌÌÉÎÇ and conscientious cooperation of other people in technical 

contextsȱ (Trevelyan, 2010;p.180). As can be seen in Figure 2.2, some of the aspects of 

Ȭ4ÅÃÈÎÉÃÁÌ #ÏÏÒÄÉÎÁÔÉÏÎȭ ɀ ÓÕÃÈ ÁÓ ȬÉÎÆÏÒÍÁÌ ÅØÐÅÒÔÉÓÅ ÓÈÁÒÉÎÇȭ ÁÎÄ ȬÉÎÆÏÒÍÁÌ 

ÎÅÇÏÔÉÁÔÉÏÎÓ ÏÆ ÍÅÁÎÉÎÇÓȟ ÔÅÒÍÉÎÏÌÏÇÙȭ ɀ could be related to interdisciplinary learning.  

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 possibility of interacting 

with material entities for engaging in interdisciplinary learning.  

Based on the description of the model, it appears to be valuable for this research. It gives 

a clearer picture of engineering knowledge and experience that can be brought into an 

interdisciplinary collaboration. However, without empirical evidence of how engineers 

practise their interdisciplinar y learning, it is hard to know how these aspects of 

engineering practice help achieve the outcomes of interdisciplinary learning; studies of 

interdisciplinary pra ctice in an engineering context remain scant (Nersessian & 

Newstetter, 2014).  

Consequently, the developer of the Unifying Model Ȱidentified a need for more research 

into engineering as a sociotechnical process requiring constant distributed learning by 

practitioners in the workplaceȱ (B. Williams & Figueiredo, 2013;p.164). In particular, 

(Trevelyan, 2013, 2014) ÆÏÕÎÄ ÔÈÅ ÒÅÌÅÖÁÎÃÅ ÏÆ ȬÄÉÓÔÒÉÂÕÔÅÄ ÃÏÇÎÉÔÉÏÎȭ ÉÎ ÅÎÇÉÎÅÅÒÉÎÇ 

practice. 4ÒÅÖÅÌÙÁÎȭÓ studies on engineering practice were subsequently extended by B. 

Williams and Figueiredo (2013), who studied the practices of Portuguese engineers. The 

extended study culminates in an actor-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 non-human actors represented by the Actor-Network Model in Figure 2.3.  

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 non-engineering 

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 

ÁÌÓÏ ÒÅÉÎÆÏÒÃÅÓ ÔÈÅ ÐÒÅÖÁÌÅÎÃÅ ÏÆ ÔÈÅ Ȭ4ÅÃÈÎÉÃÁÌ #ÏÏÒÄÉÎÁÔÉÏÎȭ ÁÓÐÅÃÔÓ ÏÆ ÅÎÇÉÎÅÅÒÉÎÇ 

practices in the Unifying Model; the Ȭ4ÅÃÈÎÉÃÁÌ #ÏÏÒÄÉÎÁÔÉÏÎȭ ÁÓÐÅÃÔÓ constitute 56% of 

the working time. 

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

ÓÉØ ÅÎÇÉÎÅÅÒÉÎÇ ÒÅÐÅÒÔÏÉÒÅÓȢ Ȭ4ÅÃÈÎÉÃÁÌ ÃÏÏÒÄÉÎÁÔÉÏÎȭ ÉÓ ÔÈÅ ÍÏÓÔ frequent repertoire, 

ÆÏÌÌÏ×ÅÄ ÂÙ ȬÃÒÅÁÔÉÎÇȭȟ ȬÃÁÒÅÅÒ ÄÅÖÅÌÏÐÍÅÎÔȭȟ ȬÍÁÎÁÇÉÎÇ ÐÒÏÃÅÓÓesȭȟ ȬÃÈÅÃËÉÎÇȭȟ ÁÎÄ 

ȬÐÒÏÆÅÓÓÉÏÎÁÌ ÊÕÄÇÅÍÅÎÔȭȢ  

This model is also helpful for interdisciplinary learning because it shows that 

engineering practice provides engineers with an immense network of socio-material 

relationships that could be useful for interdisciplinary learning.  

Overall, the main contribution of the review of the engineering practice literature is in 

demonstrating the wide range of aspects of engineering experience and networked 

relationships that could be useful for interdisciplinary learning. It supports the choice of 

viewing interdiscip linary learning in engineering practice through the perspective of the 

socio-material view of learning. However, it does not satisfy the need to know the 

mechanisms by which these aspects and relationships could lead to the achievement of 

outcomes of interdisciplinary learning. 

 

2.7 Integrating reviews and identifying gaps  

 

This section describes the conceptual flow development that provides a holistic 

perspective of all five issues, and assesses how well the existing bodies of knowledge 

reviewed have addressed them. This assessment allows the identification of gaps in the 

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 issues outlined in 

Section 2.3.6, and assesses to what extent they have been jointly addressed. 

1. The first critical issue mentioned in Section 2.3.6 relates to the formulation of 

learning outcomes, which is ÓÔÉÌÌ ȰÓÐÅÃÕÌÁÔÉÖÅȱ ÂÅÃÁÕÓÅ it relies mainly on 

literature review.  

 

The integration of the reviews clarifies that learning outcomes should specify 

what engineering students should be able to do in an interdisciplinary 

collaboration when knowledge from different disciplines is brought into such 

collaboration. While the review indicates that there are differences in the 

expected outcomes, the approach 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 require empirical underpinning.   

 

The socio-material learning perspective suggests that statements of learning 

outcomes should be aligned to ×ÈÁÔ ÅÎÇÉÎÅÅÒÉÎÇ ÐÒÏÆÅÓÓÉÏÎÁÌÓ ÁÃÔÕÁÌÌÙ ȬÄÏȭȟ ÏÒ 

their  so-ÃÁÌÌÅÄ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭȟ when they encounter knowledge from 

different disciplines. 4ÈÅ ÏÕÔÃÏÍÅÓ ÏÆ ÔÈÏÓÅ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ ÉÎ ÅÎÇÉÎÅÅÒÉÎÇ 

practice should therefore inform the formulation of learning outcomes in 

educational settings. 

 

The organisational knowledge and learning literature informs that ȬÅÐÉÓÔÅÍÉÃ 

ÐÒÁÃÔÉÃÅÓȭ and the associated learning outcomes are likely to be contingent upon 

situations. However, how different epistemic practices and learning outcomes are 

contingent upon situations in interdisciplinary learning has yet to be sufficiently 

understood.  

 

2. The second critical issue mentioned in Section 2.3.6 relates to understanding how 

to use engineering knowledge and experience for interdisciplinary learning.  
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The review indicates that current understanding lacks an explanation of how 

different ways of learning could help students use their engineering knowledge 

and skills to achieve learning outcomes. 

 

The socio-material view of interdisciplinary learning indicates that the Ȭways of 

learningȭ ÃÁÎ ÂÅ ÃÏÎÃÅÐÔÕÁÌÉÓÅÄ ÁÓ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ. The organisational 

knowledge and learning literature provides useful suggestions of what these 

Ȭepistemic ÐÒÁÃÔÉÃÅÓȭ ÍÉÇÈÔ ÂÅȟ ÂÕÔ ÁÌÓÏ ÈÉÇÈÌÉÇÈÔs ÔÈÁÔ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ ÁÒÅ 

likely to depend on situations. The literature on engineering practice provides 

suggestions of the different aspects of engineering practice that could provide 

useful knowledge and experiences for interdisciplinary learning. However, the 

integrated literature review still could not provide the knowledge about how 

different ways of learning could lead to achieving outcomes under various 

contingencies. 

 

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

perspective on learning. 

 

Learning theories that educators espouse in teaching can determine how 

students seek to achieve learning outcomes. The review shows that the use of 

learning theories that emphasis mere participation in interdisciplinary work 

tends to obscure the potential of using material 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 

ÎÅÅÄ ÔÏ ÃÁÐÉÔÁÌÉÓÅ ÏÎ ÔÈÅ ȬÍÁÔÅÒÉÁÌȭ ÓÉÄÅ ÒÁÔÈÅÒ ÔÈÁÎ relying solely on the social 

side. The integrated review highlights the relevance of the learning theories that 

are based on the socio-material  perspective of learning. However, empirical 

evidence from engineering practice has yet to be produced to support this 

suggestion. 
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4. The fourth critical issue mentioned in Section 2.3.6 relates to the identification 

and understanding of barriers to achieving outcomes beyond knowledge 

acquisition, such as knowledge evaluation.  

 

Understanding the barriers faced by students 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 in the interdisciplinary workplace.  There are also 

different ways of overcoming them depending on what types of barriers are 

encountered by practitioners. However, how barriers interact with different 

×ÁÙÓ ÏÆ ÌÅÁÒÎÉÎÇ ɉÉȢÅȢ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓɊ ÈÁÓ ÙÅÔ ÔÏ ÂÅ ÕÎÄÅÒÓÔÏÏÄȢ 

 

5. The fifth critical issue mentioned in Section 2.3.6 relates to the need for more 

contributions from studies that engage with 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 educators in helping 

students cope with barriers to achieving learning 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 about the 

mechanisms by which such intervention strategies could lead to outcomes 

achievement. The literature from organisational settings also indicates that 

intervention strategies are likely to be contingent upon situations, such as 

different types of barrier.  

 

The relevance of the socio-material 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 been identified to inform about situational judgement and 

suitable intervention strategies.  

Based on the arguments above, it seems reasonable to suggest that the five critical issues 

are only partially addressed by the integration of all the reviewed literature. This 

indicates that there are gaps in existing knowledge with respect to these issues. 

2.7.2 Identification of gaps in the literature  

 

The integrated review suggests the following gaps in the literature and the 

corresponding implications for this research. 

1. With respect to issue #1 in Section 2.7.1 above, the speculative approach to 

formulating outcomes has yet to be complemented by empirical 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 

ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ ÁÎÄ their corresponding outcomes 

 

2. With respect to issue #2 in Section 2.7.1 above, there is a gap in knowledge about 

how to use engineering experience and knowledge for interdisciplinary learning. 

The implication of this gap for this research is that this research should explain 

how engineering knowledge and skills are actually used for achieving learning 

outcomes. 

 

3. With respect to issue #3 in Section 2.7.1 above, the literature lacks knowledge 

about how socio-material learning practices are enacted by practising engineers 

in actual workplaces. The implication of this gap is that this research should 

employ the socio-material perspective of learning to describe and explain how 

practising engineers practise their interdisciplinary learning. 
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4. With respect to issue #4 in Section 2.7.1 above, the literature lacks knowledge 

about how barriers interact with different ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ. The implication 

of this gap for this research is that it should specify how different barriers relate 

to the deployment of different epistemic practices and their corresponding 

outcomes. 

 

5. With respect to issue #5 in Section 2.7.1 above, the literature lacks studies that 

engage with engineers in their workplace in a way that different situations and 

suitable practices could be 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 how different 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 of learning. 

2.8 Summarising and concluding the review  

 

This chapter has reviewed four bodies of literatures: the interdisciplinary learning in 

engineering education literature, the perspectives on learning literature, the 

organisational knowledge and learning literature , and the engineering practice 

literature.  

The review of interdisciplinary learning in engineering education reveals five emerging 

issues to 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) Identification of a suitable perspective on learning for informing teaching and 

learning in interdisciplinary settings;  

4) Identification of barriers to interdisciplinary learning in engineering education;  

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

In light of these issues, this chapter has selectively reviewed three strands of literature 

that could be brought to bear on the above issues. Firstly, five different theoretical 

perspectives on learning have been reviewed in section 2.4 in order to inform the 

different ways in which interdisciplinary learning in engineering could be understood. 

Assessment of their relevance to interdisciplinary learning supports the applicability of 

the socio-material learning perspective, and the commitment to use it as the main 

perspective for understanding interdisciplinary learning.  

Secondly, a review of the organisational knowledge and learning literature has been 

undertaken to reveal the different ways in which organisation members learn to 

integrate specialised knowledge across functions and disciplines. The review reveals 

wide-ranging types of knowledge, interactions between social and material entities, 

processes for integrating knowledge, as well the barriers to knowledge integration. 

These organisational situations identify the likely contingencies in interdisciplinary 

learning within the organisational setting.  

Third ly, the engineering practice literature has been reviewed to reveal the different 

aspects of engineering practice and interactions that are undertaken by practising 

engineers, thus providing 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 only partially by the reviewed bodies of knowledge, and thereby resulting in 

significant knowledge gaps. To fill these gaps, this research has sought to: 

1) identify ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭȟ ×ÈÉÃÈ ÒÅÆÅÒ ÔÏ what engineering professionals 

ÁÃÔÕÁÌÌÙ ȬÄÏȭ ×ÈÅÎ ÔÈÅÙ ÅÎÃÏÕÎÔÅÒ ËÎÏ×ÌÅÄÇÅ ÆÒÏÍ ÄÉÆÆÅÒÅÎÔ ÄÉÓÃÉÐÌÉÎÅÓ ÄÕÒÉÎÇ 
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interdisciplina ry collaboration. In addition, to formulate the relevant learning 

outcomes, it should identify what engineering professionals achieve as outcomes 

of their  epistemic practices. 

2) explain ÔÈÅ ÍÅÃÈÁÎÉÓÍÓ ÂÙ ×ÈÉÃÈ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ ÃÏÕÌÄ use engineering 

knowledge and skills 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 different epistemic 

practices and their corresponding outcomes. 

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

deployment of different epistemic practices and 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 the knowledge requirements derived from 

the five knowledge gaps identified in the previous chapter. 

The design of a research programme ȰÉÎÖÏÌÖÅÓ ÔÈÅ ÉÎÔÅÒÓÅÃÔÉÏÎ ÏÆ ÐÈÉÌÏÓÏÐÈÙȟ ÓÔÒÁÔÅÇÉÅÓ 

of inquiry, and sÐÅÃÉÆÉÃ ÍÅÔÈÏÄÓȱ (Creswell, 1994; 2009;p.5). In addition, the choice of 

design and research methods need to be justified (Case & Light, 2011). Since there are 

interactions between the different 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 chapter describes how the design process 

starts by translating the knowledge requirements into two research questions. The 

research questions determine the options for the first aspect of the research design ɀ the 

philosophical position ɀ, which is 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 

design ɀ the strategy of inquiry. 

After determining a suitable research strategy, the remaining sections discuss the 

configuration of the third aspect of the research design ɀ the research method. Section 

3.6 discusses the case study research method and identifies the sub-class of 

interdisciplinary learning studied.    

Finally, the last section 3.7 summarises 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 on knowledge requirements derived from 

knowledge gaps identified in the previous chapter. These are the knowledge about: 

1. Different epistemic practices that practising engineers perform when engaging in 

interdisciplinary learning, and the outcomes they achieve. 

2. How engineering knowledge, skills and experiences could be used for 

interdisciplinary learning.  

3. The application of the 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 of 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 questions are 

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 different epistemic practices, and 

achieve different learning outcomes? 

The above research questions require an identification task and an explanatory task. 

The identification task involves identifying a number of aspects of the phenomenon such 

as epistemic practices and learning outcomes. The explanatory task involves identifying 

and explaining a number of causal relationships and the underlying causal mechanisms. 

Both tasks necessitate philosophical considerations in terms of the nature of existence of 

those aspects. For example, do the 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 so-called 

ontological assumption, and assumption about the nature of knowledge about that 

reality, or the so-called epistemological assumptionȢ 4ÈÅÒÅ ÁÒÅ ȬÒÅÁÌÉÓÔȭ ÁÎÄ ȬÒÅÌÁÔÉÖÉÓÔȭ 

ÏÎÔÏÌÏÇÉÃÁÌ ÁÓÓÕÍÐÔÉÏÎÓȟ ÁÎÄ ȬÏÂÊÅÃÔÉÖÉÓÔȭ ÁÎÄ ȬÓÕÂÊÅÃÔÉÖÉÓÔȭ ÅÐÉÓÔÅÍÏÌÏÇÉÃÁÌ ÁÓÓÕÍÐÔÉÏÎÓ 

(Creswell, 2009; Maxwell, 2012b).  

The realist ontology assumes that the existence of different aspects of a phenomenon 

does not depend on our conceptions about them (Braun & Clarke, 2013; Guba & Lincoln, 

1994; Kelly, 2017). Accordingly, a realist ontology would assume that the different 

aspects of interdisciplinary learning phenomena, such as entities that cause the 

deployment of epistemic practices and the associated causal processes, really exist in 

reality, and are not merely conceptions of the researcher and his informants (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 depends on pÅÏÐÌÅȭÓ ÅØÐÅÒÉÅÎÃÅȟ knowledge and the 

meanings they assigned to them (Harré & Krausz, 1996; Maxwell, 2012b; Schraw & 

Olafson, 2008).  

In considering the choice of epistemological assumptions, there are ȬÏÂÊÅÃÔÉÖÉÓÔȭ ÁÎÄ 

ȬÓÕÂÊÅÃÔÉÖÉÓÔȭ ÅÐÉÓÔÅÍÏÌÏÇÉÅÓ (Coe et al., 2017; Usher, 1996). Objectivist epistemology 

assumes that the nature of knowledge about the different aspects of a phenomenon is 

objective. Such knowledge does not consist of the different interpretations and 

constructions of people who experience or observe the phenomenon (Allison & 

Pomeroy, 2000; Cohen et 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 different conceptions of the same phenomenon 

(Cohen et 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 assumptions. Table 3.1 represents their relative positions and 

assumptions.  

Table 3.1: Philosophical positions 

 Epistemological assumptions 

Objectivist 
epistemology 

Subjectivist 
epistemology 

Ontological 
assumptions 

Realist ontology Positivism Critical Realism 

Relativist ontology - Interpretivism 

 

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

an objectivist epistemology. According to Alvesson and Sköldberg (2009;p.17), the 

position claims that ȰÄÁÔÁ ÁÂÏÕÔ ÔÈÅ ÐÈÅÎÏÍÅÎÏÎ ÂÅÉÎÇ ÓÔÕÄÉÅÄ ÁÒÅ ÓÏÍÅÔÈÉÎÇ ÔÈÁÔ 

ÁÌÒÅÁÄÙ ÅØÉÓÔÓ ÏÕÔ ÔÈÅÒÅ ÔÏ ÂÅ ÇÁÔÈÅÒÅÄȟ ÏÂÓÅÒÖÅÄ ÏÒ ÍÅÁÓÕÒÅÄ ÂÙ Á ÒÅÓÅÁÒÃÈÅÒȱ. Thus, its 

objectivist epistemology emphasises the production of objective knowledge in the form 

of statements about the relationships between observable, or measurable, aspects. Such 

statements are said to be universal in the sense that they are applicable across different 

contexts (Alvesson & Sköldberg, 2009; Cohen et al., 2013).  

Second, there is an interpretivist philosophical position, which combines a relativist 

ontology with a subjectivist epistemology. It contends that data about a phenomenon is 

constructed during research (Alvesson & Sköldberg, 2009); p.23). Such a construction of 

data could happen when researchers interact with the phenomenon, either directly, 

such as by taking part in the phenomenon, or indirectly, such as by interviewing those 

who experience it. Thus, a researcher who takes an interpretivist position would focus 
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on developing knowledge about the different subjective meanings and conceptions of a 

phenomenon according to those who experience it (Alvesson & Sköldberg, 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 a poÓÉÔÉÖÉÓÔȭÓ ÃÌÁÉÍ ÔÈÁÔ ÏÂÊÅÃÔÉÖÅ ÒÅÁÌÉÔÙ ÉÓ ÁÌ×ÁÙÓ ÁÃÃÅÓÓÉÂÌÅ ÆÏÒ ÏÂÓÅÒÖÁÔÉÏÎ ÁÎÄ 

ÍÅÁÓÕÒÅÍÅÎÔȢ 4ÈÅÒÅÆÏÒÅȟ ÃÒÉÔÉÃÁÌ ÒÅÁÌÉÓÍȭÓ ÒÅÁÌÉÓÔ ÏÎÔÏÌÏÇÙ also includes the 

identification of aspects that cannot be observed or measured, but are significant for the 

study, such as the underlying causal processes. Since they are not observable to the 

researcher, his/her knowledge about them necessarily consists of conceptions. 

However, critical realism does not endorse multiple realities (Maxwell, 2012b), and thus 

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

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

how closely they correspond to the actual reality (Edgley et al., 2016; Maxwell, 2004, 

2012b; Scott, 2005; Zachariadis et al., 2013). 

Critical realism conceptualises about a phenomenon by developing knowledge about 

contingent and contextual generalisations of the causal relationships between different 

aspects of a phenomenon. Such knowledge provides a causal explanation of how events 

and outcomes of a phenomenon could be caused by real entities that may not always be 

observable or measurable (Maxwell, 2012b). Such contingent and contextualised 

ËÎÏ×ÌÅÄÇÅ ÏÆ Á ÐÈÅÎÏÍÅÎÏÎ ÉÓ ÁÌÓÏ ËÎÏ×Î ÁÓ ȬÍÉÄÄÌÅ-ÒÁÎÇÅ ÔÈÅÏÒÙȭȟ Á ÔÙÐÅ ÏÆ theory 

that falls between universal law-like generalisation and detailed contextualised 

descriptions (Bygstad et al., 2015; Maxwell, 2004; Smith, 2012).  

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

position appears to be the most suitable for this research. This is mainly because the 

researcher recognises that there are limitations in the accessibility, observability, and 

measurability of the different aspects that this research seeks to identify and explain. 

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

are no longer observable. Their real existence in the past does not depend on the 

ÒÅÓÅÁÒÃÈÅÒȭÓ ÃÏÎÃÅÐÔÉÏÎȢ (Ï×ÅÖÅÒȟ ÔÈÅ ËÎÏ×ÌÅÄÇÅ ÁÂÏÕÔ ÔÈÅÍ ÉÓ ÓÕÂÊÅÃÔÉÖÅ ÂÅÃÁÕÓÅ Ôhe 

construction of it depends on the conceptions of the informants and the researcher. 
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The prevalence of unobservable aspects in interdisciplinary learning also indicates that 

data collection needs to rely heavily on retrospective accounts of, and subjective 

interpreta tions by, different people including the researcher and his informants. When 

different interpretations point to competing explanations, their plausibility needs to be 

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

Last but not the least, critical realism emphasises 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 of the concepts and relationships that represent a 

general conceptualisation of the phenomenon being researched. It embodies ȰÔÈÅ ÍÁÉÎ 

things to be studied ɀ the key factors, constructs or variables ɀ and the presumed 

relationships between ÔÈÅÍȱ (Miles & Huberman, 1994;p.18). The presumed 

relationships between concepts constitute Á ÔÅÎÔÁÔÉÖÅ ȰÔÈÅÏÒÙ ÁÂÏÕÔ ×ÈÁÔ ÉÓ ÇÏÉÎÇ ÏÎȟ 

×ÈÁÔ ÉÓ ÈÁÐÐÅÎÉÎÇ ÁÎÄ ×ÈÙȱ (Maxwell, 2008; p.222-3; Robson, 2002;p.63). 

In developing a conceptual framework, this research combines findings from the 

literature review with the philosophical ideas of critical realism. The literature review 

suggests that interdisciplinary learning can be viewed as a process. Logically therefore, 

the conceptual framework is also ÓÔÒÕÃÔÕÒÅÄ ÁÓ Á ÐÒÏÃÅÓÓȢ #ÒÉÔÉÃÁÌ ÒÅÁÌÉÓÍȭÓ ÉÄÅÁ ɀ of 

contingent causal relationships between different aspects of a phenomenon ɀ is used to 

inform the construction of a causal structure for 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 

ȬÉÎÉÔÉÁÔÉÏÎȭ ÓÔÁÇÅ ÏÆ ÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ÌÅÁÒÎÉÎÇ ÉÎ ÅÎÇÉÎÅÅÒÉÎÇ ÐÒÁÃÔÉÃÅȢ 4×Ï ÃÁÕÓÁÌ ÅÎÔÉÔies 

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 entities. 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.  

 

 

 

 

 

 

 

 

Figure 3.1: Conceptual framework of interdisciplinary learning in engineering practice 

 

The second stage corresponds to events that include the various situations that demand 

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

by engineers, epistemic practices that are deployed based on their situational 

judgments, and the outcomes of those practices. In Figure 3.1, the interactions between 

ȬÓÉÔÕÁÔÉÏÎÓȭȟ ȬÊÕÄÇÍÅÎÔÓȭȟ ÁÎÄ ȬÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȭ ÃÏÍÐÏÎÅÎÔÓ ÁÒÅ ÒÅÐÒÅÓÅÎÔÅÄ ÂÙ ÔÈÅ 

three-way arrow that links ÔÈÅÍȢ 4ÈÉÓ ÓÅÃÏÎÄ ÓÔÁÇÅ ÉÓ ÃÁÌÌÅÄ ÔÈÅ ȬÃÏÍÍÉÔÍÅÎÔȭ ÓÔÁÇÅ ÉÎ 

order to signify that at this stage engineers make a commitment to engage in learning 

through epistemic practices, according to the socio-material perspective on learning.  

Finally, the last stage corresponds to the empirical ontological domain. At this stage, 

outcomes of engagement in epistemic practices produce empirical traces that can be 

gathered by the researcher. Demonstration of learning outcomes, such as showing 

understanding of conceptual knowledge, is the main empirical aspect that is 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 conceptual 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 of inquiry needs to be selected.  

 

3.5 Selection of the research strategy  

 

Research strategy determines how the phenomenon of interest should be examined in 

order to develop knowledge about its different aspects. Creswell (2003) emphasises that 

a ÒÅÓÅÁÒÃÈ ÓÔÒÁÔÅÇÙ ȰÐÒÏÖÉÄÅÓ ÓÐÅÃÉÆÉÃ ÄÉÒÅÃÔÉÏÎ ÆÏÒ ÐÒÏÃÅÄÕÒÅÓ ÉÎ Á ÒÅÓÅÁÒÃh desiÇÎȱ 

(p.13), and identifies three 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 interdisciplinary learning. This is mainly due to 

the need to rely heavily on qualitative accounts of events, outcomes, and the entities that 

cause them. In addition, qualitative strategy would facilitate a deeper understanding of 

the relevant contexts, situations, and interactions to enable the development of causal 

explanation (Maxwell, 2004, 2012a, 2016a). Such a use of qualitative strategy of inquiry 

entails configuring the different aspects of a qualitative research method.  

3.6 Configuration of a qualitative research method  

 

Research methods offer systematic means for inquiring about different aspects of a 

phenomenon. Unlike other methods, the case study research method offers a systematic 

ÍÅÁÎÓ ÆÏÒ ÁÄÄÒÅÓÓÉÎÇ  ȬÈÏ×ȭ ÁÎÄ Ȭ×ÈÙȭ ÒÅÓÅÁÒÃÈ ÑÕÅÓÔÉÏÎÓ (Yin, 2003), and is suitable for 

developing causal explanation (George & Bennett, 2005; Maxwell, 2004, 2012a). This is 
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mainly due to its explicit emphasis on the contextual factors that influence a 

phenomenon.  

Further, for developing contingent generalisationsȟ ÉÔ ÉÓ ÉÍÐÏÒÔÁÎÔ ÔÈÁÔ ÔÈÅ ȬÃÌÁÓÓȭ ÏÆ ÔÈÅ 

phenomenon to be investigated is not defined too broadly (George & Bennett, 2005; Yin, 

2003). Therefore, one of the important aspects of designing a case study research 

method involves focusing on a particular sub-class 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 development projects that integrate 

engineering and the life sciences.  

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

domain.  

This sub-ÃÌÁÓÓ ÉÎ ÔÅÒÍÅÄ ÔÈÅ ȬÅÎÇÉÎÅÅÒÉÎÇ ÆÏÒ ÔÈÅ ÌÉÆÅ ÓÃÉÅÎÃÅÓȭ (Niemeyer, 2017). The 

main reason for choosing this 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 sciences converge, such as 

Synthetic Biology, Regenerative Medicine, and Bio-Nanotechnology industries. 

Engineers in these emerging industries need to work in the interstices between 

engineering and the life sciences for solving problems in the life sciences domain, such 

as health problems. This demand has led to the creation of many interdisciplinary 

educational programmes that seek to prepare engineering graduates for 

interdisciplinary practice in the era of convergence. 

Having selected the sub-class, 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 sub-class, a multiple -case 

design is necessary to ascertain the extent to which the theory can be generalised across 

cases that are representative of the sub-class.    

#ÏÎÓÉÓÔÅÎÔ ×ÉÔÈ ÔÈÅ ÍÁÉÎ ÒÅÓÅÁÒÃÈ ÑÕÅÓÔÉÏÎ ÏÆ ȬÈow engineers practise their 

interdisciplinary learning in terms of their engagement in different epistemic practices, 

and their achievements of the corresponding learning outcomes?ȭȟ ÔÈÉÓ ÒÅÓÅÁÒÃÈ focuses 

ÏÎ ȬÐÒÁÃÔÉÃÅÓȭ ÁÓ ÔÈÅ ÕÎÉÔ ÏÆ ÁÎÁÌÙÓÉÓ ÁÓ suggested by practice-based studies of workplace 

and professional learning (Reich et al., 2015). According to Reich et al. (2015;p.3), 

ȰÐÒÁÃÔÉÃÅÓ ÐÒÏÖÉÄÅ ÕÎÉÔÓ ÏÆ ÁÎÁÌÙÓÉÓ ÔÈÁÔ ÂÒÉÎÇ ÔÏÇÅÔÈÅÒ ÔÈÅ ÐÒÁÃÔÉÔÉÏÎÅÒȟ ÔÈÅ ÍÁÔÅÒÉÁÌ 

objects with which they work, their relations with others and the context in which they 

operateȢȱ 

In order to provide the necessary variation in the practices of the engineers, purposive 

sampling is used based on the following variations in experience level as shown in Table 

3.2 below. 

Table 3.2: Variation in level of experience of practising engineers  

 Experience in life science domain 

Low High 

Experience in engineering practice 
domain 

High óExperienced 
engineersô 

 

óExperienced interdisciplinary 
engineersô 

 

Low óEarly career 
engineersô 

óEarly career interdisciplinary 
engineersô 

 

#ÁÔÅÇÏÒÉÓÉÎÇ ÐÒÁÃÔÉÓÉÎÇ ÅÎÇÉÎÅÅÒÓ ÁÓ ÅÉÔÈÅÒ ȬÅÁÒÌÙ ÃÁÒÅÅÒȭ ÏÒ ȬÅØÐÅÒÉÅÎÃÅÄȭ ÅÎÇÉÎÅÅÒÓ 

requires an informed decision on how to differentiate between the two categories. One 

useful way to inform this decision is to clarify what ÔÈÅ ÔÅÒÍ ȬÅÁÒÌÙ ÃÁÒÅÅÒȭ ÓÉÇÎÉÆÉÅÓȢ )Î 
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ÅÎÇÉÎÅÅÒÉÎÇ ÅÄÕÃÁÔÉÏÎ ÌÉÔÅÒÁÔÕÒÅȟ ÔÈÅ ÔÅÒÍ ȬÅarly career engineersȭ ÉÓ increasingly 

commonȟ ÂÕÔ ÔÏ ÄÁÔÅ ÔÈÅÒÅ ÉÓ Á ÌÁÃË ÏÆ ÃÏÎÓÅÎÓÕÓ ÏÎ ×ÈÁÔ ÔÈÅ ȬÅÁÒÌÙ ÃÁÒÅÅÒȭ ÐÈÒÁÓÅ 

signifies. Much literature has signified the phrase in terms of variables related to age 

range and the duration of working experiences (Danielson et al., 2011; Greenhaus et al., 

2009; Kirkpatrick  et al., 2012). However, relating the term to some variables has 

resulted in contradictory definitions. Therefore, this research has sought to formulate a 

ÄÅÆÉÎÉÔÉÏÎ ÔÈÁÔ ÅÍÂÏÄÉÅÓ ÔÈÅ ÃÏÍÍÏÎ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÔÈÅ ȬÅÁÒÌÙ ÃÁÒÅÅÒ ÅÎÇÉÎÅÅÒÓȭ ÁÓ 

informed by the career development literature.  

4ÈÅ ÃÏÎÃÅÐÔ ÏÆ ȬÅÁÒÌÙ ÃÁÒÅÅÒȭ ×ÁÓ ÆÉÒÓÔ ÕÓÅÄ ÂÙ $ÏÎÁÌÄ 3ÕÐÅÒ ÔÏ ÒÅÆÅÒ ÔÏ ȬÍÅÎ ×ÈÏ ÁÒÅ ÎÏÔ 

ÙÅÔ ÅÓÔÁÂÌÉÓÈÅÄȭ (Super, 1963). He associated them with the early career stage called the 

ȬÔÒÉÁÌ ÐÅÒÉÏÄȭ ÄÕÒÉÎÇ ×ÈÉÃÈ ÔÈÅÙ ÔÒÙ ÔÏ ÅÓÔÁÂÌÉÓÈ ÔÈÅÍÓÅÌÖÅÓ ÉÎ ÔÈÅÉÒ ÃÈÏÓÅÎ ÃÁÒÅÅÒÓ. The 

ȬÔÒÉÁÌ ÐÅÒÉÏÄȭ ÏÆÔÅÎ ÉÎÖÏÌÖÅÓ ÃÈÁÎÇÅÓ ÉÎ ÊÏÂÓ ÉÎ ÏÒÄÅÒ ÔÏ ÆÉÎÄ ÔÈÅ ÍÏÓÔ ÓÕÉÔÁÂÌÅ ÏÎÅ (Super 

& Jordaan, 1973). Once found, efforts are made to establish the necessary work habits 

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

ÅÎÄÓ ÔÈÅ ȬÔÒÉÁÌȭ or the early career stage (Savickas, 2001). 

4ÈÅ ÁÐÐÌÉÃÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ȬÅÁÒÌÙ ÃÁÒÅÅÒȭ ÐÈÒÁÓÅ ÆÏÒ ÊÕÎÉÏÒ ÌÅÖÅÌ ÅÎÇÉÎÅÅÒÓ ÈÁÓ ÂÅÅÎ 

substantiated by the research on the career development experiences of 380 

professional engineers and scientists by Hall and Mansfield (1975). Their findings 

suggest some common characteristics of the early career engineers. They have low 

seniority, but high need for establishment and advancement, and high tendency to 

change employers (Hall & Mansfield, 1975).  

"Ù ÔÁËÉÎÇ ÔÈÅ ÃÁÒÅÅÒ ÄÅÖÅÌÏÐÍÅÎÔ ÐÅÒÓÐÅÃÔÉÖÅȟ ÔÈÅ ȬÅÁÒÌÙ ÃÁÒÅÅÒ ÅÎÇÉÎÅÅÒÓȭ ÉÎ ÔÈÉÓ 

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 organisations. By default, those who have made a 

ÃÁÒÅÅÒ ÐÒÏÇÒÅÓÓÉÏÎ ÂÅÙÏÎÄ ÔÈÅ ÊÕÎÉÏÒ ÌÅÖÅÌ ÐÏÓÔÓ ÁÒÅ ÃÌÁÓÓÉÆÉÅÄ ÁÓ ȬÅØÐÅÒÉÅÎÃÅÄ 

ÅÎÇÉÎÅÅÒÓȭȢ 

In Table 3.2, the phrase ȬexÐÅÒÉÅÎÃÅÄ ÅÎÇÉÎÅÅÒÓȭ refers to engineers who have 

progressed beyond the junior level position, and thus have relatively high experience 
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practising in the engineering practice domain. However, they have low experience 

practising in the life science domain. 

%ÎÇÉÎÅÅÒÓ ÃÁÔÅÇÏÒÉÓÅÄ ÁÓ ȬÅÁÒÌÙ ÃÁÒÅÅÒ ÅÎÇÉÎÅÅÒÓȭ have relatively low experience 

practising in both domains in addition to occupying junior-level posts. In contrast, 

ÅÎÇÉÎÅÅÒÓ ÃÁÔÅÇÏÒÉÓÅÄ ÁÓ ȬexperienÃÅÄ ÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ ÅÎÇÉÎÅÅÒÓȭ have high experience 

practising in both domain in addition to occupying senior-level posts. Engineers 

ÃÁÔÅÇÏÒÉÓÅÄ ÁÓ Ȭearly career interdisciplinary  ÅÎÇÉÎÅÅÒÓȭ have high experience practising 

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

engineering practice  

 

3.6.3 Sampling the development proje cts within the sub -class 

 

Based on the chosen sub-class ÏÆ ȰÅÎÇÉÎÅÅÒÉÎÇ ÆÏÒ ÔÈÅ ÌÉÆÅ ÓÃÉÅÎÃÅÓȱȟ this research 

searched for the relevant development projects and studied five such projects. Table 3.3 

lists the projects and the number of informants. 

Table 3.3: List of projects and informants  

Projects Number of informants 

Engineers Non-engineers Total 

1 Design and development of a 
cell-culture automation system 

Two experienced engineers One Biochemist team member 3 

2 Design and development of an 
automated micro-scale bio-
reactor 

Two experienced 
interdisciplinary engineers 

One early career engineer 

Head of Engineering 
Department 

Chief Technology Officer 

One Geneticist team member 

Chief Executive Officer 

 

7 

3. Design and development of a 
cryopreservation system 

1 experienced engineer Chief Executive Officer (with 
Biology background) 

2 

4. Design and development of a 
non-contact-based respiratory 

1 experienced 
interdisciplinary engineer 

Chief Medical Officer 5 
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diagnostic equipment 1 early career 
interdisciplinary engineer 

Chief Executive Officer 

Founder 

5. Design and development of an 
organ perfusion system 

Three experienced 
interdisciplinary engineer 

 

Chief Executive Officer 

One Senior Consultant with 
Natural Science background 

One Senior Design Consultant 

6 

 All projects  13 engineers 10 non-engineers 23 

 

The academic and professional backgrounds as well as the experiences of the informants 

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

The data from the projects are processed according to the analytical methods described 

in the next chapter: the Analytical Methods chapter. 

This section completes the configuration of the different aspects of the research design. 

The next section provides a summary of the overall design configurations. 

3.7 Summary of the research d esign 

 

This chapter has described how the three main aspects of research design ɀ the 

philosophical position, the research strategy, and methods ɀ are configured. It also 

shows that the implementation of the research design is a reflexive process where the 

different design aspects mutually influences each other during the project (Maxwell, 

2008). 

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

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

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

Thus, the critical realist philosophical position is chosen. This choice supports the 

ontological assumption of the researcher that those entities exist in reality, and that 

their existence is independent of ÔÈÅ ÒÅÓÅÁÒÃÈÅÒȭÓ ÃÏÎÃÅÐÔÉÏÎ ÏÆ ÔÈÅÍ ɉÁ ÒÅÁÌÉÓÔ 

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 plausibility of different conceptions in terms of 

how closely they correspond to the unobserved reality. Critical realismȭs philosophical 

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

Secondly, the need for choosing a particular strategy of inquiry has been shown to arise 

from the conceptual framework. Its general and high-level state requires a particular 

research strategy that can obtain empirical data to be used for developing it fur ther into 

a theoretical framework. The qualitative research strategy has been chosen mainly due 

to the need to rely on qualitative accounts of events, outcomes, and the entities that 

cause them. 

Thirdly, the need for choosing specific methods has been shown to arise from the need 

to execute qualitative research in a systematic fashion. The case study research method 

has been chosen mainly because it offers systematic means for ÁÄÄÒÅÓÓÉÎÇ ȬÈÏ×ȭ and 

Ȭ×ÈÙȭ ÒÅÓÅÁÒÃÈ ÑÕÅÓÔÉÏÎÓ, and it is suitable for developing causal explanation. The choice 

of case study as a research method entails the specification of a particular sub-class, 

case-study design, and units of analysis in section 3.6. This choice of the critical realist 

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

 

4.1 Introduction  

 

This chapter is concerned with describing how this research employs a combination of 

rigorous analytical methods for analysing the case study data.  

This chapter is organised 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 seven analytical 

methods. Its seven sub-sections each describes how the individual methods are applied. 

Having completed the description of all the seven methods, the 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 findings for the first case study in the next 

chapter. 

4.2 Methodological principles for data analysis  

 

The analysis of case study data in this research adheres to the five principles of data 

analysis according to critical realism philosophy as offered by Wynn and Williams 

(2012). The principles do not recommend specific methods, but identify essential 

elements of analysis. The following 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 those events that characterise the phenomenon being studied (C. Williams & 

Karahanna, 2013). In line with the objectives of this research, two focal events 

characterise the interdisciplinary learning of practising engineers. 

1. Focal event #1: Engagements in epistemic practices 

2. Focal event #2: Achievements of learning outcomes 

4ÈÅ ÅÓÓÅÎÔÉÁÌ ÅÌÅÍÅÎÔÓ ÏÆ ÁÎÁÌÙÓÉÓ ÆÏÒ ÔÈÉÓ ÆÉÒÓÔ ÐÒÉÎÃÉÐÌÅ ÉÎÃÌÕÄÅ ȰÔÈÅ abstraction of 

ÅØÐÅÒÉÅÎÃÅÓȱ ÆÒÏÍ ÔÈÅ ÑÕÁÌÉÔÁÔÉÖÅ ÉÎÔÅÒÖÉew data (Wynn & Williams, 2012;p.797). 

Experiences ȰÓÈÏÕÌÄ ÉÎÃÌÕÄÅ ËÅÙ ÁÃtions and outÃÏÍÅÓȭ ɉÐȢ 798). Thus, abstraction of 

experiences entails translating the concrete descriptions of actions and outcome 

achievements into abstract concepts and the patterns of relationships between them. 

Therefore, the researcher needs to abstract key actions and outcomes in terms of 

theoretical variables and statements of causal relationships between them. Such 

abstraction ȰÍÁÙ ÔÁËÅ ÔÈÅ ÆÏÒÍ ÏÆ ÁÎ ÁÇÇÒÅÇÁÔÉÏÎ ÏÆ ÍÉÎÕÔÅ ÁÃÔÉÏÎÓ ÔÏ ÈÉÇÈÌÉÇÈÔ ÈÉÇÈÅÒ 

level factors, a reinterpretation to expose structural elements or causal factors, or a 

ÒÅÆÒÁÍÉÎÇ ÔÈÒÏÕÇÈ ÔÈÅ ÌÅÎÓ ÏÆ ÅØÉÓÔÉÎÇ ÔÈÅÏÒÙȢȱ ɉÐȢ 798).  

4.2.2 Principle #2: Explication of structure and context  

 

The principle of explication of structure and context ÅÍÐÈÁÓÉÓÅÓ ÔÈÅ ÎÅÅÄ ÔÏ Ȱidentify  

and analytically resolve the components of the structure that are causally relevantȢȱ It 

also emphasises ȰÄÅÓÃÒÉÂÉÎÇ ÃÁÕÓÁÌ ÔÅÎÄÅÎÃÉÅÓ ÔÈÁÔ ÇÅÎÅÒÁÔÅ ÅÖÅÎÔÓȱ ÁÎÄ ȰÕÎÄÅÒÓÔÁÎÄing 

ÔÈÅ ÓÏÕÒÃÅ ÏÆ ÔÈÅÓÅ ÔÅÎÄÅÎÃÉÅÓȱ ÁÎÄ ȰÃÏÎÔÅØÔÕÁÌ ÃÏÎÄÉÔÉÏÎÓ ÔÈÁÔ ÉÎÆÌÕÅÎÃÅ ÅÖÅÎÔÓȱ (Wynn 

& Williams, 2012;p.798). For this research, the two main structured entities are 

interdisciplinary  collaboration and engineering practice, each has their own constitutive 

components in the form of social and material elements. 

Essential elements of analysis in this second principle include (Wynn & Williams, 2012): 



 
 

 72 
 

¶ Decomposing the entities into their constituent elements    

¶ Identifying the influential interactions  between those elements 

¶ Redescribing those elements and their mutual interactions according to existing 

theories and frameworks to help conceptualise 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 lead to the occurrence of events (Wynn & Williams, 2012). The postulation of 

causal mechanisms are necessarily retroductive, rather than deductive or inductive, 

since the intervening causal processes that underlie a phenomenon are typically 

ÕÎÏÂÓÅÒÖÁÂÌÅȢ 4ÈÅ ÅÓÓÅÎÔÉÁÌ ÅÌÅÍÅÎÔ ÏÆ ÒÅÔÒÏÄÕÃÔÉÖÅ ÁÎÁÌÙÓÉÓ ÉÎÖÏÌÖÅÓ ȰÔÈÅÏÒÉÓÉÎÇ 

ÒÅÇÁÒÄÉÎÇ ÔÈÅ ÅØÉÓÔÅÎÃÅ ÏÆ ÁÎÙ ÅÎÔÉÔÉÅÓ ÎÏÔ ÒÅÐÒÅÓÅÎÔÅÄ ÉÎ ÔÈÅ ÅÍÐÉÒÉÃÁÌ ÄÁÔÁȱ (Wynn & 

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 evidence-based substantiation is 

ÔÏ ȰÅÎÓÕÒÅ ÔÈÁÔ ÔÈÅ ÐÒÏÐÏÓÅÄ ÍÅÃÈÁÎÉÓÍÓ ÁÄÅÑÕÁÔÅÌÙ ÒÅÐÒÅÓÅÎÔ ÒÅÁÌÉÔÙȟ ÁÎÄ ÈÁÖÅ ÂÏÔÈ 

sufficient causal depth4 and better explanatory power ÔÈÁÎ ÁÌÔÅÒÎÁÔÉÖÅ ÅØÐÌÁÎÁÔÉÏÎÓȱ 

(Wynn & Williams, 2012;p.810).  

The essential element ÏÆ ÔÈÉÓ ÁÎÁÌÙÓÉÓ ÉÓ ÖÁÌÉÄÁÔÉÏÎȟ ×ÈÉÃÈ ȰÉÎÃÌÕÄÅÓ ÔÈÅ ÅÍÐÉÒÉÃÁÌ ÓÅÁÒÃÈ 

for either the mechanism itself or its effectsȢȱ 4ÈÅ ÒÅÓÅÁÒÃÈÅÒ ÃÁÎ ȰÉÄÅÎÔÉÆÙ ÏÔÈÅÒ ÅÖÅÎÔÓ 

that should have occurred, related to focal eventsȣȢusing existing data or seek out new 

data within the current case context Ȱ(Wynn & Williams, 2012;p.801).  

                                                        
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.185-6) 
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Another essential element of corroboration is demonstrating the efficacy of the logic of 

the causal explanation. According to C. Williams and Karahanna (2013), part of 

ÄÅÍÏÎÓÔÒÁÔÉÎÇ ÔÈÅ ÅÆÆÉÃÁÃÙ ÏÆ ÔÈÅ ÌÏÇÉÃ ÉÎÖÏÌÖÅÓ ȰÄÅÔÁÉÌÉÎÇ ÈÏ× ÔÈÅ ÐÒÏÐÏÓÅÄ 

mechanisms bring about observed outcomesȱ ɉp.955). This can be done by providing a 

causal explanation that consists of a chain of cause-and-effect relationships, or so-called 

causal links (George & Bennett, 2005). 

 

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 perspectives. For case study research, a key concern 

is methodological triangulation to capitalise on the strengths of each method while 

compensating for their  various weaknesses (C. Williams & Karahanna, 2013). This 

principle signifies the importance of combining several analytical methods in a 

complementary way.  

4.3 Analytical methods, process and procedures  

 

Seven analytical methods 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 the causal process tracing method 

7) Generalising causal explanation across the chosen sub-class using the cross-

case comparison method 

Figure 4.1 shows the analytical process that consists of seven procedures and the 

corresponding seven analytical methods. The following seven sections 4.3.1 to 4.3.7 

describe each of the seven methods and demonstrate how they are employed. 

Figure 4.1 Analytical process, procedures, and methods 

 

 

Case Studies Data

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

Interview Data

Analytical Procedure #2: Framing and redescribingkey aspects
Analytical method #2: Actor-Network Theory framework

Codes and conceptual categories

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

Patterns of causal relationships

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

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

Established and unresolved causal relationships 

Tentative Theoretical Framework

Analytical Procedure #7: Refining and Generalising Theoretical Framework
Analytical method #7: Cross-case analysis

Proposed Theoretical Framework
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4.3.1 Analytical method #1: Coding  

 

Three coding techniques are identified from Saldaña (2012): Action Coding, Causation 

Coding, and Pattern Coding. 

Action coding helps the researcher to locate and select data segments that contain 

ÁÃÔÉÏÎÓȢ )Ô ÉÓ ÐÁÒÔÉÃÕÌÁÒÌÙ ÁÐÐÒÏÐÒÉÁÔÅ ÆÏÒ ÌÏÃÁÔÉÎÇ ȰÏÎ-going action/interaction/emotion 

taken in response to situations, or problems, often with the purpose of reaching a goal or 

handling a problem (Corbin & Strauss, 2008;pp.96-7) quoted in Saldaña (2012;p.96). 

#ÁÕÓÁÔÉÏÎ ÃÏÄÉÎÇ ÅÎÁÂÌÅÓ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒ ÔÏ ȰÌÏÃÁÔÅȟ ÅØÔÒÁÃÔȟ ÁÎÄȾÏÒ ÉÎÆÅÒ ÃÁÕÓal beliefs 

from ÑÕÁÌÉÔÁÔÉÖÅ ÄÁÔÁȱ (Saldaña, 2012;p.163). It is therefore suitable for identifying the 

outcomes of actions identified by Action Coding. Pattern coding helps the researcher 

explores patterns of relationships between actions and their corresponding outcomes 

(Saldaña, 2012).  

Coding analysis leads to the conceptualisations and definitions of different categories of 

epistemic practices and learning outcomes as well as to the revelation of the patterns of 

relationships between them. However, explaining the relationships, as recommended by 

Wynn and Williams (2012;p.799)ȟ ÅÎÔÁÉÌÓ Ȱa process of abstraction that can be extended 

by redescribing the components parts of structure and their relationships in terms of 

existing theories and frameworks that provide leverage for potential explanationȱȢ 

Hence, an analytical framework is employed to highlight influential interactions that 

could explain findings. 

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

 

Since this research takes a socio-material perspective on learning, 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 

Ȭheterogeneous ÁÃÔÏÒÓȭȟ ÔÁËÅ ÐÌÁÃÅȢ  

ANT-analysis frames a particular case into four critical moments, collectively called the 

ȬÍÏÍÅÎÔÓ ÏÆ ÔÒÁÎÓÌÁÔÉÏÎȭȟ ÔÈÁÔ ÏÃÃÕÒ ÉÎ Á ÐÒÏÃÅÓÓ ÃÁÌÌÅÄ ȬÔÈÅ ÓÏÃÉÏÌÏÇÙ ÏÆ ÔÒÁÎÓÌÁÔÉÏÎȭ . 

There are four moments: Ȭproblematisationȭ, Ȭinteressementȭ, Ȭenrolmentȭ, and 

Ȭmobilisationȭ.  

1. The moment of ȬÐÒÏÂÌÅÍÁÔÉÓÁÔÉÏÎȭ ÉÎÖÏÌÖÅÓ influential attempts by different 

actors to frame the nature of the problem at hand according to what they know. 

Thus, it can highlight how engineers engaged with the knowledge that their life 

science counterparts used to describe life sciences problems.  

2. 4ÈÅ ÍÏÍÅÎÔ ÏÆ ȬÉÎÔÅÒÅÓÓÅÍÅÎÔȭ ÏÃÃÕÒÓ ×ÈÅÎ ÏÎÅ ÏÒ ÍÏÒÅ ÁÃÔÏÒÓ ÔÒÙ ÔÏ ÁÔÔÒÁÃÔ ÔÈÅ 

interest of others through various means such as using representational artefacts 

to articulate their knowledge. Thus, this moment highlights the material elements 

from both engineering and life sciences disciplines that are possibly influential on 

interdisciplinary learning.  

3. 4ÈÅ ÍÏÍÅÎÔ ÏÆ ȬÅÎÒÏÌÍÅÎÔȭ ÏÃÃÕÒÓ ×ÈÅÎ ÁÃÔÏÒÓ ÓÅÃÕÒÅ ÔÈÅ ÁÇÒÅÅÍÅÎÔ ÏÆ ÏÔÈÅÒÓȢ 

4ÈÏÓÅ ×ÈÏ ÁÇÒÅÅ ×ÉÌÌ ȬÁÓÓÏÃÉÁÔÅȭ ÁÍÏÎÇ ÔÈÅÍÓÅÌÖÅÓ ÔÏ ÆÏÒÍ Á Ȭheterogeneous 

actor-ÎÅÔ×ÏÒËȟȱ ÏÒ ÓÉÍÐÌÙ ÃÁÌÌÅÄ ȬÁÃÔÏÒ-ÎÅÔ×ÏÒËȭȢ 4ÈÕÓȟ !.4-analysis helps trace 

interactions and actions that lead to agreement on the appropriate actions to deal 

with  the knowledge they encounter.  

4. 4ÈÅ ÍÏÍÅÎÔ ÏÆ ȬÍÏÂÉÌÉÓÁÔÉÏÎȭ occurs when members of an actor-network 

ÍÏÂÉÌÉÓÅ ÔÈÅ ÒÅÓÏÕÒÃÅÓ ɉÁÌÓÏ ÃÏÌÌÅÃÔÉÖÅÌÙ ÃÏÎÓÉÄÅÒÅÄ ÁÓ ȬÁÃÔÏÒÓȭɊ ÏÆ ÔÈÅ ÃÕÒÒÅÎÔ 

network in order to attract, influence, and enrol more actors towards the 

successful development, implementation, and diffusion of the solutions. Thus, it 

highlights interactions that possibly influence the accomplishment of the 

outcomes. 

The redescription that results from an ANT-analysis brings causally relevant aspects to 

the foreground. However, according to principle #1, the researcher 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  

 

3ÏÃÉÁÌ ÓÃÉÅÎÔÉÓÔÓ ÏÆÔÅÎ ÕÓÅ ÔÙÐÏÌÏÇÉÅÓ ÔÏ ȰÃÈÁÒÁÃÔÅÒise variants of a given phenomenon in 

terms of conjunctions of variablesȢȱ Ȱ3ÐÅÃÉÆÉÅÄ ÃÏÎÊÕÎÃÔÉÏÎÓ ÏÒ ÃÏÎÆÉÇÕÒÁÔÉÏÎÓ ÏÆ 

ÖÁÒÉÁÂÌÅÓȱ are called ȰÔÙÐÅÓȱ (George & Bennett, 2005;p.235).  

Typologies consist of both independent and dependent variables. According to George 

and Bennett (2005), a pÁÒÔÉÃÕÌÁÒ ȬÔÙÐÅȭ ÉÓ ÃÈÁÒÁÃÔÅÒÉÓÅÄȟ ÁÎÄ ÄÉÆÆÅÒÅÎÔÉÁÔÅÄ ÆÒÏÍ ÏÔÈÅÒ 

ȬÔÙÐÅÓȭȟ ÂÁÓÅÄ ÏÎ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ ÉÔÓ ÉÎÄÅÐÅÎÄÅÎÔ ÖÁÒÉÁÂÌÅÓȠ ÔÈÅ ÄÅÐÅÎÄÅÎÔ ÖÁÒÉÁÂÌÅs 

are not considered. By treating a combination of events ɀ such as a combination of 

different epistemic practices ɀ as independent variables, the researcher then use 

ÔÙÐÏÌÏÇÉÅÓ ÔÏ ÃÈÁÒÁÃÔÅÒÉÓÅ ÔÈÅÍ ÁÓ ÄÉÆÆÅÒÅÎÔ ȬÔÙÐÅÓȭȢ  

In this research, the researcher first formulates an initial typology with an initial set of 

theoretical variables that correspond to the two focal events ɀ 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 is present in, or absent from, the events. The 

achievement of different learning outcomes is treated as different values of a dependent 

variable.  

3ÕÃÈ ÆÏÒÍÕÌÁÔÉÏÎ ÏÆ Á ÔÙÐÏÌÏÇÙ ÓÐÅÃÉÆÉÅÓ ȰÔÈÅ ÐÁÔÈ×ÁÙÓ ÔÈÒÏÕÇÈ ×ÈÉÃÈ ÐÁÒÔÉÃÕÌÁÒ ÔÙÐÅÓ 

relate to specified outcÏÍÅÓȱ (George & Bennett, 2005;p.235). A pathway diagram is 

ÕÓÅÄ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÓÐÅÃÉÆÉÃÁÔÉÏÎ ÏÆ Á ÐÁÔÈ×ÁÙȢ )Ô ÄÅÐÉÃÔÓ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒȭÓ 

interpretation of how a combination of causal events leads to a specific outcome event. 

The pathway diagram is also formulated as a configuration of independent and 

dependent variables. The different configurations of values of the independent and 

dependent variables are then tabulated in a typology table that registers all the 

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

provided in Table 4.1 overleaf.  

Table 4.1: Pathway diagrams and typology table  

 

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

the typological analysis of the first case study. The seven rows of the 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 epistemic-practice part on the left, 

and the learning-outcome part on the right. The left part registers the combination of 

Index Pathway diagrams Categories of 
epistemic 
practices and their 
presence in the 
pathways 
(C=Consultational; 
T=Translational; 
E=Evidential); 
(0=Absent; 
1=Present) 

Learning 
Outcomes 
(0=Adoption; 
1=Translation; 
2=Avoidance; 
3=Addition) 

C T E 

#1 

 

1 0 0 0 

#2 

 

1 0 1 0 

#3 

 

1 1 0 1 

#4 

 

1 1 1 1 

#5 

 

1 1 0 2 

#6 

 

1 1 1 2 

#7 

 

1 0 1 3 

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Adoption

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Addition
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different categories of epistemic practices (independent variables), and the right part 

registers the learning outcomes (dependent variable). 

The epistemic-practice part of the typology table is divided into a number of columns; 

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 treated as one 

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 assigned a 

ÌÁÂÅÌ ÏÆ ȬρȭȠ ÏÔÈÅÒ×ÉÓÅȟ ÉÔ ÉÓ ÁÓÓÉÇÎÅÄ Á ÌÁÂÅÌ ÏÆ ȬπȭȢ  

The learning-outcome part of the typology table registers the achieved learning 

ÏÕÔÃÏÍÅÓ ÁÌÓÏ ÕÓÉÎÇ ÌÁÂÅÌÓȢ &ÏÒ ÅØÁÍÐÌÅȟ ÉÎ 4ÁÂÌÅ τȢςȟ ÌÁÂÅÌÓ Ȭπȭȟ Ȭρȭȟ Ȭςȭȟ ÁÎÄ Ȭσȭ ÒÅÐÒÅÓÅÎÔ 

outcomes of Knowledge Adoption, Knowledge Translation, Knowledge Avoidance, and 

Knowledge Addition respectively. 

Based on the contents of the epistemic-practice part of the typology table, the researcher 

ÃÁÎ ÉÄÅÎÔÉÆÙ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ȬÔÙÐÅÓȭȢ )Î ÔÈÅ ÇÉÖÅÎ ÅØÁÍÐÌÅȟ ÔÈÅÒÅ ÁÒÅ four Ȭtypesȭ that differ in 

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 4= [1 1 1]. Pathway #1 is of Type 1, 

pathways #2 and #7 are both of Type 2, pathways #3 and #5 are both of Type 3, and 

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

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

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

ÉÎÉÔÉÁÌ ÓÅÔ ÏÆ ÔÈÅÏÒÅÔÉÃÁÌ ÖÁÒÉÁÂÌÅÓȢ (Ï×ÅÖÅÒȟ ÔÙÐÏÌÏÇÉÃÁÌ ÁÎÁÌÙÓÉÓ ȰÁÌÏÎÅ ÃÁÎÎÏÔ ÓÅÐÁÒÁÔÅ 

causal from spurious factors, or possible from unlikely or impossible combinations of 

variÁÂÌÅÓȱ (George & Bennett, 2005;p.239). Nevertheless, typology formulation enables 

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  

 

The cÏÍÐÁÒÁÔÉÖÅ ÍÅÔÈÏÄ ÉÓ Á ȰÎÏÎ-statiÓÔÉÃÁÌ ÃÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓȱ ÏÆ Á ÓÍÁÌÌ ÎÕÍÂÅÒ ÏÆ 

instances (George & Bennett, 2005; Lijphart, 1971, 1975). It carries out three specific 

comparative analyses between pairs ÏÆ ȬÔÙÐÅÓȭȡ ρɊ ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ Á ÐÁÉÒ of ȬÓÉÍÉÌÁÒȭ 

ÔÙÐÅÓȠ ςɊ ÂÅÔ×ÅÅÎ Á ÐÁÉÒ ÏÆ ȬÍÏÓÔ-ÓÉÍÉÌÁÒȭ ÔÙÐÅÓȠ ÁÎÄ σɊ ÂÅÔ×ÅÅÎ Á ÐÁÉÒ ÏÆ ȬÌÅÁÓÔ-simÉÌÁÒȭ 

types. Table 4.2 on the next page shows the three comparative analyses, the different 

possible results of those analyses, the different possible indications of the results, and 

the different implications for further analysis. 

As shown in Table 4.2, the three different comparative analyses correspond to three 

ÄÉÆÆÅÒÅÎÔ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÐÁÉÒÓ ÏÆ ȬÔÙÐÅÓȭȡ ρɊ ȬÓÉÍÉÌÁÒȭ ÔÙÐÅÓ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ Ƞ ςɊ ȬÍÏÓÔ-

ÓÉÍÉÌÁÒȭ ÔÙÐÅÓ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃȠ σɊ ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒȭ ÔÙÐÅÓ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃȢ ! ÐÁÉÒ ÏÆ ȬÔÙÐÅÓȭ ÉÓ 

characterised as ȬÓÉÍÉÌÁÒȭȟ ȬÍÏÓÔ-ÓÉÍÉÌÁÒȭȟ ÏÒ ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒȭ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÆÏÌÌÏ×ÉÎÇȡ 

1. Ȭ3ÉÍÉÌÁÒ ÔÙÐÅÓȭ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃȡ ! ÐÁÉÒ ÏÆ ÔÙÐÅÓ ÉÓ ÃÈÁÒÁÃÔÅÒÉÓÅÄ ÁÓ ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ 

when both types have the same values for all the independent variables. An 

example of a pair ÏÆ ȬÓÉÍÉÌÁÒȭ ÔÙÐÅÓ ÃÏnsists of types from pathways #3 and #5 in 

Table 4.1Ȣ 4ÈÅÙ ÂÏÔÈ ÈÁÖÅ Ȱρȱȟ Ȱρȟ ÁÎÄ Ȱπȱ ÖÁÌÕÅÓ ÆÏÒ ÔÈÅ ÔÈÒÅÅ ÃÁÔÅÇÏÒÉÅÓ ÏÆ 

epistemic practices respectively. 

 

2. Ȭ-ÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃȡ A pair of types is characterised as ȬÍÏÓÔ-

ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÈÅÎ ÂÏÔÈ ÔÙÐÅÓ ÈÁÖÅ ÔÈÅ ÓÁÍÅ ÖÁÌÕÅÓ ÆÏÒ ÁÌÌ ÔÈÅ ÉÎÄÅÐÅÎÄÅÎÔ 

ÖÁÒÉÁÂÌÅÓ ÅØÃÅÐÔ ÆÏÒ ÏÎÅȢ !Î ÅØÁÍÐÌÅ ÏÆ Á ÐÁÉÒ ÏÆ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÃÏÎÓÉÓÔÓ ÏÆ 

the types from pathways #1= [100] and #3= [110] in Table 4.1. As indicated by 

the underlined values, the two pathways differ only in their values for the second 

independent variable. 

 

3. Ȭ,ÅÁÓÔ-similar typeÓȭ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃȡ A pair of ÔÙÐÅÓ ÉÓ ÃÈÁÒÁÃÔÅÒÉÓÅÄ ÁÓ ȬÌÅÁÓÔ-

similar ÔÙÐÅÓȭ ×ÈÅÎ ÂÏÔÈ ÔÙÐÅÓ ÈÁÖÅ ÔÈÅ ÓÁÍÅ ÖÁÌÕÅ ÆÏÒ ÏÎÌÙ ÏÎÅ ÉÎÄÅÐÅÎÄÅÎÔ 
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variable. An ÅØÁÍÐÌÅ ÏÆ Á ÐÁÉÒ ÏÆ ȬÌÅÁÓÔ-similar typesȭ consists of the types 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 are detailed out in subsections 4.3.4.1, 

4.3.4.2, and 4.3.4.3 respectively. All the logical arguments are sourced from George and 

Bennett (2005).
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Table 4.2: Three comparative analysis, possible results, indications, and implications for further analysis  

Analyses of: Possible results   Possible indications  Implications for subsequent analyses 

Similar types ï both have 
the same values for all the 
independent variables 

Similar in 
outcomes 

The independent variables they have in common are 
possibly causal to that similar outcome; a possible 
causal relationship is thus inferred 

The plausibility of the causal inference needs to be evaluated by 
another method of analysis that can help assess its plausibility 

Differ in 
outcomes 

There is at least one other variable that has caused 
the outcomes to differ; the relevant pathways have 
probably left out at least one causal variable  

The relevant pathways need to be examined in more detail by 
another method of analysis that can help identify the left-out 
variable(s) 

Most-similar types ï both 
have the same values for 
all the independent 
variables except for one  

Similar in 
outcomes 

Either there is a presence of óequifinalityô, or, the 
variable for which they differ could NOT possibly be 
the cause for the similar outcome, or, the relevant 
pathways have probably left out other causal 
variables/factors that work in conjunction with the 
independent variable in which they differ 

 

The relevant pathways need to be examined in more detail so that 
the presence of óequifinalityô can be ascertained, or, the causal 
status of the variable for which they differ can be ascertained (i.e. 
the indication of its irrelevance is not merely a ófalse negativeô in 
that it is causal when it works in conjunction with other variables 
that have been left-out by the relevant pathways) 

Differ in 
outcomes 

The one variable for which they differ could possibly 
be the cause of the different in outcome; a possible 
causal relationship is thus inferred 

The plausibility of the causal inference needs to be evaluated by 
another method of analysis that can help assess its plausibility 

Least-similar types - both 
have the same values for 
only one independent 
variable 

Similar in 
outcomes 

The presence of equifinality, and the one variable 
that they have in common could possibly be the 
cause for the similar outcome; a possible causal 
relationship is thus inferred 

The plausibility of the causal inference needs to be evaluated by 
another method of analysis that can help assess its plausibility 

Differ in 
outcomes 

Either the one variable that they have in common 
could NOT possibly be the cause for the difference in 
outcome, or the other variables for which they differ 
are possibly the causes for the difference in outcome.  

The relevant pathways need to be examined in more detail so that 
the causal status of the variables can be ascertained (i.e. the 
indications are not merely ófalse negativeô, and ófalse positiveô).  
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4.3.4.1 Comparative  Analysis of similar  types 

 

7ÈÅÎ ÔÈÅ ÃÏÍÐÁÒÁÔÉÖÅ ÍÅÔÈÏÄ ÉÓ ÁÐÐÌÉÅÄ ÔÏ Á ÐÁÉÒ ÏÆ ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÉÎ ÁÎ ÉÎÉÔÉÁÌ ÔÙÐÏÌÏÇÙȟ 

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 have a 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 an indication 

of a possible causal relationship. This allows the researcher to develop a logical 

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 in reality. 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 learning 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 wholly 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 could also be achieved 

through other variables/factor s). Therefore, the plausibility of the causal inference 

ÇÅÎÅÒÁÔÅÄ ÔÈÒÏÕÇÈ ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ÓÉÍÉÌÁÒ ȬÔÙÐÅÓȭ ÎÅÅÄs to be evaluated using a 

different method of analysis, which is described in section 4.3.5 ɀ 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 in two different  outcomes is considered as a deviation, 

rather than as a replication. The presence of such a deviation requires explanation for 

the achievements of different outcomes despite engagement in 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 the pathways #3 and #5 in Table 4.1 have a similar combination of 

epistemic practices, but they have two different outcomes of Knowledge Translation and 

Knowledge Avoidance respectively. This indicates that there is at least one other 

factor/variable  that has caused the difference in the outcomes. Therefore, pathways #3 

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

4.3.4.2 #ÏÍÐÁÒÁÔÉÖÅ !ÎÁÌÙÓÉÓ ÏÆ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ 

 

7ÈÅÎ ÔÈÅ ÃÏÍÐÁÒÁÔÉÖÅ ÍÅÔÈÏÄ ÉÓ ÁÐÐÌÉÅÄ ÔÏ Á ÐÁÉÒ ÏÆ Ȭmost-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÉÎ ÁÎ ÉÎÉÔÉÁÌ 

typology, it compares two separate events that have similar values for all of their 

independent variables except for one variable. For the initial typology in this research, it 

compares two separate events that have a similar combination of epistemic practices 

except one. An example from Table 4.1 shows that pathways #1= [100] and #2= [101] 

ÁÒÅ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÉÎ ÔÈÁÔ they differ only in the presence/absence of the last 

variable, the Evidential Epistemic Practice (EEP). Two different results are possible: 

either the events have a similar outcome, or they have two different outcomes. 
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4.3.4.2.1 Ȭ-ÏÓÔ-ÓÉÍÉÌÁÒȭ ÔÙÐÅÓ ×ÉÔÈ ÓÉÍÉÌÁÒ ÏÕÔÃÏÍÅÓ 

 

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 

ÐÏÓÓÉÂÉÌÉÔÙ ÏÆ ȬÅÑÕÉÆÉÎÁÌÉÔÙȭȟ ×ÈÅÒÅÂÙ ÁÎ ÅÑÕÁÌ ÏÕÔÃÏÍÅ ÈÁÓ ÂÅÅÎ ÁÃÈÉÅÖÅÄ ÔÈÒÏÕÇÈ 

different pathways. This also indicates another possibility that the epistemic practice by 

which they differ may not be the cause of the similar outcome. Theoretically, this second 

possibility casts doubt on the causal role of that epistemic practice to the achievement of 

the corresponding learning outcome. An example from Table 4.2 shows that pathways 

#1=[100] and #2=[101] are Ȭmost-similar typesȭ in that they differ only in the 

presence/absence of the third variable, the Evidential Epistemic Practice (EEP), yet they 

ÈÁÖÅ Á ÓÉÍÉÌÁÒ Ȭ+ÎÏ×ÌÅÄÇÅ !ÄÏÐÔÉÏÎȭ ÏÕÔÃÏÍÅȢ 4ÈÉÓ ÉÎÄÉÃÁÔÅÓ ÔÈÅ ÐÏÓÓÉÂÌÅ ÐÒesence of 

ȬÅÑÕÉÆÉÎÁÌÉÔÙȭȟ ×ÈÅÒÅÂÙ ËÎÏ×ÌÅÄÇÅ ÁÄÏÐÔÉÏÎ ÍÉÇÈÔ ÈÁÖÅ ÂÅÅÎ achieved through separate 

engagements in two different sets of epistemic practices. However, such a result 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 

solely on the basis of such a ÃÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÄÕÅ ÔÏ ÔÈÅ ÐÏÓÓÉÂÉÌÉÔÙ ÏÆ ȬÆÁÌÓÅ ÎÅÇÁÔÉÖÅȭ 

(George & Bennett, 2005;p.156), whereby a variable that appears to be non-causal 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 may require engagement in EEP in order 

to adopt knowledge. Premature elimination will erroneously remove the EEP from 

Pathway #2, but will also leave out the situational factors that have caused the necessity 

for EEP. This will produce an inaccurate description and explanation of the 

phenomenon. Therefore, whenever this kind of result arises in a comparison between 

ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒ ÅØÁÍÉÎÅÓ ÔÈÅ ÒÅÌÅÖÁÎÔ ÐÁÔÈ×ÁÙÓ ÉÎ ÍÏÒÅ ÄÅÔÁÉÌ ÕÓÉÎÇ 

another method of the analysis (see section 4.3.6 ɀ The Causal Process Tracing method).   
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4.3.4.2.2 ȬMost-similar types ȭ with different  outcomes 

 

The situation where two separate events with two different sets of epistemic practices 

that differ in only one epistemic practice and have 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 #1= [100] and 

#3= [11πɎ ÁÒÅ ȬÍÏÓÔ-similar ÔÙÐÅÓȭ in that they differ only in the presence/absence of 

one variable ɀ Ȭ4ÒÁÎÓÌÁÔÉÏÎÁÌ %ÐÉÓÔÅmic 0ÒÁÃÔÉÃÅȭ ɉTEP). Comparative analysis will reveal 

that they ÄÉÆÆÅÒ ÉÎ ÔÈÅÉÒ ÏÕÔÃÏÍÅÓ ÏÆ Ȭ+ÎÏ×ÌÅÄÇÅ !ÄÏÐÔÉÏÎȭ ÁÎÄ Ȭ+ÎÏ×ÌÅÄÇÅ 4ÒÁÎÓÌÁÔÉÏÎȭ 

respectively. This suggests ÔÈÁÔ 4%0 ÃÏÕÌÄ ÐÏÓÓÉÂÌÙ ÂÅ ÔÈÅ ÃÁÕÓÅ ÏÆ Ȭ+ÎÏ×ÌÅÄÇÅ 

4ÒÁÎÓÌÁÔÉÏÎȭȢ  

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 described in section 4.3.5 ɀ The 

Congruence Method. 

4.3.4.3 CompaÒÁÔÉÖÅ !ÎÁÌÙÓÉÓ ÏÆ ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒȭ ÔÙÐÅÓ 

 

7ÈÅÎ ÔÈÅ ÃÏÍÐÁÒÁÔÉÖÅ ÍÅÔÈÏÄ ÉÓ ÁÐÐÌÉÅÄ ÔÏ Á ÐÁÉÒ ÏÆ Ȭleast-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ÉÎ ÁÎ ÉÎÉÔÉÁÌ 

typology, it  compares two separate events that have similar values for only one of their 

independent variables. For the initial typology in this research, it compares two separate 

events that have only one epistemic practice in common. An example from Table 4.2 

shows that Pathway #1= [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. 

4.3.4.3.1 Ȭ,ÅÁÓÔ-similar types ȭ with similar outcomes  

 

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

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

ÉÎÄÉÃÁÔÅÓ ÔÈÅ ÐÏÓÓÉÂÉÌÉÔÙ ÏÆ ȬÅÑÕÉÆÉÎÁÌÉÔÙȭȢ This also indicates the possibility that the one 



 
 

 87 
 

common epistemic practice could be the determining cause for the achievement of the 

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 

ÎÏÔ ÐÌÁÙ ÁÎÙ ÃÁÕÓÁÌ ÒÏÌÅ ÉÓ ÎÏÔ ÅÎÔÅÒÔÁÉÎÅÄ ÄÕÅ ÔÏ ÔÈÅ ÒÉÓË ÏÆ ȬÆÁÌÓÅ ÎÅÇÁÔÉÖÅȭȠ ÔÈÅÙ ÍÁÙ ÂÅ 

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

4.3.4.3.2 ȬLeast-similar types ȭ with different  outcomes 

 

The situation where two different  outcomes have resulted from two separate events that 

have only one common epistemic practice while 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 could also indicate the possibility that the other 

practices for which they differ have jointly caused the difference in outcome. An example 

from Table 4.2 shows that Pathway #1= [100] and Pathway #6= [111] have similar 

values for the first variable only (Consultational Epistemic Practice-CEP), 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 think that 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 of a 

ȬÆÁÌÓÅ ÎÅÇÁÔÉÖÅȭȟ ÏÒ ÔÏ ÉÎÆÅÒ ÔÈÁÔ ÔÈÅ ÏÔÈÅÒ ÐÒÁÃÔÉÃÅÓ ÁÒÅ ÊÏÉÎÔÌÙ ÃÁÕÓÁÌ ÁÓ there is a risk of a 

ȬÆÁÌÓÅ ÐÏÓÉÔÉÖÅȭ ÉÎ ÔÈÅ ÒÅÓÕÌÔȢ !Ó ×ÉÔÈ ÔÈÅ ÏÔÈÅÒ ÒÅÓÕÌÔÓ ÔÈÁÔ ÉÎÄÉÃÁÔÅ ÍÕÌÔÉÐÌÅ ÐÏÓÓÉÂÉÌÉÔÉÅÓȟ 

the relevant pathways are examined in more detail in the subsequent method of 

analysis. 

The application of the comparative method at this stage of the data analysis can help 

generate a set of causal inferences and indicates the presence of some left-out 

variables/factors in specific pathways. 

However, it does not 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 two other methods. The first one is the 
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congruence method of analysis, which evaluates 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 case (Blatter & 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 case 

evidences. The theory whose predictions/implications most closely agree with the ÃÁÓÅȭÓ 

evidence is determined to be the best explanation (Blatter & Haverland, 2012). For this 

research, however, the use of the congruence method follows 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 of how a specified outcome could have been achieved. The 

evaluation introduces several explanations that rival the causal inference being 

ÅÖÁÌÕÁÔÅÄȢ 4ÈÅ ÒÉÖÁÌ ÅØÐÌÁÎÁÔÉÏÎÓ ÃÁÎ ÂÅ ÇÅÎÅÒÁÌÉÓÅÄ ÉÎÔÏ ÔÈÒÅÅ ÄÉÆÆÅÒÅÎÔ ȬÇÅÎÅÒÁÌȭ5 

alternative explanations. Figure 4.2(a) on the next page ÄÅÐÉÃÔÓ Á ȬÇÅÎÅÒÁÌȭ ÃÁÕÓÁÌ 

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 

&ÉÇÕÒÅ τȢς ɉÂɊȟ ɉÃɊȟ ÁÎÄ ɉÄɊ ÒÅÓÐÅÃÔÉÖÅÌÙ ÄÅÐÉÃÔ ÔÈÅ ÔÈÒÅÅ ȬÇÅÎÅÒÁÌȭ ÁÌÔÅÒÎÁÔÉÖÅ 

explanations. 

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

ÃÏÍÐÅÔÉÎÇ ȬÇÅÎÅÒÁÌ ÔÈÅÏÒÉÅÓȭ ÏÆ ÈÏ× ÔÈÅ ÖÁÌÕÅ ÏÆ ÔÈÅ ÄÅÐÅÎÄÅÎÔ ÖÁÒÉÁÂÌÅ ÃÏÕÌÄ ÈÁÖÅ ÂÅÅÎ 

achieved. The congruence method examines the four competing explanations against 

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

                                                        
5 4ÈÅÙ ÁÒÅ ȬÇÅÎÅÒÁÌȭ ÉÎ ÔÈÅ ÓÅÎÓÅ ÔÈÁÔ ÎÏ ÓÐÅÃÉÆÉÃ ÆÁÃÔÏÒȾÖÁÒÉÁÂÌÅ ÉÓ ÐÒÏÐÏÓÅÄȢ 4ÈÅÙ ÂÅÃÏÍÅ ȬÓÐÅÃÉÆÉÃȭ ÉÆ Á 
ÖÁÒÉÁÂÌÅȾÆÁÃÔÏÒ ÉÓ ÓÐÅÃÉÆÉÅÄȢ 4ÈÕÓȟ Á ÃÏÍÐÅÔÉÎÇ ȬÇÅÎÅÒÁÌ ÔÈÅÏÒÙȭ ÃÁÎ ÅÍÂÏÄÙ ÍÁÎÙ ȬÓÐÅÃÉÆÉÃ ÔÈÅÏÒÉÅÓȭ ÔÈÁÔ 
embody different specified variables. In evaluating a causal inference, it basically competes against one or 
ÍÏÒÅ ȬÓÐÅÃÉÆÉÃ ÔÈÅÏÒÉÅÓȭȢ  
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Figure 4.2: Causal inference and rival inferences 

 

Generally, the other three rival explanations contend that the 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 three alternative explanations 

respectively contend that: 
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1. 4ÈÅ ÉÎÄÅÐÅÎÄÅÎÔ ÖÁÒÉÁÂÌÅ ÄÏÅÓ ÎÏÔ ÃÁÕÓÅ ÔÈÅ ÏÕÔÃÏÍÅȢ 2ÁÔÈÅÒȟ ÁÎÏÔÈÅÒ ȬÔÈÉÒÄ 

ÖÁÒÉÁÂÌÅȭ ÃÁÕÓÅÓ ÔÈÅ ÏÕÔÃÏÍÅȢ )Î ÏÔÈÅÒ ×ÏÒÄÓȟ ÔÈÅ ÆÉÒÓt competing explanation 

suspects that the causal inference is spurious, as depicted in Figure 4.2(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 causal priority 

compared to the prior variable/factor, as depicted in Figure 4.2(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 4.2 (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 overleaf. The first 

evaluation, C1 evaluates the spuriousness of the causal inference, followed by the second 

evaluation, C2, which evaluates its causal priority, and the method is finally completed 

by the third evaluation, C3, which evaluates its causal depth. The flow of the congruence 

analysis is path-dependent in that its progress depends on the results of each evaluation. 

This path-dependent flow can be represented in the form of a Congruence Method Tree 

in Figure 4.3 overleaf.  

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 analysis can result in any one of the following: 

1. Possible result #1: the causal inference is more congruent than its competing 

explanation(s) 

2. 0ÏÓÓÉÂÌÅ ÒÅÓÕÌÔ Πςȡ ÏÎÅ ȬÓÐÅÃÉÆÉÃȭ ÃÏÍÐÅÔÉÎÇ ÅØÐÌÁÎÁÔÉÏÎ ÉÓ ÆÏÕÎÄ ÔÏ ÂÅ ÍÏÒÅ 

congruent than the causal inference and other available 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 Tree (derived from George and Bennett, 2005) 
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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, if it produces the 

third result (i.e. inconclusive), then the causal inference and its contending 

explanation(s) proceed directly to a subsequent method of analysis (see the next section 

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

The following sections 4.3.5.1, 4.3.5.2, and 4.3.5.3 provide general descriptions of how 

the researcher performs the evaluation of spuriousness (C1), causal priority (C2), and 

causal depth (C3). 

4.3.5.1  Congruence analysis #1: Evaluating spuriousness  

 

To evaluate the spuriousness of a causal inference, 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 that a 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 chapter 2 can provide a selection of 

competing views of how professionals adopt knowledge. However, this research does 

not intend to seek all possible competing explanations exhaustively, nor does it seek to 

test the sufficiency of a particular epistemic practice 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 outcome instead of the proposed epistemic 

practice. 

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

or explain how the engineers in the particular case adopted knowledge from different 

disciplines. For example, the socio-cultural perspective on learning would imply the 

ÅÎÇÉÎÅÅÒÓȭ ÅÎÇÁÇÅÍÅÎÔ ÉÎ ȬÌÅÇÉÔÉÍÁÔÅ ÐÅÒÉÐÈÅÒÁÌ ÐÁÒÔÉÃÉÐÁÔÉÏÎȭȟ ×ÈÅÒÅ Á ÎÅ×ÃÏÍÅÒ 

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

Situated Learning Theory (Lave & Wenger, 1991). 

Having specified the implications of each theory, the researcher then seeks for 

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

ÔÈÁÔ ÃÏÎÓÔÉÔÕÔÅ ÅÎÇÁÇÅÍÅÎÔ ÉÎ ȬÌÅÇÉÔÉÍÁÔÅ ÐÅÒÉÐÈÅÒÁÌ ÐÁÒÔÉÃÉÐÁÔÉÏÎȭȢ )Æ the case evidence 

points to the actual occurrence of such engagement, then the corresponding explanation 

is supported. If case evidences suggest otherwise, then it is rejected. 

The researcher makes attempts to search for supporting evidence for 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 antecedent, of the variable. For example, if the 

causal inference under evaluation proposes that Translation Epistemic Practice has 

caused the achievement of knowledge translation, the researcher then explores the 

literature for theoretical perspectives that identify possible antecedents to translational 

epistemic practice. For example, the framework for managing knowledge across 

boundaries by Carlile (2004) suggests that a knowledge barrier is the antecedent of such 

practice. The researcher then tries to find supporting evidences for the presence of a 

knowledge barrier.  

The researcher searches for supporting evidence for all possible antecedents, and 

decides on either one of the three possible results 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 results 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 results are inconclusive, then the causal inference needs to 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 of a knowledge barrier necessitates engagement in translational epistemic 

practice in order to achieve a knowledge translation outcome, the researcher can point 

ÔÏ Á ÖÉÅ× ÔÈÁÔ ÐÒÏÍÏÔÅÓ ÔÈÅ ÁÓÓÉÇÎÍÅÎÔ ÏÆ Á ȬËÎÏ×ÌÅÄÇÅ ÔÒÁÎÓÌÁÔÏÒȭ ÒÏÌÅ as a substitute.  

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

If the case evidence supports it, then the necessity of the intervening variable is 

questionable. The researcher makes attempts to search for supporting evidence for all 

possible substitutions, and decides on one of the three possible results of the 

congruence test: having causal depth, lacks causal depth, or inconclusive. Intervening 

ÖÁÒÉÁÂÌÅÓ ÔÈÁÔ ÈÁÖÅ ÃÁÕÓÁÌ ÄÅÐÔÈ ÇÁÉÎ ÔÈÅ ȬÎÅÃÅÓÓÁÒÙȭ ÓÔÁÔÕÓȢ 4ÈÏÓÅ ÔÈÁÔ ÌÁÃË ÃÁÕÓÁÌ ÄÅÐÔÈ 

are considered unnecessary. An inconclusive result necessitates the employment of 

another method.  

When congruence analysis results in findings that 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, 2005). 

The assessment involves checking whether there are other outcomes also 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 weakened. 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. Another determining factor must be 

identified to explain how knowledge translation is achieved instead of knowledge 

avoidance. 

The application of this method at this stage of the data analysis can help evaluate causal 

inferences against competing explanations 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 process that consists of 

sequences of cause-and-effect relationships linking a cause 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 might be involved in the 

causal relationships but overlooked by the preceding analytical methods. 

4.3.6.1 Identifying 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 research does not intend to identify all possible 

factors/variables exhaustively; rather, it focuses on those that could also inform 

students on how to 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 promotes a situational 

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 thaÔ ÈÁÖÅ ÓÉÇÎÉÆÉÃÁÎÔ ÅÆÆÅÃÔÓ ÏÎ ÔÈÅÉÒ ÓÔÕÄÅÎÔÓȭ ÌÅÁÒÎÉÎÇ ÐÒÁÃÔÉÃÅÓ ÁÎÄ ÏÎ 

learning outcomes. 

After inferring the possible existence of additional variables/factors, the researcher 

generates the relevant causal inferences and their corresponding rival  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 causal 

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 relationship between a cause and its effect 

Van Evera (1997;pp.31-2) decomposes CPT into the following set of four different tests; 

each contributes in a distinct way to confirming and eliminating potential explanations 

(Bennett, 2010). 
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1. Ȭ3ÔÒÁ×-in-the-×ÉÎÄȭ ÔÅÓÔ 

2. Ȭ(ÏÏÐȭ ÔÅÓÔ 

3. Ȭ3ÍÏËÉÎÇ 'ÕÎȭ ÔÅÓÔ 

4. Ȭ$ÏÕÂÌÙ $ÅÃÉÓÉÖÅȭ ÔÅÓÔ 

Passing or failing a particular test has different implications for the inference being 

tested and for ÉÔÓ ÒÉÖÁÌ ÉÎÆÅÒÅÎÃÅÓȢ 4ÈÉÓ ÒÅÓÅÁÒÃÈ ÍÁÉÎÌÙ ÕÓÅÓ ÔÈÅ Ȭ3ÍÏËÉÎÇ 'ÕÎȭ ÔÅÓÔȢ )Î Á 

ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔȟ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒ attempts to locate and examine an additional piece of 

evidence in order to decide whether an inference can be confirmed. Such evidence is 

sufficient to confirm the plausibility of an inference. It is not a necessary evidence, 

however, because other pieces of evidence may also be sufficient for confirmation. 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 a smoking gun right 

after a gunfight is confirmed as guilty (Bennett, 2010). However, a criminal suspect who 

is caught without a smoking gun remains a suspect because other evidences can be 

sufficiently used to convict him. The implications for rival hypotheses are that if the 

ÍÁÉÎ ÈÙÐÏÔÈÅÓÉÓ ÐÁÓÓÅÄ ÔÈÅ ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔȟ ÔÈÅn the rival hypotheses are weakened; 

otherwise they are somewhat strengthened (Collier, 2011). 

4.3.6.2.1 DÅÓÃÒÉÐÔÉÖÅ ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔ 

 

! ÄÅÓÃÒÉÐÔÉÖÅ ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔ ÒÅÑÕÉÒÅÓ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒ ÔÏ ÓÅÅË ÆÏÒ Á ÓÕÆÆÉÃÉÅÎÔ ÐÉÅÃÅ ÏÆ 

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 of evidence can substitute it. According to Mahoney (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 the factor/variable. If there is evidence that 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 of a piece of evidence does not eliminate the 
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plausibility of the existence of the variable. The logic is that, the researcher 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 evidence of preconditions is lacking, the researcher can also seek empirical 

traces left behind by the variable/factor, or so called auxiliary traces (Mahoney, 2012). 

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 researcher to eliminate the inference. It may still exist, but not 

sufficient to produce empirical traces.  

0ÁÓÓÉÎÇ Á ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔ ÃÏÎÆÉÒÍÓ ÔÈÅ ÅØÉÓÔÅÎÃÅȢ &ÁÉÌÉÎÇ ÉÔȟ ÈÏ×ÅÖÅÒȟ ÄÏÅÓ ÎÏÔ ÍÅÁÎ 

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

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

4.3.6.2.2 Explanatory  ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔ  

 

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 situations. 

4ÈÅÒÅÆÏÒÅȟ ÏÎÌÙ ÅØÐÌÁÎÁÔÏÒÙ ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔs that involve necessary variables/factors 

are used. 

First, the researcher starts by identifying evidence of the presence of one or more 

intervening mechanisms that have been known, or established as necessary, for 

producing the outcome/effect stated in the inference. Then, he should ask if the inferred 

variable/factor is a necessary cause for the mechanism.  
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&ÏÒ ÔÈÅ ÉÎÆÅÒÅÎÃÅ ÔÏ ÐÁÓÓ ÔÈÅ ÅØÐÌÁÎÁÔÏÒÙ ȬÓÍÏËÉÎÇ ÇÕÎȭ ÔÅÓÔȟ ÔÈÅ ÖÁÒÉÁÂÌÅȾÆÁÃÔÏÒ ÍÕÓÔ ÂÅ 

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 test since it is not plausible for the variable/factor to be a necessary cause for 

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

ÎÅÃÅÓÓÁÒÙ ÆÏÒ ÔÈÅ ÏÕÔÃÏÍÅȢ (Ï×ÅÖÅÒȟ ÔÈÅ ȬÓÍÏËÉÎÇ ÇÕÎȭ ÅÖÉÄÅÎÃÅ ÉÓ ÓÕÆÆÉÃÉÅÎÔ ÔÈÏÕÇÈ ÎÏÔ 

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 and 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 findings across 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 method (Eisenhardt & Graebner, 2007). 

This section describes how findings from one case are compared with those from other 

studied cases in order to refine and evolve the tentative theoretical framework. 

4.3.7.1 Refining and evolving a theory with cross -case analysis 

 

The organisation of the cross-case comparison for refining and evolving the tentative 

theoretical framework follows the building block approach offered by George and 

Bennett (2005). This approach is depicted in Figure 4.4 below. 
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Figure 4.4: Building-block approach to theory development 

  

Figure 4.4 shows that the cross-case comparison uses a tentative theoretical framework 

as a basis for comparison 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 important 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 as being used for refining and evolving the tentative theoretical model, the 

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

generalised across other cases. To do this testing, the researcher formulates testable 

propositions based on the tentative theoretical framework of the first case and uses the 

subsequent cases to test and update the propositions. He then tries to falsify the 
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prediction of the proposition using the subsequent cases. In this research, the researcher 

selects a least-likely case, in which the proposition is least likely to hold. If the 

proposition holds in the least-likely case, it can be argued that it also holds in all the 

other cases that are more likely than the least likely case (Flyvbjerg, 2006; Levy, 2008). 

If it does not, and a different epistemic practice is undertaken, then the perceptual factor 

that causes the divergence to the different practice can be inferred and tested for 

plausibility. Propositions are also tested with most-likely cases for 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 rigour of a research study is signified by its validity aspects, 

often indicated by a set of criteria, called validity criteria (Cook & Campbell, 1976; 

Maxwell, 2016b; Shadish et al., 2002; Venkatesh et al., 2013). The following subsections 

discuss four validity criteria and the contribution of analytical methods in attaining 

research quality and rigour in a qualitative critical realist research. 

4.4.1 Credibility  

 

4ÈÅ ȬÃÒÅÄÉÂÉÌÉÔÙȭ ÃÒÉÔÅÒÉÏÎ ÃÏÎÖÅÎÔÉÏÎÁÌÌÙ is concerned with ensuring that the research 

findings represent plausible interpretations drawn from the points of view of the 

informants (Graneheim & Lundman, 2004; Lincoln & Guba, 1985). Critical realist case 

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

ÉÎÔÅÒÐÒÅÔÉÎÇ ÉÎÆÏÒÍÁÎÔÓȭ ÐÏÉÎÔÓ ÏÆ ÖÉÅ×. It entertains the possibility that informants have 

limited awareness of all the relevant causes of events and outcomes in a phenomenon. In 

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 studies also need to ensure credibility in 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 categories (Bygstad et al., 2015; Edgley et al., 2016; Maxwell, 2016b; 

Wynn & Williams, 2012; Zachariadis et al., 2013).  

In this research, coding techniques ensure that the conceptual categories developed gain 

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 interpretation of 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 explanation. 

4.4.2 Transferability  

 

4ÈÅ ȬÔÒÁÎÓÆÅÒÁÂÉÌÉÔÙȭ ÃÒÉÔÅÒÉÏÎ ÃÏÎÖÅÎÔÉÏÎÁÌÌÙ is concerned with ensuring that the results 

of a qualitative research can be generalised or transferred to other contexts or settings 

(Lincoln & Guba, 1985, 2000)Ȣ 4ÈÉÓ ÉÓ ÕÓÕÁÌÌÙ ÁÃÈÉÅÖÅÄ ÂÙ ÒÅÐÏÒÔÉÎÇ ÓÉÔÕÁÔÉÏÎÓ ÁÓ ȬÔÈÉÃËȭ 

as possible so that potential knowledge users would be able to judge the extent to which 

situations in other contexts are similar to those in the contexts of the studied cases 

(Shenton, 2004). However, critical realist case studies focus more on those situations 

that play a significant causal role to the occurrence of focal events. This is to ensure that 

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

ÏÔÈÅÒ ÃÏÎÔÅØÔÓȢ (ÅÎÃÅȟ ÔÈÅ ÁÄÁÐÔÁÔÉÏÎ ÏÆ ÔÈÅ ȬÔÒÁÎÓÆÅÒÁÂÉÌÉÔÙȭ ÃÒÉÔÅÒÉÏÎ ÅÎÔÁÉÌÓ ÅÎÓÕÒÉÎÇ 

quality and rigour in the identification of situations that are causally relevant 

(Zachariadis et al., 2013). In this research, possible causal situations are 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  

 

4ÈÅ ȬÄÅÐÅÎÄÁÂÉÌÉÔÙȭ ÃÒÉÔÅÒÉÏÎ ÃÏÎÖÅÎÔÉÏÎÁÌÌÙ is concerned wi th enabling the research to 

be repeated and the results to be reproduced though not necessarily to gain the same 

results (Shenton, 2004). As well as ensuring repetition and reproducibility, critical 
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realist studies are also concerned 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 to the 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 details 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 the subjective 

understanding of the phenomenon being studied (Zachariadis et al., 2013). 

4.4.4 Confirmability  

 

4ÈÅ ȬÃÏÎÆÉÒÍÁÂÉÌÉÔÙȭ criterion conventionally is concerned with the extent to which the 

results could be confirmed or corroborated by others (Venkatesh et al., 2013). However, 

critical realist studies are also concerned ×ÉÔÈ ÔÈÅ ȬÃÏÎÆÉÒÍÁÂÉÌÉÔÙȭ ÏÆ ÔÈÅ ÒÅÓÕÌÔÓ ÔÈÁÔ 

conceptualise the aspects of a phenomenon that cannot be observed or were not 

mentioned by informants. This entails also evaluating the plausibility of the inferences 

of their existence, and providing empirical evidence that allows others to confirm the 

results of the evaluation (Zachariadis et al., 2013). In this research, the detailed 

procedures for testing causal inferences, including possible results and their indications 

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

the decisions are made based on evidence and following the given procedures. 

4.5 Scope of applying  the analytical methods  

 

It  is important to mention  that this research has applied the analytical methods to study 

interdisciplinary projects that have been completed in the past, not those that were still 

ongoing during the study. Studying historical cases does not afford the researcher with 

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

epistemic practices and achievements of learning outcomes). The researcher could not 
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interview the informants while  the events were occurring either. Consequently, this 

limits the scope of, and rigour in, applying the analytical methods to non-observational 

and non-experiential data only. 

Nevertheless, by adhering to the principles of critical realist data analysis, the research 

could apply the analytical methods to analyse the retrospective accounts of the 

informants and the relevant archived materials. From a critical realist view, these 

retrospective accounts and archived materials are considered as part of the ȬÅÍÐÉÒÉÃÁÌ 

ÔÒÁÃÅÓȭ that were left behind by those events (Johnston & Smith, 2010).  

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

actual events, this research adheres to the first principle of critical  realist data analysis 

(Section 4.2.1: Explication of events), which prescribes the act of ȬÁÂÓÔÒÁÃÔÉÏÎȭ of the 

ȬÅÍÐÉÒÉÃÁÌ ÔÒÁÃÅÓȭ. Without any engagement with the actual events, the data analysis 

does not adhere to the interpretivist  approach, whereby the different interpretations 

and meanings that other research participants may have about the events are sought, 

analysed and consolidated for agreement.  

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

this research were produced solely by the researcher. The process of ȬÁÂÓÔÒÁÃÔÉÏÎȭ does 

not include any additional feedback step for confirming any interpretation  with the 

interviewees, or for considering any interpretive differences among a group of 

independent researchers. 

Similarly, the explanations for the interdiscipli nary learning practices and outcomes 

were also produced solely by the researcher without including any additional feedback 

step for confirming the explanation with the interviewees, or for resolving any 

explanatory differences among a group of independents researchers.  

The application of the methods for developing the explanations adhered to the second 

and the third principles described in Section 4.2.2: Explication of structure and context, 

and Section 4.2.3: Retroduction of mechanisms, respectively. The explication of 

structure and context uses the ANT-theoretical framework, whereby the descriptions of 

ÔÈÅ ÅÖÅÎÔÓ ×ÅÒÅ ÆÒÁÍÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ȬÓÏÃÉÏÌÏÇÙ ÏÆ ÔÒÁÎÓÌÁÔÉÏÎȭ ÐÒÏÃÅÓÓ. Again, this 
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theoretical framing is the ANT-based re-interpretation of event-descriptions by the 

researcher alone without including any feedback from the other research participants.  

The retroduction of the causal mechanisms uses a retroductive approach, rather than an 

interpretive one. Causal inferences were introduced and adjudicated through the 

application of the three methods: Comparative method, Congruence method, and 

Process-tracing method, without involving other research participants. Many of the 

alternative inferences were sourced from the different theoretical perspectives of 

learning rather than from the perspectives of the research participants, who might hold 

other competing, but non-learning 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 studies data using a number of analytical methods that adhere to the principles of 

data analysis.  

Seven analytical methods have been assembled: 

¶ Coding analysis locates and labels useful data segments to form codes and 

conceptual categories that help the researcher produces his initial subjective 

conceptualisation of a case. 

¶ Actor-Network Theory (ANT) analytical framework. This analysis foregrounds 

key elements in a case and the interactions among them that help the researcher 

redescribes the case while highlighting critical moments and interactions that 

influence the engagement in different epistemic practices and the achievement of 

different learning outcomes. 

¶ the analysis of the redescription of the engagement in different epistemic 

practices and the achievement of different learniÎÇ ÏÕÔÃÏÍÅÓ ÕÓÉÎÇ ȬÔÙÐÏÌÏÇÙȭ ÁÓ 
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an analytical device. This analysis characterises them as different patterns of 

sequences, or pathways that help the researcher delineate the different 

combination of epistemic practices into distinÃÔ ȬÔÙÐÅÓȭȟ ÅÁÃÈ ÓÐÅÃÉÆÉÅÓ ÈÏ× ÏÎÅ ÏÒ 

more epistemic practices lead to a specific learning outcome.  

¶ ÔÈÅ ÁÎÁÌÙÓÉÓ ÏÆ ÔÈÅ ÄÉÓÔÉÎÃÔ ȬÔÙÐÅÓȭ ÕÓÉÎÇ ÔÈÅ ÃÏÍÐÁÒÁÔÉÖÅ ÍÅÔÈÏÄ ÏÆ ÁÎÁÌÙÓÉÓȢ 4ÈÉÓ 

ÁÎÁÌÙÓÉÓ ÃÏÍÐÁÒÅÓ ÔÈÅ ȬÔÙÐÅÓȭȟ ÔÈÅ ÒÅÓÕÌÔÓ ÏÆ ×ÈÉÃÈ ÈÅÌÐ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒ generates 

logical inferences of the possible causal relationships between epistemic 

practices and learning outcomes. 

¶ the analysis of the inferences of the causal relationships using the congruence 

method of analysis. This analysis evaluates the different causal inferences and 

their rival inferences, the results of which help the researcher establishes causal 

relationships that are congruent with case evidences. 

¶ the analysis of the competing causal inferences using the causal process tracing 

method of analysis. This analysis adjudicates and resolves 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.  

¶ the analysis of the tentative theoretical framework from the first case using 

cross-case comparisons. This analysis refines and evolves the tentative 

framework, the results of which help the researcher arrives at a contingent 

generalisation that is applicable to the chosen sub-class 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 of these analyses by the researcher alone has 

produced the 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, 2000; Levy, 2008; Stoecker, 1991) used for developing the 

preliminary theoretical framework.  

The chapter is organised into eight sections.  

¶ The first section introduces the chapter and provides the background of the 

interdisciplinary collaboration and of the engineers who were involved in it.  

¶ The second section reports the coding analysis that results in the identification of 

different categories of epistemic practice and learning outcomes and their 

relationships. 

¶ The third section reports the ANT-analysis that identifies influential interactions 

that might explain the pattern of relationships.  

¶ The fourth section reports the typology analysis that results in the initial 

typology that embodies those relationships.  

¶ The fifth section reports the comparative analysis that generates logical causal 

inferences and indications of the left-out variables in the initial typology.  

¶ The sixth section reports the congruence analysis that establishes congruent 

causal relationships and refines the initial typology.  

¶ The seventh section reports the causal process tracing analysis that establishes 

the most plausible causal relationships and identifies left-out variables and 

causal relationships.  

¶ 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 related to a set of method and practices of cell culturing known as 

roller -bottle cell culturing. Genetically-modified mammalian cells are manipulated 

manually in roller bottles to generate bio-medicines. The learning took place in the 

context of a project by a 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 Cambridge-based engineering consultancy 

company proposed to automate the manual method using robotics. However, the 

ÍÁÎÕÁÌ ÃÅÌÌ ÃÕÌÔÕÒÅ ÐÒÁÃÔÉÃÅÓ ×ÅÒÅ ÏÎÃÅ ÃÏÎÓÉÄÅÒÅÄ ÁÓ Á ÆÏÒÍ ÏÆ ȬÁÒÔ-and-ÃÒÁÆÔȭ ÔÈÁÔ 

ÒÅÑÕÉÒÅÓ ȬÇÒÅÅÎ-ÆÉÎÇÅÒÓȭ ÁÎÄ ÉÎÔÕÉÔÉÏÎȟ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ×ÅÒÅ ÎÏÔ ÉÎÉÔÉÁÌÌÙ ÔÈÏÕÇÈÔ ÔÏ ÂÅ 

amenable to automation (Archer & Wood, 1992; Stacey, 2012). Without any background 

in cell-culturing the engineers had to learn how to replicate the cell-culture 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 19896. 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 engineers who were the members of six core-development team were interviewed 

and their background is summarised in Table 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 example 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 biopharmaceutical ÉÎÄÕÓÔÒÙȟ ÁÓ ×ÅÌÌ ÁÓ ÆÏÒ ÔÈÅ ÃÏÍÐÁÎÙȭÓ business 
direction. This helps the informants to recall their experiences and for the researcher to locate the 
relevant archived documents that substantiate the accounts. 
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Table 5.1ȡ %ÎÇÉÎÅÅÒÓȭ ÄÅÔÁÉÌÓ 

Anonymised names Background Prior experience relevant to the project 

Informant A (Aaron) Mechanical Engineering Developing new robotic technologies for nuclear fuel preparation 
and reprocessing, and related hazardous environments. 

Informant B (Baron) Mechanical Engineering Consultancy work for various automation projects 

 

5.1.2.1 Informant A  

 

Informant A graduated in mechanical engineering in 1973. He started his career as a 

design engineer and became a project manager at the Atomic Energy Authority two 

years later. There, he oversaw the development of several new robotic technologies for 

nuclear fuel preparation and reprocessing, and for other hazardous environments. He 

was one of the pioneering member of one of the UK's first technology consulting 

companies, widely recognised for its role in "The Cambridge PhenomenonȭȢ Working as 

the head of the Mechanical Engineering department, he initiated, together with 

Informant B and C, the cell-culturing automation project in 1988. Overall, he had 15 

years of engineering work experience at the start of the project, but had no previous 

experience in life sciences-related engineering project. Thus, he can be classified as an 

ȬÅØÐÅÒÉÅÎÃÅÄ ÅÎÇÉÎÅÅÒȭȟ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ definition of the term used in this research. 

5.1.2.2 Informant B  

 

Informant B graduated from the University of Cambridge in 1973 with a degree in 

Engineering. He also joined Informant A as one of the pioneering members of the 

technology consulting company that had catalysed the Cambridge Phenomenon. He was 

part of the team that initiated 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 him as an 

ȬÅØÐÅÒÉÅÎÃÅÄ ÅÎÇÉÎÅÅÒȭȢ !Ô ÔÈÅ time of the interview, he was the Chief 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 MA DPhil in Biochemistry, 

Biophysics and Molecular Biology in the same university . She then became a consultant 

in the technology consulting company and was the only one with a life science 

background there.  

. 

5.2 Coding analysis and findings  

 

The coding analysis and results are reported in a sequence of three interrelated coding 

analyses as shown in Figure 5.1 below. 

Figure 5.1: Sequence of three interrelated coding analyses 

 

The coding analysis began with action coding analysis. The interview excerpts that 

contain actions performed on knowledge encountered are extracted from the interview 

ÔÒÁÎÓÃÒÉÐÔÓȢ 4ÈÅÓÅ ÅØÃÅÒÐÔÓ ÁÒÅ ÃÁÌÌÅÄ ȬÁÃÔÉÏÎ ÓÅÇÍÅÎÔÓȭȢ 4ÈÅÎȟ ÅÁÃÈ ÏÆ ÔÈÅÓÅ ȬÁÃÔÉÏÎ 

ÓÅÇÍÅÎÔÓȭ ÉÓ ÁÓÓÉÇÎÅÄ ×ÉÔÈ ÁÎ ȬÁÃÔÉÏÎ ÃÏÄÅȭȢ 4ÈÅ ȬÁÃÔÉÏÎ ÃÏÄÅÓȭ ÁÒÅ ÁÇÇÒÅÇÁÔÅÄ ÔÏ ÆÏÒÍ 

different categories of action; this produces the conceptual categories that correspond to 

ÔÈÅ ÄÉÆÆÅÒÅÎÔ ȬÃÁÔÅÇÏÒÉÅÓ ÏÆ ÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅȭȢ  
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After that, the causation coding technique ÃÏÍÂÉÎÅÓ ÅÁÃÈ ÏÆ ÔÈÅ ȬÁÃÔÉÏÎ ÓÅÇÍÅÎÔÓȭ ×ÉÔÈ 

the description of events that are believed to be causally related to it. This combination 

is denoted ÂÙ ÔÈÅ ȰϹȱ ÓÉÇÎ ÉÎ &ÉÇÕÒÅ υȢρȠ ÔÈÅÓÅ ÁÒÅ ÃÁÌÌÅÄ ȬÃÁÕÓÁÔÉÏÎ ÓÅÇÍÅÎÔÓȭȢ  

Then, each of the causation segments is assigned with ȬÃÁÕÓÁÔÉÏÎ ÃÏÄÅÓȭȟ ×ÈÉÃÈ are 

aggregated to form different categories of causation. This aggregation produces the 

conceptual categories that correspond to the two different categories of causation 

namely: 1) the achievement of the different categories of learning outcomes, and 2) the 

barriers that requir e further knowledge or action, or in 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 p ractices  

 

The analysis and results of the action coding analysis are shown in Figure 5.2 below. 

There are Á ÔÏÔÁÌ τσ ȬÁÃÔÉÏÎ ÓÅÇÍÅÎÔÓȭ ÐÒÏÄÕÃÅÄȢ 4ÈÅÎȟ ÔÈÅ ÁÓÓÉÇÎÍÅÎÔ ÏÆ ÃÏÄÅÓ ÔÏ ÔÈÏÓÅ 

ÓÅÇÍÅÎÔÓ ÙÉÅÌÄÅÄ ςς ÕÎÉÑÕÅ ȬÁÃÔÉÏÎ ÃÏÄÅÓȭȟ ÁÓ ÓÅÅÎ ÉÎ &ÉÇure 5.2, which were then 

categorised into three categories numbered as #1, #2, and #3 respectively.  

The actions define three categories of epistemic practice:  

Consultation al Epistemic Practice (CEP) ɀ set of activities the engineers undertook to 

understand life-science knowledge. 

Translation al Epistemic Practice  (TEP) ɀ set of activities of taking life-science 

knowledge and making it useful for engineering solutions 

Evidential Epistemic Practice (EEP)  ɀ sets of activities that test the usefulness of the 

knowledge. 
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Figure 5.2: Analysis and results of action coding analysis  

 

5.2.2 Coding to categorise outcomes 

 

4ÈÅ ÃÁÕÓÁÔÉÏÎ ÃÏÄÉÎÇ ÁÎÁÌÙÓÉÓ ÂÅÇÉÎÓ ÂÙ ÃÏÍÂÉÎÉÎÇ ÔÈÅ τσ ȬÁÃÔÉÏÎ ÓÅÇÍÅÎÔÓȭ ÐÒÏÄÕÃÅÄ 

by the action coding analysis with the description of events believed to have been 

ÃÁÕÓÅÄ ÂÙ ÔÈÏÓÅ ÁÃÔÉÏÎÓȟ ÔÈÅÒÅÂÙ ÆÏÒÍÉÎÇ ÔÈÅ ȬÃÁÕÓÁÔÉÏÎ ÓÅÇÍÅÎÔÓȭȢ The results of the 

action segments may lead to a learning outcome or, alternatively may leave the 

ÅÎÇÉÎÅÅÒÓ ÉÎ Á Ȭ0ÒÅÄÉÃÁÍÅÎÔȭȢ /ÎÃÅ ÉÎ Á Ȭ0ÒÅÄÉÃÁÍÅÎÔȭȟ the engineers have to undertake a 

different set of practices until they have found a way around the predicament. The 

results of the causation coding are shown in Figure 5.3 below. 

 

Action segments Action codes (Categorised) Categories of Epistemic Practices

1. Consultational
Epistemic Practice

Definition: A set of related 
activities taken to gain 

further understanding about 
the life science knowledge 

that they encounter

2. Translational
Epistemic Practice

Definition: A set of related 
activities taken on the 

contents and forms of the life 
science knowledge in order 
to arrive at the knowledge 

contents and forms that can 
be used to develop solutions

3. Evidential
Epistemic Practice

Definition: A set of related 
activities taken to gain and 
show confirmation on the 
usefulness of the different 

contents and forms of 
knowledge

List of action codes
1.Listening to a knowledge description 
2.Receiving a quick lesson on a life science topic 
3. Observing  knowledge in practice 
4. Acknowledging knowledge importance
5. Asking about a knowledge description
6. Being briefed on what the customers want/need
7. Ask for knowledge to be provided
8. Getting helped to understand knowledge
9. Making connection with others  
10. Getting taught to appreciate what is critical/important to the practice

List of action codes
1. Representing knowledge in different forms
2. Making sense of observed practice
3. Rationalising to simplify complex explanation
4. Eliciting implicit practical knowledge from practitioner
5. Mediated to get knowledge about user needs re-expressed in 

terms of requirements

List of action codes
1. Creating artifactsfor testing
2. Testing in real operating environment 
3. Demonstrating in the development environment 
4. Showing that concerns are addressed
5. Confirming discrepancies in knowledge suggestion
6. Analysing knowledge to show evidence of optimisation
7. Verifying the workability of the solutions 

Category of action #1

Category of action #2

Category of action #3
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4ÈÅ ÁÓÓÉÇÎÍÅÎÔ ÏÆ ÃÏÄÅÓ ÔÏ ÔÈÏÓÅ ÃÁÕÓÁÔÉÏÎ ÓÅÇÍÅÎÔÓ ÙÉÅÌÄÓ ςσ ÕÎÉÑÕÅ ȬÃÁÕÓÁÔÉÏÎ ÃÏÄÅÓȭȟ 

which are categorised into two categoriÅÓȡ ρɊ Ȭ!ÃÈÉÅÖÅÍÅÎÔÓ #ÏÄÅÓȭ ɉ!#ρ ÔÏ !#ρφ ) and 

2) Ȭ0ÒÅÄÉÃÁÍÅÎÔÓ #ÏÄÅÓȭ ɉ0#1 to PC7), as shown in Figure 5.3. The two categories of 

ÃÁÕÓÁÔÉÏÎ ÃÏÄÅÓ ÁÒÅ Ȱ!ÃÈÉÅÖÅÍÅÎÔ ÏÆ ,ÅÁÒÎÉÎÇ /ÕÔÃÏÍÅÓȱ ÁÎÄ Ȱ0ÒÅÄÉÃÁÍent to Learning 

/ÕÔÃÏÍÅÓȱ. 

 

Figure 5.3: Analysis and results of causation coding analysis  

 

 

Causation segments Causation codes (Categorised) Categories of Causation

1. Achievements of 
Learning Outcomes

Definition: A set of 
achievements gained from 
engaging in the different 

epistemic practices

List of causation codes
AC1-Understand the knowledge described
AC2-Have an appreciation of ƻǘƘŜǊǎΩ ǾƛŜǿǎ and concerns
AC3-Gain the knowledge requested 
AC4-Understand how knowledge is related to 

prior knowledge and experience 
AC5-Understand the rationale for the relevance of the knowledge

to the life science
AC6-Understand what is important/critical to the life science 
practitioners
AC7-Arrive at the different contents and forms of knowledge that 
enables solutions to be developed
AC8-Gain a different,  but more helpful understanding of knowledge  
AC9-Obtain the relevant parameter values 
AC10-Able to test the usefulness of  different knowledge
AC11-Confirm that knowledge learnt contributes to the workability of 
the 
solution
AC12-Gain the agreement to proceed with testing in real environment 
AC13-Gain acceptance of the developed solution 
AC14-Able to adopt what is essential and avoid what is not 
AC15-Able to show how knowledge addition improve performance 
AC16-Confirm that knowledge has been reused correctly

List of causation codes
PC1-Unable to develop understanding of the knowledge description
PC2-Unable to adopt knowledge due to disbelief in the description
PC3-Difficulties in clarifying ambiguity in the different knowledge claims
PC4-Difficulties in avoiding contradictory knowledge suggestions
PC5-Knowledge description is insufficient for developing solutions
PC6-Unable to arrive at the knowledge contents and forms that enables 
task to proceed
PC7-Unable to decipher the correct meaning intended in the knowledge 
description

Category of causation #1

Category of causation #2

2. Predicaments to Learning 
Outcomes

Definition: A set of difficulties 
and challenges encountered 
during the engagements in 

the different epistemic 
practices
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Each of the 16 Achievements Codes (AC1 to AC16) is linked to its corresponding 

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. 

Figure 5.4: Achievements of 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  ɀ Understand and use knowledge without altering its original 

meaning.  

 

AC1-Able to gain understanding of knowledge.  
AC2-Able ǘƻ Ǝŀƛƴ ŀǇǇǊŜŎƛŀǘƛƻƴ ƻŦ ƻǘƘŜǊΩǎ Ǉƻƛƴǘ 
of view and concerns
AC3-Able to gain the knowledge requested 
AC4-Able to understanding how knowledge is 
related to prior knowledge and experience 
AC5-Able to appreciate the relevance of the 
knowledge to the life science
AC6-Able to appreciate  what is 
important/critical to the others from different 
disciplines 

AC7-Able to arrive at the different forms of 
knowledge that are useful for developing 
solutions 
AC8-Able to develop the different 
understandings of knowledge that is useful for 
developing solutions 
AC9-Able to obtain the relevant parameter 
values 

AC10-Able to subject different knowledge 
content and form to test 
AC11-Able to confirm that knowledge learnt 
contributes to the workability of solution
AC12-Able to gain the agreement to proceed 
with testing in real environment 
AC13-Able to gain acceptance of the 
developed solution 
AC14-Able to reuse what is essential and avoid 
what is not 
AC15-Able to provide evidence that adding 
knowledge optimises performance 
AC16-Able to confirm that knowledge has 
been reused correctly

Achievement codes Categories of Learning Outcomes

1. Knowledge Adoption

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 
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 
evidently useful for improving 

their practices

AC1 to AC6

AC11, A12, AC14, 
AC13, and AC16

AC7 to AC9

AC10, AC11, AC12, 
and AC13

AC7 to AC9

AC10, AC11, AC12, 
AC13, AC14

AC13, and AC15

Categories of Epistemic Practices

1. Consultational
Epistemic Practice

Definition: A set of related 
activities taken to gain 

further understanding about 
the life science knowledge 

that they encounter

2. Translational
Epistemic Practice

Definition: A set of related 
activities taken on the 

contents and forms of the life 
science knowledge in order 
to arrive at the knowledge 

contents and forms that can 
be used to develop solutions

3. Evidential
Epistemic Practice

Definition: A set of related 
activities taken to gain and 
show confirmation on the 
usefulness of the different 

contents and forms of 
knowledge
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Knowledge Translation  ɀ Convert and use knowledge whose forms and terms are 

embedded in a different discipline. 

Knowledge Avoidance  ɀ avoid pursuing knowledge because it is not believed to 

contribute to final solution 

Knowledge Addition  ɀ add knowledge that is useful to the collaborators. 

 

5.2.3 Coding to identify sequences of practices  

 

The next analysis links ÔÈÅ ÓÅÖÅÎ ȬÐÒÅÄÉÃÁÍÅÎÔ ÃÏÄÅÓȭ ɉ0#ρ ÔÏ 0#χ) to the three 

categories of epistemic practices that appear to have caused them. In addition, the 

causation segments that correspond to the seven predicament codes are analysed to find 

the linkage between them and the actions that the engineers take to deal with the 

corresponding predicaments. This ÓÕÂÓÅÔ ÏÆ ρχ ȬÁÃÔÉÏÎ ÃÏÄÅÓȭ ÉÓ differentiated from the 

other subset of 5 codes (i.e. codes numbered 1, 4, 7, 9, and 10) in the top-right part of 

Figure 5.5. It can be seen in Figure 5.5 that: 

¶ five of the 10 ȬÁÃÔÉÏÎ ÃÏÄÅÓȭ (i.e. codes numbered 1, 4, 7, 9, and 10) that are 

related to the CEP are follow-up actions in response to the predicaments that are 

encountered during the CEP.  

¶ ÁÌÌ ÏÆ ÔÈÅ ÆÉÖÅ ÏÆ ÔÈÅ ȬÁÃÔÉÏÎ ÃÏÄÅÓȭ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ 4%0 ÁÒÅ ÆÏÌÌÏ×-up actions to the 

predicaments that are related to the CEP. This indicates that TEP occurred after 

problematic engagements in the CEP. 

¶ all of the seven action codes related to the EEP are follow-up 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 occurred after problematic engagements in the TEP. 
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Figure 5.5: Predicaments to learning outcomes 

 

4ÈÅ ÁÂÏÖÅ ÆÉÎÄÉÎÇÓ ÉÎÄÉÃÁÔÅ ÔÈÁÔ ÔÈÅ ÅÎÇÉÎÅÅÒÓȭ ÁÃÔÉÖÉÔÉÅÓ ÅÉÔÈÅÒ ÌÅÁÄ ÔÏ Á ÓÕÃÃÅÓÓÆÕÌ 

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 that are caused by those engagements, 

as shown in Figure 5.6 below. 

 

PC1-Unable to develop understanding of 
knowledge description.  
PC2-Unable to adopt knowledge due to 
disbelief in the description
PC3-Unable to clarify the ambiguity in the 
knowledge claim
PC4-Unable to avoid knowledge suggestions 
that contradicts own belief 
PC5-Unable to complement the perceived 
insufficiency in knowledge description
Disciplines
PC6-Unable to decipher the correct meaning 
intended by others

PC7: Unable to arrive at the knowledge 
contents and forms that enables the solutions 
to be developed

No predicament found

Predicament codes Categories of Epistemic Practices

1. Consultational
Epistemic Practice

Definition: A set of related 
activities taken to gain 

further understanding about 
the life science knowledge 

that they encounter

2. Translational
Epistemic Practice

Definition: A set of related 
activities taken on the 

contents and forms of the life 
science knowledge in order 
to arrive at the knowledge 

contents and forms that can 
be used to develop solutions

3. Evidential
Epistemic Practice

Definition: A set of related 
activities taken to gain and 
show confirmation on the 
usefulness of the different 

contents and forms of 
knowledge

Subset of the action codes 

List of action codes
1.Listening to a knowledge description 
2.Receiving a quick lesson on a life science topic 
3. Observing  knowledge in practice 
4. Acknowledging knowledge importance
5. Asking about a knowledge description
6. Being briefed on what the customers want/need
7. Ask for knowledge to be provided
8. Getting helped to understand knowledge
9. Making connection with others  
10. Getting taught to appreciate what is critical/important to the practice

List of action codes
1. Representing knowledge in different forms
2. Making sense of observed practice
3. Rationalising to simplify complex explanation
4. Eliciting implicit practical knowledge from practitioner
5. Mediated to get knowledge about user needs re-expressed in 

terms of requirements

List of action codes
1. Creating artifactsfor testing knowledge claims
2. Testing in real operating environment 
3. Demonstrating in the development environment 
4. Showing that concerns are addressed
5. Confirming discrepancies in knowledge suggestion
6. Analysing knowledge to show evidence of optimisation
7. Verifying the workability of the solutions 

Category of action #1

Category of action #2

Category of action #3
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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 

outcome achieved is termed as the ȬÃÏÎÓÕÌÔÁÔÉÖÅ ÁÄÏÐÔÉÏÎȭ outcome.  

&ÒÏÍ ÔÈÅ ȬÐÒÅÄÉÃÁÍÅÎÔÓȭ ÅÎÃÏÕÎÔÅÒÅÄ ÉÎ ÔÈÅ #%0, pattern coding uses the relevant 

findings from the causation coding to show the emergence of the other two categories of 

epistemic practice, the TEP and the EEP.  

Using the same approach, pattern coding shows that successful engagement in TEP leads 

to learning outcomes of ȬÍÅÄÉÁÔÅÄ ÔÒÁÎÓÌÁÔÉÏÎȭ ÁÎÄ ÔÈÅ Ȭmediated ÁÖÏÉÄÁÎÃÅȭ. 

Unsuccessful actions lead to engagement in EEP. 

3ÕÃÃÅÓÓÆÕÌ ÅÎÇÁÇÅÍÅÎÔÓ ÉÎ ÔÈÅ %%0 ÌÅÁÄ ÔÏ ÔÈÅ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓȟ ÎÁÍÅÌÙ Ȭevidential 

ÁÄÏÐÔÉÏÎȭȟ ȬÅÖÉÄÅÎÔÉÁÌ ÔÒÁÎÓÌÁÔÉÏÎȭȟ ȬÅÖÉÄÅÎÔÉÁÌ ÁÖÏÉÄÁÎÃÅȭȟ and ȬÅÖÉÄÅÎÔÉÁÌ ÁÄÄÉÔÉÏÎȭ.  

The results of the pattern coding analysis reveal the complexity of the phenomenon, 

whereby a specific category of learning outcomes seems to have been achieved through 

 

Learning 
outcome #3b:

Evidential 
Avoidance

Learning 
outcome #2b:

Evidential  
Translation

Learning 
outcome #1b:

Evidential 
Adoption

Epistemic Practice 
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Achievements

Predicaments
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Learning 
outcome #4:

Evidential 
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Learning 
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Adoption

Learning 
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Mediated 
Translation

Learning 
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Mediated 
Avoidance
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different sequences, each with a different sequential combination of different epistemic 

practices. Also, engagements 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 successful 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 epistemic 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 collaboration, the influential socio-

material interactions that sustain the learning process are analysed next. Therefore, the 

case is framed and analysed using the ANT-analytical framework.  

5.3 Actor -Network -Theory (ANT) analysis and findings  

 

In ANT-analysis, the ANT-analytical framework offered by  Latour (1996) and Law 

(2009) ÉÓ ÁÐÐÌÉÅÄ ÔÏ ÆÒÁÍÅ ÔÈÅ ÃÁÓÅ ÉÎÔÏ ÆÏÕÒ ÃÒÉÔÉÃÁÌ ÍÏÍÅÎÔÓȟ ÃÁÌÌÅÄ ÔÈÅ ȬÍÏÍÅÎÔÓ of 

ÔÒÁÎÓÌÁÔÉÏÎȭȢ There are four moments: Ȭproblematisationȭ, Ȭinteressementȭ, Ȭenrolmentȭ, 

and Ȭmobilisationȭ. 

5.3.1 4ÈÅ ÍÏÍÅÎÔ ÏÆ  ȬÐÒÏÂÌÅÍÁÔÉÓÁÔÉÏÎȭ  

 

!.4ȭÓ moment of ȬproblematisatiÏÎȭ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÐÁÒÔ ÏÆ ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ 

ÄÉÆÆÅÒÅÎÔ ȬÁÃÔÏÒÓȭ ÉÎ ×ÈÉÃÈ ÔÈÅÙ ÁÔÔÅÍÐÔ ÔÏ ÒÅÎÄÅÒ ÔÈÅÍÓÅÌÖÅÓ ÉÎÄÉÓÐensable to others by 

framing the nature of the problem at hand according to what they know. In the case 

ÓÔÕÄÉÅÄȟ ÔÈÅ ȬÐÒÏÂÌÅÍÁÔÉÓÁÔÉÏÎȭ ÍÏment involves both the engineers and their life 

science counterparts problematising the same cell culture method and practices in 
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different terms according to their own disciplinary knowledge. [see Evidence Statement 

1 in Appendix 1] 

As shown by the coding analysis, in some instances ÏÆ ȬÐÒÏÂÌÅÍÁÔÉÓÁÔÉÏÎȭȟ engineers 

were able to understand, appreciate, and reuse the relevant life science knowledge while 

retaining similar knowledge contents, meanings, and forms. Even though they did not 

know about the knowledge itself, they were taking perspective of the background and 

expertise of others and of what others might know.  

(Ï×ÅÖÅÒȟ ÉÎ ÏÔÈÅÒ ÉÎÓÔÁÎÃÅÓȟ ÔÈÅÙ ÖÉÅ× ÔÈÅ ÌÉÆÅ ÓÃÉÅÎÃÅȭÓ ÐÒÏÂÌÅÍÁÔÉÓÁÔÉÏÎ ÁÓ ÅÓÏÔÅÒÉÃ 

because the knowledge descriptions tend to be in the qualitative form. Hence, they also 

view the knowledge from engineering perspective and recognise the need for a 

quantitative form of knowledge useful for engineering solution. 

Viewing the same knowledge from multiple  perspectives is considered as a Ȭmode of 

epistemic engagementȭ (Nerland & Jensen, 2012) with the knowledge described during 

the interdisciplinary interaction. This mode is conceptualised by this research as the 

ȬÐÅÒÓÐÅÃÔÉÖÁÌ ÍÏÄÅ ÏÆ ÅÐÉÓÔÅÍÉÃ ÅÎÇÁÇÅÍÅÎÔȭ, taking into consideration the literature 

on perspective structure in communication, where it has been established that in social 

interaction people are likely to engage in perspective-taking of the background and 

knowledge of others in formulating messages (Graumann & Sommer, 1988; Krauss & 

Fussell, 1991). It appears to influence how the engineers learnt through the different 

epistemic practices in at least two ways.  

&ÉÒÓÔȟ ÂÙ ÔÁËÉÎÇ ÔÈÅ ÌÉÆÅ ÓÃÉÅÎÃÅ ÕÓÅÒÓȭ ÐÅÒÓÐÅÃÔÉÖÅȟ ÔÈÅÙ ÒÅÃÏÇÎÉÓÅÄ ÔÈÏÓÅ ÓÏÃÉÏ-material 

elements with which they could consult, and interact further . Therefore, futile initial 

consultation with the life science users leads to selective consultations with their life 

science colleague whom they perceived as knowledgeable in the subject matter. This 

enables ÔÈÅÍ ÔÏ ÓÕÓÔÁÉÎ ÌÅÁÒÎÉÎÇ ÉÎ Á ÃÏÎÓÕÌÔÁÔÉÖÅ ×ÁÙ ÁÎÄ ÔÏ ÁÃÈÉÅÖÅ ÔÈÅ Ȭconsultative 

ÁÄÏÐÔÉÏÎȭ outcome despite the initial predicament of not understanding the knowledge 

description.  

Secondly, the perspectival mode of engagement seems to enable the engineers to 

overcome futile engagement in the CEP with their life science counterparts by engaging 
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in the TEP, instead of abandoning their learning. By taking the perspective of the life 

science counterparts who claim to be expert practitioners, the engineers were able to 

recognise them as sources of knowledge that they could translate into the different 

content and forms that are more useful for developing solutions. Thus, the perspectival 

mode appears to inform the correct judgement of the next action, that is the TEP, rather 

than to succumb to the predicaments, or to remain in consultational practice alone. 

5.3.2 4ÈÅ ÍÏÍÅÎÔ ÏÆ ȬÉÎÔÅÒÅÓÓÅÍÅÎÔȭ 

 

!.4ȭÓ ȬÍÏÍÅÎÔ ÏÆ ÉÎÔÅÒÒÅÓÓÅÍÅÎÔȭ ÒÅÆÅÒÓ ÔÏ ÔÈÅ interaction between different actors in 

which one or more actors 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 

ÏÆ ÅØÐÒÅÓÓÉÎÇ ÔÈÅ ÅÓÏÔÅÒÉÃ ÕÓÅÒÓȭ ÎÅÅÄÓ ÉÎÔÏ ÒÅÑÕÉÒÅÍÅÎÔ ÓÐÅÃÉÆÉÃÁÔÉÏÎÓȟ ÔÈÅ ÅÎÇÉÎÅÅÒÓȭ 

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 and roles of others in developing a more 

precise translation 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 enabled the 

solution to work satisfactorily, and thereby sustained the interest of the decision makers 

to allow them to proceed. [see Evidence Statements 2 & 3 in Appendix 1] 

Through such mediated interactions, 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 research to explain why the engineers were able to pursue 

learning despite the continuing predicaments. ANT-analysis proceeds with the 
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ȬÅÎÒÏÌÍÅÎÔȭ ÍÏÍÅÎÔ ÔÏ ÓÅÁÒÃÈ ÆÏÒ ÔÈÅ ÅØÐÌÁÎÁÔÉÏÎ ÏÆ ÔÈÅ ÃÏÎÔÉÎÕÅÄ ÓÕÓÔÅÎÁÎÃÅ ÏÆ ÔÈÅ 

learning process. 

 

5.3.3 4ÈÅ ÍÏÍÅÎÔ ÏÆ ȬÅÎÒÏÌÍÅÎÔȭȢ 

 

!.4ȭÓ ȬÍÏÍÅÎÔ ÏÆ ÅÎÒÏÌÍÅÎÔȭ ÒÅÆÅÒÓ ÔÏ the interaction in which one or more actors try to 

secure the agreement of others despite various disagreements between them. The ANT 

analysis highlights that the engineers sought to gain agreement of their life science 

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 the justificational mode  of epistemic 

engagement, where the engineers appear to tolerate ambiguity in knowledge claims and 

saw it as opportunities to interrogate the different justification to knowledge claims and 

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 4 in Appendix 1] 

Another mode is conceptualised as the compleme 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 example, [see Evidence Statement 5 in Appendix 1].  

Although these modes and epistemic practices, appear to secure the agreement of the 

customer representatives, the engineers had to test it in the real operating environment 

×ÉÔÈ ÔÈÅ ÒÅÁÌ ÃÅÌÌÓȢ 3ÕÃÈ ÔÅÓÔÉÎÇ ÒÅÑÕÉÒÅÓ ÔÈÅÍ ÔÏ ȬÍÏÂÉÌÉÓÅȭ ÏtÈÅÒ ȬÁÃÔÏÒÓȭ ɉÉÎÃÌÕÄÉÎÇ ÔÈÅ 

actual ÃÅÌÌÓɊ ÔÏ ȬÁÇÒÅÅȭ ×ÉÔÈ ÔÈÅ ÓÏÌÕÔÉÏÎȢ  
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5.3.4 4ÈÅ ÍÏÍÅÎÔ ÏÆ ȬÍÏÂÉÌÉÓÁÔÉÏÎȭ 

 

!.4ȭÓ ȬÍÏÍÅÎÔ ÏÆ ÍÏÂÉÌÉÓÁÔÉÏÎȭ ÒÅÆÅÒÓ ÔÏ the interaction in which one or more actors try 

to mobilise the agreement of other stakeholders to support theÉÒ ȬÁÃÔÏÒ-ÎÅÔ×ÏÒËȭȢ !.4 

ÁÎÁÌÙÓÉÓ ÈÉÇÈÌÉÇÈÔÓ ÔÈÁÔ ÔÈÅ ÅÎÇÉÎÅÅÒÓ ÁÔÔÅÍÐÔÅÄ ÔÏ ÇÁÉÎ ÔÈÅ ÓÕÐÐÏÒÔ ÏÆ ÍÁÎÙ ȬÁÃÔÏÒÓȭ ÔÏ 

ÁÃÃÅÐÔ ÔÈÅ ÐÒÏÐÏÓÅÄ ÓÏÌÕÔÉÏÎȢ &ÉÒÓÔÌÙȟ ÔÈÅÙ ÈÁÄ ÔÏ ÄÅÁÌ ×ÉÔÈ ÔÈÅ ÒÅÁÌÉÔÙ ÏÆ ÔÈÅ ÃÅÌÌÓȭ 

responses, the detailed knowledge of which was unknown and appeared esoteric to 

acquire. Secondly, they had to deal with 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 

behaviour and reÓÐÏÎÓÅÓ ÏÆ ÔÈÅ ÏÔÈÅÒ ȬÁÃÔÏÒÓȭ ɉÉȢÅȢ ÃÅÌÌÓ ÁÎÄ ÐÒÁÃÔÉÔÉÏÎÅÒÓɊ ×ÈÏÓÅ ÓÕÐÐÏÒÔ 

ÁÎÄ ÁÇÒÅÅÍÅÎÔ ÔÈÅÙ ÓÅÅË ÔÏ ȬÍÏÂÉÌÉÓÅȭȟ ÔÈÅ ÅÎÇÉÎÅÅÒÓ ÈÁÖÅ ÎÅÖÅÒÔÈÅÌÅÓÓ ÁÐÐÅÁÒÅÄ ÔÏ ÓÅÅË 

ÔÏ ÓÉÍÐÌÙ ÓÁÔÉÓÆÙ ÔÈÅ ȬÁÃÔÏÒÓȭȢ 4ÈÅÙ ÁÐÐÅÁÒÅÄ ÔÏ ÒÁÔÉÏÎÁÌÉÓÅ ÔÈÁÔ ÁÌÌ ÔÈÅÙ ÎÅÅÄed to do was 

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 are satisfied to see the 

workability of the solution. [See Evidence Statement 6 in Appendix 1] 

5.3.5 Outcome of ANT Analysis 

 

In summary, the ANT-analysis has been valuable in turning the descriptive results of the 

coding analysis into more explanatory results that provide possible explanations of the 

learning process. It adds to the previous results in that in order to sustain 

interdisciplinary learni ng, it is not sufficient to engage only in epistemic practices but 

also capitalising on the socio-material elements and skills such as representing 

knowledge in artefacts.   

It has identified three modes of epistemic engagement: 

Perspectival Mode  ɀ where the problem is viewed through two or more different 

perspectives. 

Justificational Mode  ɀ where engineers seek justification for ambiguous knowledge. 
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Complemental Mode  ɀ 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 eventsɀ the engagement in epistemic practices and the 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 the analyses and findings that 

ÉÄÅÎÔÉÆÙ ÔÈÅ ÔÈÅÏÒÅÔÉÃÁÌ ÖÁÒÉÁÂÌÅÓȟ ÓÐÅÃÉÆÙ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ȬÔÙÐÅÓȭ ÏÆ ÉÎÔÅÒÄÉÓÃÉÐÌÉÎÁÒÙ 

ÌÅÁÒÎÉÎÇȟ ÒÅÌÁÔÅ ÄÉÆÆÅÒÅÎÔ ȬÔÙÐÅÓȭ ÔÏ ÓÐÅÃÉÆÉÃ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ ÕÓÉÎÇ ÐÁÔÈ×ÁÙ ÄÉÁÇÒÁÍÓȟ 

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 ɀ 

CEP, TEP, and EEP. They 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 adoption; 2) 

Knowledge translation; 3) Knowledge avoidance; or 4) Knowledge addition. 
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5.4.2 $ÉÆÆÅÒÅÎÔ Ȭ4ÙÐÅÓȭ ÏÆ ÌÅÁÒÎÉÎÇ  

 

The results of pattern coding (see 5.2.4) are used to specify four 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. 

4ÈÅÓÅ ÆÏÕÒ ȬÔÙÐÅÓȭ ÏÆ ÌÅÁÒÎÉÎÇ ÃÁÎ ÒÅÓÕÌÔ ÉÎ ÅÉÔÈÅÒ ÓÉÍÉÌÁÒ ÏÒ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓȢ 

4ÈÅ ÒÅÌÁÔÉÏÎÓÈÉÐÓ ÂÅÔ×ÅÅÎ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ȬÔÙÐÅÓȭ ÁÎÄ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÌÅÁÒning 

outcomes can be specified in terms of pathways to learning outcomes. 

5.4.3 Pathways to learning outcomes  

 

There are seven distinct pathways that were identified in 5ȢςȢτ ÌÉÎËÉÎÇ ÔÈÅ ÆÏÕÒ ȬÔÙÐÅÓȭ 

and the learning outcomes as shown in the left part of Table 5.2 below. These pathways 

are also represented as a typology table (the last two columns of Table 5.2) that 

registers the values of all the variables. Such tabulation facilitates the comparative 

ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ȬÔÙÐÅÓȭ ÁÎÄ ÐÁÔÈ×ÁÙÓ ÉÎ ÏÒÄÅÒ to generate a set of logical 

causal inferences. 
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Table 5.2: Pathway diagrams and typology table  

 

5.5 Comparative analysis and findings  

 

The comparative analysis compares ÔÈÅ ÆÏÕÒ ȬÔÙÐÅÓȭ of learning identified in section 5.4.2 

to produce two dif ferent kinds of outputs: 1) generation of logical causal inferences 

about the causal role of the individual epistemic practices, and 2) indication of some 

variables left out from the initial typology. 

Pathways 

index 

Pathway diagrams Categories of 
epistemic practices 
and their presence 
in the pathways 
(C=Consultational; 
T=Translational; 
E=Evidential); 
(0=Absent; 
1=Present) 

Learning 
Outcomes 
(0=Adoption; 
1=Translation; 
2=Avoidance; 
3=Addition) 

C T E 

#1 

 

1 0 0 0 

#2 

 

1 0 1 0 

#3 

 

1 1 0 1 

#4 

 

1 1 1 1 

#5 

 

1 1 0 2 

#6 

 

1 1 1 2 

#7 

 

1 0 1 3 

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Adoption

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Addition
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The generation of the causal inferences is provided by the following selection of three 

different comparisons: 

1. #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÓÉÍÉÌÁÒ ÌÅÁÒÎÉÎg outcome.  

2. #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓȢ 

3. #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÓÉÍÉÌÁÒ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅȢ 

 

The indications of left-out variables, is provided by three comparisons: 

1. #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ 

2. #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÓÉÍÉÌÁÒ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ 

3. #ÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ 

 

5.5.1 Generation of causal inferences  

 

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.  

Table 5.3: Comparative analyses and causal inferences  

Comparative 
analyses   

Pathways 
compared 

Logics of the comparison                        
(Labels used:                      
0=Knowledge Adoption outcome                 
1=Knowledge Translation outcome   
2=Knowledge Avoidance outcome     
3=Knowledge Addition outcome)                                                

Causal inferences generated. 

óSimilar typesô with 
similar learning 
outcomes 

#1 vs #1 CEP is the common practice for 
achieving the common learning 
outcome = ó0ô 

Causal inference #1: CEP is causal to 
Knowledge Adoption in pathway #1. 

óMost-similar typesô 
with different 
learning outcomes 

#1 vs #3 They differ in the presence of TEP in 
pathway #3, where the learning 
outcome=ô1ô instead of ó0ô 

Causal inference #2: TEP is causal to 
Knowledge Translation in pathway #3. 
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#2 vs #4 They differ in the presence of TEP in 
#4, where the outcome = ó1ô instead of 
ó0ô or ó3ô 

Causal inference #3: TEP is causal to 
Knowledge Translation in pathway #4. 

#4 vs #7 

#1 vs #5 They differ in the presence of TEP in 
#5, where the outcome =ô2ô instead of 
ó0ô 

Causal inference #4: TEP is causal to 
Knowledge Avoidance in pathway #5 

#2 vs #6 They differ in the presence of TEP in 
#6, where the outcome = ó2ô instead of 
ó0ô or ó3ô 

Causal inference #5: TEP is causal to 
Knowledge Avoidance in pathway #6. 

#6 vs #7 

#4 vs #5 They differ in the presence of EEP in 
#4, where the outcome = ó1ô instead of 
ó2ô 

Causal inference #6: EEP is causal to 
Knowledge Translation in pathway #4. 

#3 vs #6 They differ in the presence of EEP in 
#6, where the outcome = ó2ô instead of 
ó1ô 

Causal inference #7: EEP is causal to 
Knowledge Avoidance in pathway #6 

#1 vs #7 They differ in the presence of EEP in 
#7, where the outcome = ó3ô instead of 
ó0ô 

Causal inference #8: EEP is causal to 
Knowledge Addition in pathway #7. 

óLeast-similar typesô 
with similar learning 
outcomes 

No 
pathways  

Not Applicable Not Applicable 

 

As well as generating the eight causal inferences, the results also indicate the absence of 

logical causal inference about the possible causal role of some epistemic practices in 

certain pathways. For example, there is an absence of the causal inference about 

ÐÒÁÃÔÉÃÅÓ ÉÎ ÐÁÔÈ×ÁÙ ΠςȢ !Ó ÔÈÅÒÅ ÉÓ Á ÒÉÓË ÏÆ ȬÆÁÌÓÅ ÎÅÇÁÔÉÖÅÓȭ ÉÎ ÔÈÅ ÒÅÓÕÌÔÓ ÏÆ ÔÈÅ 

comparative analysis, it is premature to delete the pathway. Since the initial typology 

itself is still incomplete, this research considers the possibility that there are left-out 

variables that can possibly cause the necessity to engage in those practices. 

5.5.2 Indication of left -out variables  

 

There are three types of left-out 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 cause divergence to a different practice that leads to the 

difference in learning outcomes 

5.5.2.1 Left -out variables c ausing different Learning Outcomes.  

 

#ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ ÉÎ 4ÁÂÌÅ 

5.4 indicates possible left-out variables. 

Table 5.4: Comparative analysis between ȬÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ 
outcomes 

Pathways 
compared 

Logics of the comparison                                                                               
(Labels used: 0=Knowledge Adoption outcome;1=Knowledge Translation 
outcome; 2=Knowledge Avoidance outcome; 3=Knowledge Addition outcome)                                                

Indication of left-out 
variables 

#2 vs #7 They have different outcomes (ó0ô vs ó3ô) even though they both have the 
presence of CEP and EEP in common. 

 

versus 

 

Indicates the possible 
presence of 
ómultifinalityô ï there is 
one or more other 
variable(s) that cause 
the outcomes to differ. 

 

#3 vs #5 They have different outcomes (ó1ô vs ó2ô) even though they both have the 
presence of CEP and TEP in common. 

 

versus 

 

#4 vs #6 They have different outcomes (ó1ô vs ó2ô) even though they both have the 
presence of CEP, TEP and EEP in common 

 

versus 

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Adoption

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Addition
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5.5.2.2 Left -out variables possibly causing the necessity of engaging in an 
additional epistemic practice for achieving the same outcome  

 

#ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ Ȭmost-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÓÉÍÉÌÁÒ ÌÅÁÒÎÉÎÇ ÏÕÔÃÏÍÅÓ ÉÎ 

Table 5.5 indicates possible left-out variables. 

Table 5.5: #ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ ȬÍÏÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÓÉÍÉÌÁÒ ÌÅÁÒÎÉÎÇ 
outcomes   

Pathways 
compared 

Logics of the comparison                                                                              
(Labels used: 0=Knowledge Adoption outcome; 1=Knowledge Translation 
outcome;  2=Knowledge Avoidance outcome; 3=Knowledge Addition outcome)                                                

Indication of left-out 
variables 

#1 vs #2 They both have similar outcomes (=0) even though they differ in the presence of 
EEP in #2.  

 

versus 

 

 

 

 

 

Indicate two competing 
possibilities:  

1-EEP is unnecessary for 
Knowledge Adoption, but 
beware of ófalse negativeô, 
or 

2-The presence of 
óequifinalityô - knowledge 
adoption outcome can be 
achieved via two different 
waysï there is one or more 
factor/variable(s) that 
cause the necessity for 
EEP 

#3 vs #4 They both have similar outcomes (=1) even though they differ in the presence of 
EEP in #4.  

 

versus 

 

 

Indicate two competing 
possibilities: 

1-EEP is unnecessary for 
Knowledge Translation, but 
beware of ófalse negativeô, 
or 

2-The presence of 
óequifinalityô-  Knowledge 
Translation outcome can 
be achieved in two different 
waysï there is one or more 

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Adoption
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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 presence of 
EEP in #6.  

 

versus 

 

 

Indicate two competing 
possibilities: 

1-EEP is unnecessary for 
Knowledge Avoidance; 
however, beware of ófalse 
negativeô, or 

2-The presence of 
óequifinalityô-  Knowledge 
Avoidance outcome can be 
achieved in two different 
waysï there is one or more 
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  

 

#ÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÉÓ ÂÅÔ×ÅÅÎ Ȭleast-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎt learning outcomes in 

Table 5.6 indicates possible left-out variables. 

Table 5.6: Comparative analysis between ȬÌÅÁÓÔ-ÓÉÍÉÌÁÒ ÔÙÐÅÓȭ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÁÒÎÉÎÇ 
outcomes  

Pathways 
compared 

Logics of the comparison                                                                              
(Labels used: 0=Knowledge Adoption outcome; 1=Knowledge Translation 
outcome; 2=Knowledge Avoidance outcome; 3=Knowledge Addition outcome)                                                

Indication of left-out 
variables 

#1 vs #4 They only have CEP in common. Pathway #1 has only CEP, whereas Pathway 
#4 has CEP, TEP and EEP. Despite having common CEP, their outcomes differ 
(ó0ô vs ó1ô) 

 

versus 

 

 

Indicate two competing 
possibilities: 

1-CEP does not play a 
causal role to the 
divergence in paths and 
the difference in 
outcomes; there may be 
one or more other 
variable(s) that actually 
causes the divergence, or 

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, whereas Path #6 
has CEP, TEP and EEP. Despite having common CEP, their outcome differ (ó0ô 
vs ó2ô) 

 

versus 

 

divergence and the 
difference; however, 
beware of ófalse 
positivesô. 

#2 vs #3 They only have CEP in common. Pathway #2 has CEP and EEP, whereas Path 
#3 has CEP and TEP. Despite having common CEP, their outcome differ (ó0ô vs 
ó1ô) 

 

versus 

 

 

Indicate two competing 
possibilities: 

1-CEP does not play a 
causal role to the 
divergence in paths and 
the difference in 
outcomes, there may be 
one or more other 
variable(s) that cause it, 
or 

2-EEP may be the cause 
of the divergence to 
adoption outcome, and 
TEP may be the cause of 
the divergence to the 
translation outcome; 
however, beware of ófalse 
positivesô. 

#2 vs #5 They only have CEP in common. Pathway #2 has CEP and EEP, whereas Path 
#5 has CEP and TEP. Despite having common CEP, their outcome differ (ó0ô vs 
ó2ô) 

 

versus 

 

Indicate two competing 
possibilities: 

1-CEP does not play a 
causal role to the 
divergence in paths and 
the difference in 
outcomes, there may be 
one or more other 
variable(s) that causes it, 
or 

2-EEP may be the cause 
of the adoption outcome, 
and TEP may be the 
cause of the divergence 
to the avoidance 
outcome; however, 
beware of ófalse 
positivesô. 

#3 vs #7 They only have CEP in common. Pathway #3 has CEP and TEP, whereas Path 
#7 has CEP and EEP. Despite having common CEP, their outcome differ (ó1ô vs 

Indicate two competing 

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Adoption

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Adoption
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ó3ô) 

 

versus 

 

possibilities: 

1-CEP does not play a 
causal role to the 
divergence in paths and 
the difference in 
outcomes, there may be 
one or more other 
variable(s) that causes it, 
or 

2-TEP may be the cause 
of the divergence to 
translation outcome or 
avoidance, and EEP may 
be the cause of the 
divergence to the addition 
outcome; however, 
beware of ófalse 
positivesô. 

#5 vs #7 They only have CEP in common. Pathway #5 has CEP and TEP, whereas Path 
#7 has CEP and EEP. Despite having common CEP, their outcome differ (ó2ô vs 
ó3ô) 

 

versus 

 

 

Since the comparative analyses can only indicate the possible presence, but cannot 

locate the possible locations, of left-out 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.  

 

 

Figure 5.7: Indicative positions of the left-out variables  

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Addition

Consultational
Epistemic Practice

Evidential 
Epistemic Practice

Knowledge 
Addition

Epistemic Practice 
#1
CEP

Epistemic Practice 
#2
TEP

Knowledge 
Addition

Knowledge 
Adoption

Knowledge 
Translation

Knowledge 
Avoidance

Epistemic Practice 
#3
EEP

?

?
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5.5.3 Summary  of comparative analysis  

 

To summarise, the comparative 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 the initial 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 ANT-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 inferences 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 subjected to causal depth evaluation that examines 

whether any of the inferred variables can be replaced by a different variable. All the 

three stages require the identification of competing 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 sourcing (Gray & Meister, 2006; Wang et al., 2014), which 

is concerned with how employees learn from each other,  offers three learning variables 

known collectively as knowledge sourcing methods (Gray & Meister, 2004). The first one 

ÉÓ ÃÁÌÌÅÄ ÔÈÅ ȬÐÕÂÌÉÓÈÅÄ ËÎÏ×ÌÅÄÇÅ ÓÏÕÒÃÉÎÇȭ ÍÅÔÈÏÄȟ ×ÈÉÃÈ ÒÅÆÅÒÓ ÔÏ Á ÌÅÁÒÎÉÎÇ ÐÒÁÃÔÉÃÅ 

that involves searching and accessing knowledge that has been expressed in language 

and separated from its originator, such as in published document (Gray & Meister, 

2006). This competing variable competes 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 documents. It is a norm for the 

organisations studied to publish such documents internally for references as well as 

externally for regulatory approval (Sweeting, 2002). 

4ÈÅ ÓÅÃÏÎÄ ÏÎÅ ÉÓ ÃÁÌÌÅÄ ȬÄÙÁÄÉÃ ËÎÏ×ÌÅÄÇÅ ÓÏÕÒÃÉÎÇȭȟ ×ÈÉÃÈ ÒÅÆÅÒÓ ÔÏ ÏÎÅ-to-one 

conversation between a learner and the knowledge owner (Gray & Meister, 2006). This 

method is similar to the CEP. 

The third one is termed  Ȱ0ÕÂÌÉÃ-'ÒÏÕÐ +ÎÏ×ÌÅÄÇÅ 3ÏÕÒÃÉÎÇȱȟ ×ÈÉÃÈ ÒÅÆÅÒÓ ÔÏ ÌÅÁÒÎÉÎÇ ÂÙ 

attending and engaging in public knowledge arena such as in a conference (Gray & 

Meister, 2006). It competes with the CEP in explaining how the engineers achieve the 

knowledge adoption outcome; the on-going company-wide practice of sending 

engineers to relevant life science conferences could indicate that the public-group 

knowledge sourcing might be a useful practice for knowledge adoption.  
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Thus, two variables from the knowledge sourcinÇ ÌÉÔÅÒÁÔÕÒÅȟ ȬÐÕÂÌÉÓÈÅÄ ËÎÏ×ÌÅÄÇÅ 

ÓÏÕÒÃÉÎÇȭ ÁÎÄ Ȭ0ÕÂÌÉÃ-ÇÒÏÕÐ ËÎÏ×ÌÅÄÇÅ ÓÏÕÒÃÉÎÇȭ ÁÒÅ ÉÄÅÎÔÉÆÉÅÄ ÆÏÒ ÓÐÕÒÉÏÕÓÎÅÓÓ 

evaluation. 

)Î ÁÄÄÉÔÉÏÎȟ ÔÈÅ ÓÉÔÕÁÔÅÄ ÌÅÁÒÎÉÎÇ ÔÈÅÏÒÙ ɉ3,4Ɋ ÏÆÆÅÒÓ ÔÈÅ ÃÏÎÃÅÐÔ ÏÆ  Ȱ,ÅÇÉÔÉÍÁÔÅ 

0ÅÒÉÐÈÅÒÁÌ 0ÁÒÔÉÃÉÐÁÔÉÏÎȱȟ ÔÈÁÔ ÉÓ ÌÅÁÒÎÉÎÇ ÔÈrough participating in a community of 

practitioners by performing authentic tasks under the guidance of more experienced 

practitioners (Lave & Wenger, 1991, 2002; Schatzki, 2017). Since the engineers were 

participating in the cell culture community by observing, and interacting with, the cell 

ÃÕÌÔÕÒÅ ÐÒÁÃÔÉÔÉÏÎÅÒÓȟ ÔÈÅÉÒ ÐÁÒÔÉÃÉÐÁÔÉÏÎ ÍÁÙ ÂÅ ÃÏÎÓÉÄÅÒÅÄ ÁÓ Á ÆÏÒÍ ÏÆ ȬÌÅÇÉÔÉÍÁÔÅ 

ÐÅÒÉÐÈÅÒÁÌ ÐÁÒÔÉÃÉÐÁÔÉÏÎȭȢ 4ÈÉÓ ÃÁÎ ÂÅ ÁÎ ÁÌÔÅÒÎÁtive explanation to the causal inferences. 

On the other hand, the organisational knowledge and learning literature promotes the 

use of the ȬËÎÏ×ÌÅÄÇÅ ÔÒÁÎÓÌÁÔÏÒȭ ÏÒ ÓÏ-ÃÁÌÌÅÄ ȬÂÏÕÎÄÁÒÙ ÓÐÁÎÎÅÒȭȟ ÉÎÄÉÖÉÄÕÁÌ ÏÒ ÐÅÏÐÌÅ 

who are knowledgeable in two or more communities (Brown & Duguid, 2001; Hargadon 

& Sutton, 1997; Long et 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 embedded in existing artefacts. If knowledge existed in the form that 

is familiar to the engineers, then it could have been learnt and reused by them. In the 

project studied, existing translated knowledge was embedded in the chosen robotic 

platform, the Staubli RX 60 six-axis robots, in the form of a predefined sequence of 

movements that were considered suitable for delicate handling of cells (see Vogt, 2002). 

Additionally, some of the learning outcomes could have been achieved by receiving 

advice and opinions from parties outside the development team. Third parties, such as 

external consultants who have experience in similar projects could have provided the 

necessary knowledge to the engineers.  

The last variable considered for the spuriousness evaluation is sourced from the 

ÏÒÇÁÎÉÓÁÔÉÏÎÁÌ ÌÅÁÒÎÉÎÇ ÌÉÔÅÒÁÔÕÒÅȢ 4ÈÅ ÌÉÔÅÒÁÔÕÒÅ ÐÒÏÍÏÔÅÓ ÔÈÅ ÕÓÅ ÏÆ ȬËÎÏ×ÌÅÄÇÅ 

ÂÒÏËÅÒÓȭȟ ÉÎÄÉÖÉÄÕÁÌs or people who create 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 considering the existence of agencies such as the 

Knowledge Transfer Office.  

Thus, there are seven competing variables considered in the spuriousness evaluation. 

Table 5.7 lists and maps them to the relevant causal inferences. 
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Table 5.7: Mapping of competing variables to relevant causal inferences 

 Causal Inferences 

Competing Variables #1: CEP is 
causal to 
Knowledge 
Adoption in 
pathway #1. 

#2: TEP is 
causal to 
Knowledge 
Translation in 
pathway #3. 

#3: TEP is 
causal to 
Knowledge 
Translation in 
pathway #4. 

#4: TEP is 
causal to 
Knowledge 
Avoidance in 
pathway #5 

#5: TEP is 
causal to 
Knowledge 
Avoidance in 
pathway #6. 

#6 EEP is 
causal to 
Knowledge 
Translation in 
pathway #4. 

#7: EEP is 
causal to 
Knowledge 
Avoidance in 
pathway #6 

#8 EEP is causal 
to Knowledge 
Addition in 
pathway #7. 

1-Using published 
knowledge sources 

ã NA NA NA NA NA NA NA 

2-Learning from a 
professional community  

ã NA NA NA NA NA NA NA 

3-Learning from public 
events-conference 

ã NA NA NA NA NA NA NA 

4-Learning from 
knowledge translators 

NA ã ã ã ã redundant redundant NA 

5-Learning from 
embedded translated 
knowledge 

NA ã ã ã ã redundant redundant Same as  variable 
7-knowledge 

broker 

6-Learning from third-
party advice - 
consultant 

Same as CEP ã ã ã ã ã ã Same as variable 
7 

7-Learning from 
knowledge brokers 

Same as CEP Same as 
knowledge 
translator 

Same as 
knowledge 
translator 

NA NA Same as 
knowledge 
translator 

NA ã 
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Table 5.7 shows that: 

i)  4ÈÅ ȬÐÕÂÌÉÓÈÅÄ ËÎÏ×ÌÅÄÇÅ ÓÏÕÒÃÉÎÇȭ variable only competes against the CEP 

in Causal Inference #1. It is not applicable as an alternative to the other two 

ÅÐÉÓÔÅÍÉÃ ÐÒÁÃÔÉÃÅÓȟ 4%0 ÁÎÄ %%0ȟ ÓÉÎÃÅ ÕÓÉÎÇ ȬÐÕÂÌÉÓÈÅÄ ËÎÏ×ÌÅÄÇÅ ÓÏÕÒÃÉÎÇȭ 

to achieve the knowledge translation, 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 

ii)  4ÈÅ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ ÐÒÁÃÔÉÔÉÏÎÅÒ ÃÏÍÍÕÎÉÔÙȭ ÔÈÒÏÕÇÈ ÌÅÇÉtimate peripheral 

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. 

iii)  4ÈÅ ÁÒÇÕÍÅÎÔ ÔÈÁÔ ÔÈÅ ÁÐÐÌÉÃÁÂÉÌÉÔÙ ÏÆ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ ÐÕÂÌÉÃ ÅÖÅÎÔÓ-

confÅÒÅÎÃÅȭ ÏÎÌÙ ÃÏÍÐÅÔÅÓ ÁÇÁÉÎÓÔ ÔÈÅ #%0 ÉÎ #ÁÕÓÁÌ )ÎÆÅÒÅÎÃÅ Πρ ÉÓ ÓÉÍÉÌÁÒ ÔÏ 

(i) above. 

iv)  4ÈÅ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ ËÎÏ×ÌÅÄÇÅ ÔÒÁÎÓÌÁÔÏÒÓȭ ÍÁÉÎÌÙ ÃÏÍÐÅÔÅÓ ÁÇÁÉÎÓÔ ÔÈÅ 4%0Ȣ 

This corresponds to pathways #3, #4, #5 and #6. It is not applicable for the 

CEP in causal inference #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 

ÃÏÎÓÉÄÅÒÁÔÉÏÎ ÏÆ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ ËÎÏ×ÌÅÄÇÅ ÔÒÁÎÓÌÁÔÏÒÓȭ ÁÓ Á ÃÏÍÐÅÔÉÎÇ 

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 considÅÒÅÄ ÁÓ Á ȬËÎÏ×ÌÅÄÇÅ ÂÒÏËÅÒȭȢ 

v)  4ÈÅ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ ÅÍÂÅÄÄÅÄ ÔÒÁÎÓÌÁÔÅÄ ËÎÏ×ÌÅÄÇÅȭ ÃÏÍÐÅÔÅÓ ÍÁÉÎÌÙ 

against the TEP. 

vi)  4ÈÅ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ Á ÔÈÉÒÄ ÐÁÒÔÙȭÓ ÁÄÖÉÃÅȭ ÉÓ ÁÐÐÌÉÃÁÂÌÅ ÔÏ ÁÌÌ ÃÁÕÓÁÌ ÉÎÆÅÒÅÎÃÅ 

except for #1 because it would constitute the CEP. 

vii)  4ÈÅ ȬÌÅÁÒÎÉÎÇ ÆÒÏÍ ËÎÏ×ÌÅÄÇÅ ÂÒÏËÅÒÓȭ ÉÓ ÏÎÌÙ ÁÐÐÌÉÃÁÂÌÅ ÔÏ ÃÁÕÓÁÌ ÉÎÆÅÒÅÎÃÅ 

#7 since for the other inferences it is either not applicable or redundant. 

Based on the above, the spuriousness evaluation is conducted and reported in groups.  
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5.6.1.2 Group 1 - Causal relationship between CEP and Knowledge A doption in 
pathway #1  

 

The spuriousness evaluation considers the potential causal role of the three variables 

that represent alternative learning practices that appear to compete with the CEP 

(column 2 in Table 5.7).  

Table 5.8: Competing variables for causal inference #1 and the congruence analysis  

Competing variables Congruence analysis Results 
(ã=congruent; 
X=incongruent) 

1-Published Knowledge 
Sourcing 

 

The engineers might have sourced the adopted knowledge from the 
documented process and procedures for cell culturing. These were 
published internally for references as well as externally for regulatory 
approval. However, the inspection of the relevant documents revealed 
that the written descriptions contain many specialised terms, such as 
ótrypsinisationô, as well as general terms that have specific meaning in 
cell culturing, such as ósterilityô. The correct understandings of the 
meanings of those terms were reportedly gained through consultation.  

[see Evidence Statements 7 & 8 in Appendix 1] 

X 

2-Legitimate Peripheral 
Participation 

 

The engineers participated by observing, and interacting with, the cell 
culture practitioners. However, such participation did not involve 
performing the practice. Nor did it result in them gaining the ability to 
culture cells independently. Rather, the interaction was intended to 
translate only the physical movements performed by the practitioners 
into sequence of instructions for robotics programming.  

 [see Evidence Statement 9 in Appendix 1] 

X 

3-Public-Group Knowledge 
Sourcing 

There is no evidence that the engineers attended any relevant 
conference during the project. However, the on-going company-wide 
practice of sending engineers to relevant life science conferences 
could indicate that the public-group knowledge sourcing might be a 
useful practice for knowledge adoption. However, Informant B clarified 
the nature of their attendances in those conferences: ñwe have a stand, 
we talk to people, we start networking.ò This implies the importance of 
the consultative part of such attendance rather than the attendance in 
the presentation rooms. 

X 

 

The spuriousness evaluation indicates that the knowledge adoption outcome does not 

appear to be spuriously caused by the three 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 of the three variables 

that appear to compete with the TEP (column 3 and 4 in Table 5.7). 

Table 5.9: Competing variables for causal inference #2 and #3 and the congruence 
analysis  

Competing variables Congruence analysis Results 
(ã=congruent; 
X=incongruent) 

1-Knowledge 
Translator/Boundary 
Spanner 

Knowledge translators provided the engineers with the knowledge of 
the usersô needs that they can express as engineering specifications. 
[see Evidence Statements 10 and 11 in Appendix 1] 

However, the knowledge translation outcome encompasses more than 
the translated understanding of the user needs. For example, in 
translating the practical knowledge of the practitioners that are implicit, 
engineers had to interact directly with the practitioners to elicit it: [see 
Evidence Statement 12 in Appendix 1] 

Since the knowledge provided by the knowledge translator is 
inadequate for gaining sufficient translated knowledge (which in 
pathway #4 also requires evidence), this learning from the knowledge 
translator is subsumed under the translational epistemic practice 
concept. 

X 

2- Learning from embedded 
translated knowledge 

 

Existing knowledge was embedded in the chosen robotic platform, the 
Staubli RX 60 six-axis robots, in the form of a predefined sequence of 
movements that were considered suitable for delicate handling of cells. 
However, engineers did not directly use those predefined sequence. 
As documented by Vogt (2002), the engineers and their suppliers had 
to ñdefined the sequence and speed of the robots movementsò (p.50).  

X 

3-Third-partyôs 
advice/opinion  

There was no evidence of sourcing or receiving advices from parties 
external to the project. Such advices seem implausible because this 
automation of cell culturing with robotics was unprecedented and the 
existing robotic sequence was not used.  

 

X 

 

The above results indicate that the knowledge translation outcomes in pathways #3 and 

#4 do not appear to be spuriously 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 potential causal role of the three variables 

that appear to compete with the TEP (column 5 and 6 in Table 5.7). 

Table 5.10: Competing variables for causal inferences #4 and #5 and the congruence 
analysis  

Competing variables Congruence evaluation Results 
(ã=congruent; 
X=incongruent) 

1-Knowledge 
Translator/Boundary 
Spanner 

The engineers might have managed to avoid certain knowledge 
suggested by the life science with the help of the knowledge translator. 
However, the engineers were in the better position to recognise the 
knowledge that would not contribute to the successful development of 
the solution, and avoid learning the knowledge. Hence, they were 
avoiding the knowledge they did not need while translating others. [see 
Evidence Statement 13 in Appendix 1] 

 

X 

2- Learning from embedded 
translated knowledge 

Existing knowledge was embedded in the chosen robotic platform, the 
Staubli RX 60 six-axis robots, in the form of predefined sequence of 
movements that were considered suitable for delicate handling of cells 
(see Vogt, 2002). However, since the predefined sequences were not 
used by the engineers, they could not have caused the avoidance of 
other knowledge. 

X 

3-Third-partyôs 
advice/opinion  

There was no evidence of sourcing or receiving advices from parties 
external to the project. Such advices seem implausible because this 
automation of cell culturing with robotics was unprecedented. 

X 

 

The above results indicate that the knowledge avoidance outcomes in pathways #5 and 

#6 do not appear to be spuriously caused by the three competing variables considered. 

Therefore, causal inferences #4 and #5 are both congruent. 

 

5.6.1.5 Group 4 - Causal relationship between EEP and Knowledge Translation 
and Knowledge Avoidance in  pathway #4 and #6   

 

As shown in Table 5.7, only one variable, Ȭlearning from a third partyȭ ÉÓ ÁÎÁÌÙÓÅÄ ÓÉÎÃÅ 

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 been ruled out in sub-section 5.6.1.3 and 

5.6.1.4 respectively.  

Table 5.11: Competing variable for causal inferences #6 and #7 and the congruence 
analysis  

Competing variables Congruence evaluation Results 
(ã=congruent; 
X=incongruent) 

Third-partyôs advice/opinion  There was no evidence of sourcing or receiving advices from parties 
external to the project. Such advices seem implausible because this 
automation of cell culturing with robotics was unprecedented and the 
existing robotics sequence was not used. Without any precedent, the 
engineersô intention to translate and avoid certain knowledge 
suggestion required them to prove that the automation satisfied the 
requirements despite using translated knowledge and avoiding some of 
the knowledge. They were required to show evidence that it works: 

[See Evidence Statements 4 and 14 in Appendix 1] 

X 

 

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. The non-ÌÅÁÒÎÉÎÇ ÆÁÃÔÏÒ ÏÆ ȬÔÒÕÓÔȭ ÄÉÄ ÎÏÔ ÁÐÐÅÁÒ ÔÏ 

replace the need to show evidence that the translation and avoidance of knowledge 

produces a solution that 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  

 

/ÎÌÙ ÏÎÅ ÖÁÒÉÁÂÌÅȟ Ȭ+ÎÏ×ÌÅÄÇÅ "ÒÏËÅÒȭȟ appears to contend with the evidential epistemic 

practice.  

Table 5.12: Competing variable for causal inference #8 and the congruence analysis 

Potential spurious 
variables 

Congruence evaluation Results 
(ã=congruent; 
X=incongruent) 

Knowledge 
Broker 

 

The knowledge added to the existing life science knowledge does not appear to 
be brokered by any individual other than the engineers themselves who had 
detected the opportunity, envisioned the knowledge addition, and proved that the 
solution worked with the added knowledge.(Evidence Statement 5 in Appendix 1] 

X 
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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. Since acceptance 

and trial runs were needed, it is not plausible to suggest that the trust provided by their 

life science users would be sufficient either. Therefore, causal inference #8 is congruent. 

In conclusion, the spuriousness evaluation of the eight causal relationships 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 might have higher causal priority than those of the four epistemic 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 CEP, the 

literature on knowledge adoption proposes tÈÅ ÒÏÌÅ ÏÆ ȬÐÒÉÏÒ ÉÎÔÅÎÔÉÏÎ ÆÏÒ ÁÄÏÐÔÉÏÎȭȟ 

defined as the combination of prior perception of the relevance and usefulness of 

adopting the knowledge (Feldman & Lynch, 1988; Sussman & Siegal, 2003).   

Alternatively, the ANT-analysis in sub-section 5.3.1 proposes the role of the 

ȬÐÅÒÓÐÅÃÔÉÖÁÌ ÍÏÄÅ ÏÆ ÅÐÉÓÔÅÍÉÃ ÅÎÇÁÇÅÍÅÎÔȭ, taking into consideration of the 

literature on perspective structure in communication, where it has been established that 

in social interaction people are likely to engage in perspective-taking of the background 

and knowledge of others in formulating messages (Graumann & Sommer, 1988; Krauss 

& Fussell, 1991). The orientation into the perspectival mode of epistemic engagement 

might have enabled the engineers to recognise the expertise of others, and thereby 

causing their engagement in CEP.  
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Table 5.13: Possible antecedents for CEP in pathway #1 and the congruence analysis 

Potential antecedents Congruence evaluation Results 

(ã=congruent; 

X=incongruent) 

1-Prior intention for 
adoption 

 

There are indications of perception of relevance and usefulness. 
However, such a perception appeared to have occurred during, rather 
than prior to, consultation. Typically, the engineers found it difficult to 
understand the knowledge they encounter for the first time. For 
example, see Evidence Statement 15 in Appendix 1. 

Therefore, it is not plausible that consultation and the adoption of 
knowledge are both caused by the intention to adopt the knowledge 
prior to consultation. 

X 

2-Perspectival mode of 
epistemic engagement 

 

Engineers appear to have taken different perspectives in the moment 
of óproblematisationô as shown in ANT-analysis. Without understanding 
the content of the knowledge encountered for the first time, the 
engineers relied mostly on their perception on the people who describe 
the knowledge to them, such as their credibility and expertise, and 
choose to consult them. Informant C reported on how the engineers 
had taken her perspective that cell culture and automation could be 
related: see Evidence Statement 16 in Appendix 1. In addition, 
Informant B recalled his perception on the expertise of Informant C: 
see Evidence Statement 10 in Appendix 1. 

ã 

 

The above results indicate that the perspectival mode of epistemic engagement appear 

to have a causal priority 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 epistemic 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, #4, 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 concepts and 

assumptions often causes engagements in translational practices. Therefore, a 

situational perceptual variable called a communication barrier could have a higher 

causal priority than the TEP in causing the knowledge translation outcome. 

Table 5.14: Possible variables for TEP and the congruence analysis 

Potential antecedents Congruence evaluation Results 

(ã=congruent; 

X=incongruent) 

1- Consultational Epistemic 
Practice 

The engagement in TEP appears to be caused by prior 
engagement in the CEP, where the predicaments were reported 
to have occurred. However the engagement in CEP itself could 
not have been the determining cause because such an 
engagement had led also to divergences to other pathways (to 
knowledge adoption, and to EEP), rather than only to TEP in the 
four pathways.  

X 

2-Situational Perceptual variable-
Communication Barrier 

 

It appears that during CEP with the practitioners, the knowledge 
encountered is typically perceived as a communication barrier, a 
form of predicament in getting the knowledge that engineers 
think they need for configuring the robots.: [see Evidence 
Statement 16 in Appendix 1] 

Communication barrier appears to be the situational perception 
whose presence would largely cause the engineers to undertake 
follow-up actions that constitute the TEP. [see Evidence 
Statement 12] 

Engagement in TEP also involves avoiding some knowledge 
provided to them: [ see Evidence Statement 13] 

ã 

 

The above results indicate that the presence of the perception of a communication 

barrier appears to have causal priority over the CEP. The Knowledge Translation and 

Avoidance outcomes in pathways #3, #4, #5, and #6 appear to have been largely caused 

by the perception of a communication barrier with the TEP 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 EEP is preceded by the TEP. Therefore, it is possible that the TEP causes the 

EEP. 

However, it is also possible that the uncertainty 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 

ȰÅÓÔÁÂÌÉÓÈÅÄ ÔÈÁÔ ÅÎÇÉÎÅÅÒÉÎÇ ×ÏÒË ÉÓ ÃÏÍÐÌÅØȟ ÁÍÂÉÇÕÏÕÓȟ ÁÎÄ ÆÕÌÌ ÏÆ ÃÏÎÔÒÁÄÉÃÔÉÏÎÓȱ 

(Johri, 2014;p.121). More generally, pÒÏÆÅÓÓÉÏÎÁÌÓ ÐÒÁÃÔÉÃÅÓ ÍÁÙ ÅØÈÉÂÉÔ Ȭdiscordant 

ÐÒÁÃÔÉÃÅÓȭȟ ×ÈÅÒÅÂÙ espoused values and enacted practices differ ($ÁÌÌȭ!ÌÂÁ Ǫ "ÁÒÎÁÃÌÅȟ 

2015). Therefore, it is possible that the engineers perceived contradictory practices of 

ÔÈÅÉÒ ÌÉÆÅ ÓÃÉÅÎÃÅ ÃÏÌÌÁÂÏÒÁÔÏÒÓ ÁÓ Á ÆÏÒÍ ÏÆ ȬÃÏÎÔÒÁÄÉÃÔÏÒÙ ÂÁÒÒÉÅÒȭȟ ×ÈÉÃÈ ÌÅÄ ÔÏ ÓÅÅËing 

for evidences. Thus, a situational perceptual variable called a contradictory barrier could 

have a higher causal priority than the EEP. 

Table 5.15: Competing variables for EEP in pathway #4 and #6, and the congruence 
analysis 

Potential prior variables Congruence evaluation Results 

(ã=congruent; 

X=incongruent) 

1- Translational Epistemic 
Practice 

EEP appears to be caused by prior engagement in TEP in 
pathway #4 and #6. However, it could not have been the 
determining cause because engagement in TEP also led to the 
achievements of knowledge translation or knowledge avoidance 
outcome without having to engage in the EEP.  

X 

2-Perception of uncertain 
usefulness of the translated 
knowledge 

 

 

It appears that in instances where the perception of usefulness 
of the translated is uncertain, the engineers proceed with the 
evidential epistemic practice to ascertain its use. The uncertainty 
arise because the results of using translated knowledge and 
avoidance of some have yet to be known in a real operation, and 
thereby postponing their acceptance until evidence is shown. 
[see Evidence Statement 3 in Appendix 1] 

The situation was perceived as uncertain for both parties since in 
developing the solution, the engineers had translated the 
qualitative description of the process into different forms of 

ã 
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knowledge (sketches, parameters, and quantitative values) that 
configure the robots. They had also avoided the exact speed of 
movement practised by the practitioners, but had to test the 
impact of the fast movement to the cells. [see Evidence 
Statement 20 in Appendix 1] 

3-Perception of knowledge 
encountered as contradictory 
barrier 

It is also possible that perceiving the knowledge claim as 
contradiction can also lead to knowledge avoidance.  

This is related to the knowledge about the effect of shear stress 
and the need to replicate ógreen fingersô in the robots. The 
knowledge was perceived as discordant by the engineers 
because the actual practices appear contradictory to the 
knowledge suggestion.[see Evidence Statement 18 in Appendix 
1] 

However, the interview data suggests that the perception of a 
contradictory barrier directly leads to EEP,[see Evidence 
Statement 4 in Appendix 1], without engaging in the TEP as in 
pathway #4 and #6. This seems to be a different pathway to EEP 
as represented earlier in pathway #2. 

X 

 

The results above indicate that the presence ÏÆ ÔÈÅ ȰÐÅÒÃÅÐÔÉÏÎ ÏÆ ÕÎÃÅÒÔÁÉÎ ÕÓÅÆÕÌÎÅÓÓȱ 

variable appears to have causal 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 uncertain 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 as earlier conceptualised as pathway #2. This is 

related to the knowledge about the effect of shear stress and the importance of having 

ȬÇÒÅÅÎ ÆÉÎÇÅÒÓȭ ×ÈÅÒÅ ÔÈÅÒÅ ÁÒÅ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÏÐÉÎÉÏÎÓȢ 

 

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 EEP in pathway 

#7, it is seen that the EEP is preceded by the CEP. Therefore, it is possible that the CEP 

causes the EEP. Alternatively, it is also possible that the engagement in the EEP is 
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preceded by a barrier to contributing engineering knowledge to the life science 

discipline. 4ÈÅ ÃÁÕÓÁÌ ÐÒÉÏÒÉÔÙ ÏÆ ÔÈÉÓ ȬÃÏÎÔÒÉÂÕÔÏÒÙ ÂÁÒÒÉÅÒȭ ÉÓ ÉÎÖÅÓÔÉÇÁÔÅÄ ÂÅÌÏ×Ȣ 

Table 5.16: Competing variables for EEP in pathway #7, and the congruence analysis 

Potential prior variables Congruence evaluation Results 

(ã=congruent; 

X=incongruent) 

1- Consultational Epistemic 
Practice 

EEP appears to be caused by prior engagement in CEP, causing the 
engagement in the EEP in pathway #7. However, it is not the 
determining factor because the engagement in CEP led also to 
divergence in other pathways. 

X 

2-Contributory Barrier Contributory barrier appears to be the situation that wholly caused the 
follow up actions that constitute EEP. The difficulty in contributing 
knowledge to the life science domain without providing the relevant 
evidence causes the subsequent engagement in EEP to show 
evidence of performance optimisation. [see Evidence Statement 5 in 
Appendix 1] 

ã 

 

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 results show that all the epistemic practices in the pathways are largely caused by 

the corresponding prior variables: 

i. Engagement in CEP is caused by prior orientation in the perspectival 

mode of epistemic engagement  

ii. Engagement in TEP is caused by prior perception of a communication 

barrier  

iii.  Engagement in EEP following TEP is caused by prior perception of 

uncertain usefulness in the translated knowledge 

iv. Engagement in EEP following a CEP is caused by prior perception of a 

contributo ry 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 achieved. The researcher considered that all the seven variables that 

were involved in the spuriousness evaluation should be evaluated 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 of the CPE in 

pathway #1.  

Table 5.17: Competing variables for CEP in pathway #1, and the congruence analysis 

Potential alternative 
variables 

Causal depth evaluation Results 
(ã=substitutable; 
X=not 
substitutable) 

1-Published Knowledge 
Sourcing 

It has been noted in the spuriousness evaluation that the relevant 
published knowledge sources contain many specialised terms, such 
as ótrypsinisationô, as well as general terms that have specific meaning 
in cell culturing, such as ósterilityô. Relying on published knowledge 
sourcing without consulting the more knowledgeable others would 
increase the risk of misunderstanding on how to reuse them. Thus, 
this method of knowledge sourcing does not appear to be a better or 
equivalent substitute to engagement in consultative epistemic 
practice. This is especially the case when the engineers recognised, 
through the perspectival mode of epistemic engagement, that their life 
science counterparts have the expertise and credibility. 

X 

2-Legitimate Peripheral 
Participation 

It has been noted in the spuriousness evaluation that the engineers 
participated in, but avoided performing or adopting the cell culture 
practice. Such practice requires long specialist training to develop 
skills in manipulating cells, yet there is no guarantee of consistency in 
manual handling, which was why the company opted for automation. 
Therefore, it is unlikely that the legitimate peripheral participation can 
be a better or equivalent substitute to consultational epistemic 
practice.  

X 
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3-Public-Group Knowledge 
Sourcing 

As clarified in the spuriousness evaluation, the engineersô attendance 
in group knowledge arena, such as in conferences, is actually 
consultative in nature. This seems to indicate that their presence in a 
conference targeted for life science audience may not substitute their 
learning through consultation. These kind of conferences involve life 
science speakers presenting their knowledge using disciplinary 
jargons. As the literature on knowledge sourcing has suggested, 
learning in public venue ñdiscourage repeated interactions between 
source and recipientò as ñparticipants are intolerant of in-depth 
discussionò which ñtakes up time and attentionò (Gray & Meister, 
2006;p.147). Therefore, it is not a better or equivalent substitute to 
engagement in the CEP. 

X 

 

The above results 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 Transl ation in pathways 
#3 and #4  

There are three variables that contend with the intervening causal role of TEP in 

pathways #3 and #4. (Ï×ÅÖÅÒȟ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÓÕÂÓÔÉÔÕÔÉÖÅ ÒÏÌÅ ÏÆ ÔÈÉÒÄ ÐÁÒÔÙȭÓ ÁÄÖÉÃÅ ÈÁÓ 

been ruled out.  

Table 5.18: Competing variables for TEP in pathway #3 and #4, and the congruence 
analysis 

Potential alternative 
variables 

Congruence evaluation  Results 
(ã=congruent; 
X=incongruent) 

1- Knowledge 
Translator/Boundary 
Spanner 

A knowledge translator was helpful in overcoming the perception of 
communication barrier when it comes to dealing with knowledge about 
userôs needs. However, as considered in the spuriousness evaluation, 
the knowledge translation outcome requires more than relying on 
knowledge translatorsô understandings of the usersô need. Instead, it 
requires engineers to interact with the practitioners for translating 
knowledge. This is evident by the on-going practice of taking engineers 
to meeting with the customers. Evidence Statement 13 

X 

2-Existing knowledge Existing knowledge embedded in the chosen robotic platform, the 
Staubli RX 60 six-axis robots, in the form of predefined sequence of 
movements that was considered suitable for delicate handling of cells, 
was not helpful in situation that is perceived as communication barrier. 
Engineers needed to ñdefined the sequence and speed of the robots 
movementsò (Vogt, 2002;p.50). Protocols and process parameters that 
drive the robotic arm were also derived from practice rather than 
reusing the embedded programmes. Hence, existing knowledge is not 
a substitute to engagement in translational epistemic practice. 

X 
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The above results indicate that the engagement in TEP is necessary for achieving the 

knowledge translation outcome in pathway #3 and #4 since the two competing 

variables do not appear to be equivalent 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.  

Table 5.19: Competing variables for TEP in pathway #5 and #6, and the congruence 
analysis 

Potential alternative 
variables 

Congruence evaluation Results 
(ã=congruent; 
X=incongruent) 

1-Knowledge 
Translator/Boundary 
Spanner 

With their knowledge of usersô needs and biologically acceptable 
options, knowledge translators can play an important role to avoid 
knowledge description that is not relevant. 

However, as shown in the spuriousness evaluation, this does not 
substitute the need for the engineers to involve in the interaction 
because typically the engineers have more knowledge about what is 
not relevant or practical to be included in the solutions that they 
proposed.  

X 

2-Existing knowledge Even though the robotic platform has an embedded knowledge about 
sequence of movements that are considered suitable for cell culturing, 
and thereby informing what is relevant and practical for the robot to do, 
these knowledge were themselves configured by, rather than dictate, 
the development, as reported by Vogt (2002). Engineers would still 
need to interact with their life science counterparts to gain the 
parameters and values to configure the robot. Therefore, the extent to 
which existing solution can help avoid knowledge is limited and do not 
substitute the role of engineers in engaging in translational epistemic 
practice. 

X 

 

The above results indicate that engagement in TEP is necessary for the knowledge 

avoidance outcome in pathway #5 and #6 since the two competing variables do not 

appear to be equivalent 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 

question of was it  necessary to engage in EEP following the engagement in TEP. There 

are two variables that could possibly substitute for evidential epistemic practice when 

the usefulness of the translated knowledge or knowledge avoidance is uncertain.  

Table 5.20: Competing variables for EEP in pathway #4 and #6, and the congruence 
analysis 

Potential alternative variables Congruence evaluation Results 

(ã=congruent; 

X=incongruent) 

1- Knowledge 
Translator/Boundary Spanner 

Knowledge translator plays an inadequate causal role to the 
achievement of either knowledge translation or knowledge 
avoidance outcome. In fact, when perceived uncertainty arises, the 
interaction with knowledge translator did not remove the necessity 
to provide evidence of the workability of the solution during the 
acceptance test with real cells. 

X 

2-Third-partyôs advice/opinion  Opinion from an outsider was hard to get because the project was 
unprecedented. Even if there were one, it would not substitute for 
the need to show evidence as tests are mandatory for 
conformance to regulatory requirements.  

X 

 

The above results indicate that engagement in EEP is necessary for the knowledge 

translation and knowledge avoidance outcomes in pathways #4 and #6 (when 

ambiguity and uncertainty arise) respectively since the 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 epistemic practice. It is analysed in Table 5.21. 

 

 


































































































































































































































